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EDITOR'S PREFACE 

VOLUME I 

The emphasis i n  t h i s  y e a r ' s  GFD program has  been somewhat d i f f e r e n t  from 

t h e  p a s t .  We have t r i e d  t o  expose a  t h e o r e t i c a l l y  o r i e n t e d  a u d i e n c e  t o  t h e  

new body of o b s e r v a t i o n s  p e r t a i n i n g  t o  t h e  A r c t i c  and A n t a r c t i c  c i r c u l a t i o n .  

We h a v e ,  however, no t  d e p a r t e d  from our  t r a d i t i o n a l  g o a l  of encourag ing  broad 

based i n q u i r i e s  i n t o  t h e  f i e l d  o f  Geophysical  F l u i d  Dynamics. We would l i k e  

t o  b e l i e v e  t h a t  t h e  b r e a d t h  o f  i n t e r e s t  and enthusiasm e x h i b i t e d  i n  t h e s e  

r e p o r t s  w i l l  s t i m u l a t e  f u t u r e  work i n  P o l a r  Oceanography and F l u i d  Dynamics. 

The S t e e r i n g  Committee o f  GFD i s  p a r t i c u l a r l y  g r a t e f u l  t o  D r .  Michael  

McCartney t o  t h e  p o i n t  where they  r e c o r d  much more c l o s e l y  what h e  s a i d  r a t h e r  

t h a n  t h e  s t u d e n t s '  i n t e r p r e t a t i o n  of h i s  l e c t u r e s .  I n  t h a t  s e n s e  t h i s  volume 

d e p a r t s  from t h e  r e c o r d s  of t h e  programs of p r e v i o u s  y e a r s .  Mrs. F l o r e n c e  

Mel lor  has  assembled a l l  of  t h e  r e p o r t s ,  and p a r t i c u l a r  thanks  f o r  u n s t i n t i n g  

h e l p  a l s o  goes t o  M r .  A. L .  P e i r s o n  of W . H . O . I .  Without t h e  sympathe t i c  

unders tand ing  o f  D r .  Ralph Cooper, and t h e  f i n a n c i a l  s u p p o r t  o f  ONR, NASA, and 

NOAA t h i s  GFD program would have been i n  t h e  "doldrums" and no t  i n  

" high l a t i t u d e s " !  

Melvin E. S t e r n  
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COURSE LECTURES 

BY 

Michael  S. McCartney 

Woods Hole Oceanographic I n s t i t u t i o n  

L e c t u r e  #/I. GLOBAL OCEANS 

1. Regions o f  t h e  World Oceans 

Usua l ly  t h e  w o r l d ' s  oceans a r e  d i v i d e d  i n t o  d i f f e r e n t  r e g i o n s ;  t r o p i c a l ,  

s u b t r o p i c a l ,  subpola r  and p o l a r  r e g i o n s .  A d e c i s i o n  of what a r e a  be longs  t o  

what r e g i o n  i s  made through look ing  a t  nea r  s u r f a c e  c h a r a c t e r i s t i c s  ( f r o n t s  o r  

convergences ) .  The ocean a r e a  n o r t h  of t h e  A r c t i c  f r o n t  ( 6 0 ' ~ )  and s o u t h  

o f  t h e  ~ n t a r c t i c  f r o n t  ( -. 60's) i s  c a l l e d  p o l a r .  The a d j a c e n t  a r e a  down t o  

t h e  S u b t r o p i c a l  Convergence ( -. 4 5 ' ~  o r  -45'5) i s  t h e  subpola r  r e g i o n  

( F i g .  1, Defan t ,  1961) .  F r o n t s  ( l a r g e  t empera tu re  g r a d i e n t s )  do n o t  always 

c o i n c i d e  w i t h  t h e  convergences .  The p o l a r  oceans cover  10% of  t h e  w o r l d ' s  

ocean s u r f a c e ,  whereas p o l a r  and subpola r  oceans cover  26%. These a r e a s  a r e  

c h a r a c t e r i z e d  by a  n e t  h e a t  l o s s .  

A t  h igh  l a t i t u d e s  t h e  ocean i s  covered w i t h  s e a  i c e .  The s e a  i c e  cover  

e x h i b i t s  a  pronounced annual  c y c l e ,  t h e  ampl i tude  of which i s  s t r o n g l y  l o n g i-  

t u d i n a l  dependent .  Large ampl i tudes  a r e  t o  be found i n  t h e  Weddell Sea and 

Ross Sea ( A n t a r c t i c a )  and i n  t h e  Davis S t r a i t ,  E a s t  Greenland Sea and B a r e n t s  

Sea ( A r c t i c ) .  Sea i c e  has  a  s t r o n g  e f f e c t  on t h e  a i r - s e a  i n t e r a c t i o n .  I t  a c t s  

a s  a  the rmal  i n s u l a t o r  and d e c r e a s e s  t h e  momentum t r a n s p o r t .  On t h e  o t h e r  

hand, i t  produces co ld  and h i g h l y  s a l i n e  wa te r  i n  w i n t e r t i m e  due t o  b r i n e  ex- 

pu l s i o n .  Th is  dense water  i s  a  major s o u r c e  o f  A r c t i c  and A n t a r c t i c  deep and 

bottom w a t e r .  



F i g .  1. S u r f a c e  c u r r e n t s  o f  t h e  A t l a n t i c  Ocean d u r i n g  n o r t h e r n  
hemisphere w i n t e r ,  from Defant  (1961, P l a t e  8 ,  a f t e r  
S c h o t t ' s  work of t h e  1 9 3 0 ' s ) .  

-



The geography, which has  a  s t r o n g  e f f e c t  on s e a  i c e  v a r i a t i o n  and 

ocean c i r c u l a t i o n ,  is  t o t a l l y  d i f f e r e n t  f o r  South and North P o l e .  The A r c t i c  

Ocean i s  surrounded by c o n t i n e n t s  and t h e r e  i s  only  one major ( s h a l l o w )  ou t-  

flow r e g i o n  o f  t h e  Greenland- Iceland- Scot land r i d g e .  The Ber ing S t r a i t  and 

t h e  Baren t s  Sea a r e  t o o  sha l low ( < 100m) t o  account f o r  l a r g e  wate r  mass ex- 

change. T h e r e f o r e ,  t h e  i n t e r a c t i o n  of t h e  A r c t i c  Basin w i t h  t h e  North A t l a n t i c  

and t h e  North  P a c i f i c  i s  only  weak. 

At t h e  South Pole  t h e  A n t a r c t i c  c o n t i n e n t  i s  surrounded by an open 

ocean.  The s e a  i c e  can move f r e e l y  and t h e  annual  c y c l e  i s  l a r g e r  t h a n  i n  t h e  

l and locked  A r c t i c  Basin .  Exchanges of upper  l a y e r  wa te r  between t h e  s u b t r o p i-  

c a l  gyres  t o  t h e  n o r t h  and t h e  c i rcumpolar  s t ream a r e  u n o b s t r u c t e d .  The s u r-  

rounding c i rcumpola r  r i d g e s  p r e v e n t s  t h e  co ld  wa te r  of t h e  Weddell Sea  and t h e  

Ross Sea of going n o r t h  e a s i l y .  But t h e r e  a r e  some h o l e s  i n  t h e  r i d g e  sys tem 

where t h e  A n t a r c t i c  Bottom Water l eaks  o u t .  The i n f l u e n c e  of t h i s  dense  w a t e r  

( - o . ~ O C ,  S  = 34.66 0100) i s  recognized i n  a l l  t h r e e  oceans .  

2. Water C h a r a c t e r i s t i c s  of t h e  World Oceans 

77% o f  ocean water  has  a  t empera tu re  of l e s s  than  4 ' ~ .  The s a l i n i t y  

of t h i s  wa te r  mass ranges  from 34.2 0100 t o  35.2 o/oo (shaded a r e a  i n  F ig .  2 ) .  

I t  i s  of p o l a r  and s u b p o l a r  o r i g i n  and most of t h i s  volume i s  found below t h e  

main the rmocl ine  i n  t h e  t h r e e  major oceans .  

23% of  t h e  ocean wate r  i s  warmer than 4 ' ~ .  Th is  " c e n t r a l  water"  i s  

l o c a t e d  w i t h i n  t h e  main the rmocl ine  i n  t h e  w o r l d ' s  major b a s i n s .  

I n  t h e  world ocean vo lumet r ic  T-S diagram,  ( F i g .  2 ) ,  t h e  c e n t r a l  w a t e r  

forms t h e  t h r e e  warm branches .  The o l d  the rmocl ine  i d e a  (co ld  w a t e r  u p w e l l i n g  

b a l a n c i n g  d i f f u s i o n  o f  h e a t  downward) cou ld  e x p l a i n  t h e s e  r i d g e s .  They would 

be  i n t e r p r e t e d  a s  t h e  r e s u l t  o f  v e r t i c a l  mixing of warm s u b t r o p i c a l  w a t e r  



(18' water i n  the A t l a n t i c )  and cold polar  water ( ~ a b r a d o r  Sea Water, Antarc- 

t i c  In te rmedia te  wa te r ) ,  which i s  advected equatorward through the  deep ocean 

c i r c u l a t i o n .  In  such a  two point  mixing scheme, one would have t o  be ab l e  t o  

r a t i o n a l i z e  t he  maintenance of t he  end member water- type pools .  

Since i t  i s  e a s i e r  t o  move than t o  mix water masses i n  t he  deep ocean, 

temperature,  s a l i n i t y  and o2 provide usefu l  t ags  t o  t r a c e  t h e  movement of 

deep ocean water masses. This has  been done s ince  the  middle of t h e  l a s t  cen- 

tu ry .  The o v e r a l l  i n t e r p r e t a t i o n  of the s t r u c t u r e  of the meridional  c i r c u l a -  

t i o n  t h a t  emerged has not changed very  much s ince  t h e  1930 ' s .  It i s  i n s t r u c-  

t i v e  t o  reexamine the h i s t o r i c a l  development of t h i s  t r a d i t i o n a l  i n t e r p r e t a -  

t i o n .  

3 .  Deep A t l a n t i c  C i r cu la t ion  ( H i s t o r i c a l  Review) 

A valuable  hypothesis  on t h e  deep ocean c i r c u l a t i o n  was introduced by 

A. von Humboldt (1814). He found t h a t  the temperatures i n  t h e  deeper l aye r s  of 

t he  oceans a t  low l a t i t u d e s  were too  low t o  be explained through l o c a l  s ink ing  

of sur face  waters t h a t  were cooled during winter t ime.  He assumed a  deep ocean 

cu r ren t  coming from the  poles t o  t h e  equator ,  whereas a  su r f ace  c u r r e n t  flows 

from the equator  t o  the poles .  The d r iv ing  fo rces  of t h i s  c i r c u l a t i o n  he sug- 

gested t o  be the  dens i ty  d i f f e r ences  due t o  temperature d i f f e r e n c e s .  S a l i n i t y  

d i f f e r e n c e s  did not  play an important r o l e  i n  Humboldt's image of t h i s  c i r cu l a-  

t i o n .  

E .  Lenz (1847) found t h a t  the  temperatures i n  t he  deeper t r o p i c a l  

oceans were lower than a t  t he  same l e v e l  i n  t h e  sub t rop ic s .  Therefore ,  he con- 

cluded t h a t  the north- south deep ocean cu r ren t  tu rns  t o  the  su r f ace  a t  t he  

equator .  He assumed a  Hadley c e l l  type o f , o c e a n  c i r c u l a t i o n  wi th  s ink ing  cold 

water a t  the poles ,  deep advect ion t o  the t r o p i c s ,  upwelling a t  the equator  and 

a  poleward su r f ace  c u r r e n t .  



Fig .  2. A contoured v o l u m e t r i c  p o t e n t i a l  t e m p e r a t u r e- s a l i n i t y  
diagram prepared  by L.  V .  Worthington.  The c o n t o u r  v a l u e s  
a r e  t h e  volumes i n  103km3 found i n  each c l a s s  o f  0 .  1°C 
and .01%. Contours a r e  n o t  shown f o r  t h e  wa te r  c o l d e r  t h a n  
~ O C ,  which i n c l u d e s  77% of t h e  World Ocean volume. The 
r i g h t  d i a g o n a l  branch i s  t h e  North A t l a n t i c ,  w i t h  an i s o l a t e d  
mode a t  1 8 0 ~ .  The l e f t  d i a g o n a l  branch i s  t h e  North P a c i f i c .  
The middle  branch i s  t h e  west  o f  t h e  World Ocean, d imin i shed  by 
t h e  Subantarc  t i c  Mode Water of McCartney (1977) .  

Fig .  3 .  The m e r i d i o n a l  c i r c u l a t i o n  o f  t h e  A t l a n t i c  Ocean from t h e  
d i s c u s s i o n s  by Buchanan (1885) and Buchan (1895)  o f  t h e  
CHALLENGER Expedi t ion  d a t a .  The ske tch  was made by Merz 
and Wust (1922)  a s  t h e i r  i n t e r p r e t a t i o n  o f  t h e  t e x t s  o f  
t h e  e a r l i e r  p a p e r s .  



Half a century later Buchanan (1885) and Buchan (1895) found from the 

CHALLENGER data that the salinity distribution in the tropics is in contradic- 

tion with the Lenz type of ocean circulation. There seems to be no strong 

vertical movement of ocean water at the equator, and they found flow across 

the equator, so that the oceanic hemispheres were not isolated. 

Merz and ~ G s t  (1922) drew a meridional picture of Buchanan's and 

Buchan's interpretation of the CHALLENGER observations (l?ig. 3). The main 

characteristics were downwelling over the entire North Atlantic ( ) 20'~) 

and in the Southern Ocean ( > 60°s), whereas mainly horizontal flow occurs 

in the tropical Atlantic and the subtropical region of the South Atlantic. 

The three sets of question marks are interesting, because we would still have 

to insert them today; what happens at 15' - 20'~ in the Atlantic, where 

the fresh water of South Atlantic origin encounters the salty waters of the 

North Atlantic? How do the North Atlantic Deep Water components originating 

in the North interact with the Antarctic Bottom Water flowing into the North 

Atlantic from the south? What happens at the southern hemisphere Polar Front: 

what is the ultimate fate of the southward flowing North Atlantic Deep Water 

and how is Antarctic Intermediate Water formed? 

Brennecke (1909, 1921) obtained meridional sections from both sides 

of the Atlantic. His interpretations of the two sections are repeated here 

(Fig. 4). 

In the earlier section (east side, Fig. 4a) he adhered to the Lenz 

hemispheric meridional cell interpretation at the equator, and indicated a 

general northward movement in the upper 2000 meters as the eastern limb of the 

subtropical anticyclone. The later section (west Side, Fig. 4b) shows the 

recognition of transequatorial flows, convection in the subantarctic zone at 



Sur face  Cu r ren t s  of the A t l a n t i c  O c e o n  

Fig. 4. Brennecke's interpretation of the Atlantic circulation. 
(a) East side of Atlantic, using the Planet expedition 

data (Brennecke, 1907). 
( b )  West side of Atlantic, using the Deutschland expedition 

data (Brennecke, 1921). 

60"s 40° Zoo o0 Zoo 40° 6 0 O ~  

- - ,-'.'.\t- 
-u - 

1 1  -: #' - - 
0 

-C 

\ - 
__F 

- 
-1 L 

\ - - 
-/ \ - 
', + / 

'\ 

+ I I 

Deep C l r c u l a l ~ o n  ( E a s t  s l d e  o f  t h e  A t l a n t ~ c  Oceon 

- - t -  1 

\ 
/ /  / b  
/ / / ;- 

U / I\- 
- \ - 

\ 
TI- 

/ /  
/ - 

\ 

\ 
\ - 

I I 

1000 

I5O0 

2 0 0 0  



50°s, the need for mixing between the pools of North Atlantic Deep Water and 

Circumpolar Deep Water, and the participation of Norwegian Sea overflows in 

determining the characteristics of the deep North Atlantic. On the basis of 

the existence of low salinity Intermediate Water in the southwest of the South 

Atlantic subtropical layers, the concept of a shallow gyre was hypothesized, 

with a level of no motion near 500 meters. This is a crucial step in the 

evolving meridional circulation picture. At Antarctica, an early representa- 

tion of continental slope Bottom Water formation is indicated. 

This picture was detailed further by Wiist (1935) using the data of 

the German Atlantic Expeditions (1925-1927). His salinity distribution for 

the western Atlantic Ocean (Fig. 5) shows a pronounced salinity minimum 

"tongue" that starts from the surface at 50's heading down to a depth of 

1000 m at which it remains until it reaches 20'~. This Antarctic Inter- 

mediate Water (or Subantarctic Intermediate Water as Wiist called it) is 

characterized by a salinity minimum and o2 The surfacing of the 

low salinity tongue at 50' - 60'5 was taken as evidence that the Antarctic 

Intermediate Water is formed right at the surface at the Antarctic Conver- 

gence. The second feature of this figure is the southward movement of high 

saline North Atlantic Deep Water beneath the Antarctic Intermediate Water. 

Three cores were recognized in the layer: an upper salinity maximum derived 

from the Mediterranean Influence, and two oxygen maxima derived from northern 

polar water influence. 

In 1933 Sverdrup completed the picture of what is going on at the 

Antarctic Convergence from DISCOVERY I1 data from the Drake Passage region. 

His method as well as  st's was a meridional cell core layer study. This 

technique is shown in Fig. 6. McCartney (1979) has described the method as 



Fig.  5. S a l i n i t y  s e c t i o n ,  western A t l a n t i c  ( ~ u s t ,  1935). The four  s e t s  
of  arrows r ep re sen t  t he  v e r t i c a l  s a l i n i t y  minimum, s a l i n i t y  
maximum, upper oxygen maximum, and lower oxygen maximum t h a t  
Wust used t o  de f ine  t h e  Suban ta rc t i c  In te rmedia te  Water, t h e  
Upper, Middle, and Lower North A t l a n t i c  Deep Water, r e s p e c t i v e l y ,  
from top  t o  bottom. The d i r e c t i o n  of t he  arrows i n d i c a t e s  t h e  
d i r e c t i o n  of spreading of the  water mass. 
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F i g .  6.  An example of  S v e r d r u p ' s  (1933)  t echn ique  o f  i n f e r e n c e  o f  
m e r i d i o n a l  f low components from c o r e  l a y e r s .  

F i g .  7 .  F i g u r e  164 from Sverdrup ,  Johnson and Fleming (1942) .  



follows: "It is assumed that the axis of the meridional flow lies at the 

center of a layer of some extreme property, with the flow sense being directed 

away from the region of greatest extreme in the property. In Fig. 6 several 

different cores are used. The salinity minimum axis is used to define the 

actual Antarctic Intermediate Water flow, with the sinking between Stations 

729 and 730 being defined from salinity alone. An intermediate return current 

has been inferred from the temperature field alone -- the inversions at 

Stations 729 and 730, and the axis of warm intermediate layer south of Station 

730. The shallow minimum temperature layer is used to infer northward move- 

ment of Antarctic Surface Water towards the convergence. Finally, the deep 

salinity maximum is used to infer a southward rising flow of deep water." 

The final stage of development of the traditional meridional cell 

concept was the extrapolation to the circumpolar ocean of the scheme Sverdrup 

had constructed from the Drake Passage data. Figure 7 is an often repeated 

figure (164 from Sverdrup, Johnson & Fleming, 1942) depicting the meridional 

flow in the Southern Ocean. The actual temperature field corresponds to that 

south of Australia. It indicates that the Antarctic Intermediate Water is 

formed at the Antarctic Convergence by mixing northward flowing low salinity 

Antarctic Surface Water with southward flowing higher salinity Subantarctic 

Water. The resulting denser Antarctic Intermediate Water sinks and flows 

northward underneath the Subantarctic Water. At a still deeper level, Deep 

Water is moving southward rising to the surface in the Antarctic region where 

it is cooled and partly enriched with salt from the sea ice brine expulsion. 

This highly dense water is the major source of the Antarctic Bottom Water that 

is sinking in a narrow region down the continental shelf and moving northward 

at the bottom of the ocean. 



The f o c u s ,  s i n c e  t h i s  f i g u r e  was pub l i shed ,  h a s  been on t h e  n a t u r e  of 

t h e  supposed convergences mixing p r o c e s s .  We w i l l  l a t e r  a d d r e s s  t h e  more 

fundamental  i s s u e s  of whether t h i s  p i c t u r e  i s  c o r r e c t  e i t h e r  l o c a l l y  a t  any 

m e r i d i a n  o r  g l o b a l l y  a s  a  zonal  a v e r a g e ,  and what p r o c e s s e s  c o n t r o l  t h e  

fo rmat ion  o f  A n t a r c t i c  I n t e r m e d i a t e  Water. 
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Notes Submitted by 
P e t e r  Lemke 

L e c t u r e  412. SUBTROPICAL GYRES ONE 

S u b t r o p i c a l  g y r e s  have h i s t o r i c a l l y  g e n e r a t e d  much i n t e r e s t  and r e s e a r c h .  

A s  a  r e s u l t ,  much h a s  been w r i t t e n  on t h e  t o p i c ,  e s p e c i a l l y  w i t h  r e s p e c t  t o  

t h e  North A t l a n t i c .  

Probably  t h e  most obvious f e a t u r e  of t h e  North A t l a n t i c  S u b t r o p i c a l  Gyre 

i s  t h e  Gulf St ream ( F i g .  1 ) .  South of t h e  s t ream l i e  t h e  c l o s e d  c o n t o u r s  o f  

t h e  i n t e r i o r  of t h e  gyre  ( t h e  Sargasso  s e a )  and much r e c e n t  d i s c u s s i o n  h a s  

c e n t e r e d  on j u s t  how b i g  t h i s  i n t e r i o r  i s .  

There  i s  a  poleward s h i f t  of t h e  c e n t e r  of t h e  i s o p y c n a l  d e p r e s s i o n  t h a t  

marks t h e  gyre  ( F i g s .  2A-F), which moves from 2 5 ' ~  a t  B = 26.5 t o  

3 8 ' ~  a t  6 = 27.8. There  i s  a  v e r y  t h i c k  l e n s  of h e a t e d  w a t e r  f i l l i n g  

t h i s  d e p r e s s i o n  t h a t  was f i r s t  noted by t h e  Cha l lenger  e x p e d i t i o n  ( F i g .  3 ) .  



Fig. 1. Circulation diagram for the total top to bottom 
circulation in the North Atlantic (Worthington, 1976, 
Fig. 42). 
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A h i g h  s a l i n i t y  f i e l d  matches t h e  t empera tu re  and i s  a l s o  q u i t e  t h i c k .  T h i s  

may be c o n t r a s t e d  w i t h  t h e  South A t l a n t i c  S u b t r o p i c a l  gyre  where t h e  h i g h  

s a l i n i t y  and t empera tu re  l a y e r  i s  r e l a t i v e l y  t h i n .  Th i s  added t o  t h e  i n i t i a l  

impress ion  o f  e a r l y  i n v e s t i g a t o r s  t h a t  t h e  South A t l a n t i c  g y r e  c i r c u l a t i o n  i s  

r e s t r i c t e d  t o  t h e  uppermost wa te r .  

A t l a n t i c  

There i s  a  n e a r l y  l i n e a r  T-S r e l a t i o n  a s  you go from t h e  warmest Sub- 

t r o p i c a l  Waters t o  t h e  co ld  deep w a t e r s  w i t h i n  t h e  Sargasso  Sea ( F i g .  4 ) .  

I s e l i n  (1936) c o n s i d e r e d  t h i s  l i n e a r  r e l a t i o n  and p o s t u l a t e d  t h a t  i t  was due 

t o  t h e  v e r t i c a l  mixing between two d i s p a r a t e  w a t e r  types .  But ,  i n  o r d e r  t o  

e x p l a i n  why t h e  T-S r e l a t i o n  was curved a t  a l l ,  h e  was fo rced  t o  i n c l u d e  

l a t e r a l  mixing o f  f r e s h  o r  s a l t y  w a t e r .  

By 1939 he  had changed h i s  mind and p o s t u l a t e d  t h a t  t h e  w a t e r  t y p e s  a t  

i n t e r m e d i a t e  dep ths  have been formed a t  t h e  s u r f a c e .  Subsequent s i n k i n g  

a l o n g  a  s u r f a c e  of c o n s t a n t  d e n s i t y  gave t h e  observed c h a r a c t e r i s t i c s .  For  

s u p p o r t i n g  evidence he  noted t h a t  t h e  T-S r e l a t i o n  a long a  m e r i d i a n  i n  t h e  

c e n t e r  of t h e  North A t l a n t i c  i s  v e r y  s i m i l a r  t o  t h e  v e r t i c a l  T-S c u r v e  be t-  

ween t h e  20' and 8 O  i so therms .  Th is  t h e o r y  was l a t e r  modif ied i n  

Sverdrup,  Johnson and Fleming (1942) t o  i n c l u d e  t h e  e f f e c t s  o f  l a t e r a l  and 

v e r t i c a l  mixing ( ~ i g .  5 ) .  

Heat Budget 

Using bu lk  aerodynamic formulas  f o r  s u r f a c e  h e a t  f l u x  a s  a  f u n c t i o n  of 

t empera tu re ,  humid i ty ,  and o t h e r  p a r a m e t e r s ,  t h e  s u r f a c e  h e a t  budget can be  

c a l c u l a t e d  and contoured ( F i g .  6 ) .  Large h e a t  l o s s e s  t o  t h e  atmosphere can 

be seen  on t h e  w e s t e r n  s i d e  of t h e  g y r e  where warm wate r  i s  c a r r i e d  n o r t h  by 

t h e  Gulf Stream. Conversely ,  t h e r e  i s  a  h e a t  g a i n  on t h e  e a s t e r n  s i d e  o f  t h e  
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Fig. 3. The Eighteen Degree Water thermostad of the 
Sargasso Sea as discovered by the CHALLENGER 
Expedition in 1873. (Worthington, 1976, Fig. 32). 

Fig. 4. The temperature-salinity correlation in the northwest 
Atlantic. (Iselin, 1936). 



REGION OF CONVERGENCE 

Fig. 5. Production of temperature-salinity correlation by 
sinking along density surfaces. (Sverdrup, Johnson, 
Fleming, 1942, Fig. 36). 

Fig. 6. Net anllual air-sea heat exchange in the North Atlantic 
Ocean after Bunker and Worthington, 1976. 



gyre where the return flow of cold water is southward. There are also large 

seasonal cycles superimposed on this mean picture. 

These heat exchanges are quite significant and can change near-surface 

densities substantially. This makes drawing a closed gyre, using density 

measurements, quite difficult. 

Further complicating the situation is the e~a~oration/~reci~itation budget 

which changes sign at 40'~ (Fig. 7). However, overall, gyres seem to gain 

I fresh water due to precipitation. 

1 18" Water 

I South of the Gulf Stream and above the main thermocline there is a thick 

layer of nearly isotherm and isohaline water with a temperature near 18' 

(Fig. 3 ) .  It is ubiquitous throughout the Sargasso Sea and shows up as an 

isolated high volume "mode" in a temperature-salinity volumetric chart 

(Lecture 1, Fig. 2) .  There is a temptation to explain the T-S character- 

istics of water at intermediate depths by using this 18' water as a "parent" 

in a vertical mixing process: 

But, one is again left with the task of explaining why the line is curved 

at all. 



The importance of 18' water l i e s ,  n o t  i n  i t s  poss ib le  r o l e  as  a  p a r e n t a l  

water  type,  but  r a t h e r  because i t  i s  an archetype of a  l a r g e ,  more common, 

process .  Anywhere i n  t h e  sub t rop i c s  one sees  a  s i m i l a r  v e r t i c a l  t empera ture  

and s a l i n i t y  s t r u c t u r e :  a  l a r g e  i so thermal  and i soha l ine  l a y e r  j u s t  above t h e  

main thermocl ine and capped o f f  by a  t h i n  l a y e r  of warmer water .  How d id  i t  

g e t  t h e r e ?  

Worthington (1972a) looked a t  t he  warm water r e c i r c u l a t i o n  i n  t h e  North 

A t l a n t i c  and noted t h a t  on an annual b a s i s  more hea t  i s  l o s t  t o  t h e  atmopshere 

than i s  c a r r i e d  i n  by the  Gulf Stream. He surmised t h a t  warm water must be 

pu l led  i n  a t  the sur face  (F ig .  8 ) .  He saw 18' water  a s  being formed by 

win te r  convect ive over turn ing  south of t h e  Gulf Stream and subsequent mer id i -  

ona l  motion along the  18' isotherm. The meridional  c e l l  was completed by 

northward movement of t h e  heated water  t o  be cooled a t  t h e  s u r f a c e  i n  t h e  

formation region.  His view, then ,  was t h a t  18O water  i s  n o t  formed l o c a l l y ,  

bu t  involved s i g n i f i c a n t  advec t ive  e f f e c t s .  

Warren (1972) proposed a  thermozl ine model t h a t  did no t  r e l y  on horizon-  

t a l  advec t ion  a t  a l l ,  bu t  r a t h e r  saw 18' water a s  being t h e  "na tu ra l "  pre- 

f e r r e d  temperature of t h e  win te r t ime mixed l aye r .  He imposed t h r e e  a r t i f i c i a l  

c o n s t r a i n t s  on the  model: t he  depth and s lope  of the  main thermocl ine and the  

s lope  of t he  seasona l  thermocl ine.  The na tu re  of t h e  i n t e r n a l  adjustment  of 

t h e  model i s  such t h a t  f o r  f ixed  seasona l  cyc l e s  of meteoro logica l  v a r i a b l e s ,  

t he  model s e t t l e s  i n t o  a  l i m i t  cyc le  wi th  an embedded 18' water  l a y e r ,  and 

a  seasona l  hea t  s to rage  on ly  i n  t h e  seasona l  thermocl ine.  I n  t h i s  l i m i t  cyc le  

t h e r e  i s  no ne t  annual h e a t  f l ux .  

His model cycled back and f o r t h  between a  "cooling" and "heat ing"  phase.  

During the  cool ing  phase he would c a l c u l a t e  t h e  ne t  hea t  l o s s  t o  t h e  atmos- 

phere f o r  each month and v e r t i c a l l y  mix enough of t he  su r f ace  water  t o  vent  
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Fig. 7. Total evaporation-precipitation difference in 
latitude bands. 
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Fig. 8. An interpretation of the meridional motion accompanying 
the formation of Eighteen Degree Water in late winter 
(Worthington, 1977a). 



t h a t  much excess  hea t  whi le  keeping t h e  s lope  of t he  seasona l  thermocl ine 

cons t an t .  Before t h e  l i m i t  cyc l e  i s  reached,  e ros ion  of t h e  main thermocl ine  

occurs  (F ig .  9a) .  

During t h e  hea t ing  p a r t  of t he  seasona l  cyc l e ,  t h e  hea t  i s  s t o r e d  i n  a  

growing seasona l  thermocl ine of f i xed  s lope  (F ig .  9c ) .  Each month t h e  

seasona l  thermocl ine i s  deepened enough t o  match t h h b s e r v e d  i n f l u x  of 

excess  h e a t i n g .  He cycled t h e  model through about 10 years  a f t e r  which i t  

s t a b i l i z e d  i n t o  a  l i m i t  cyc l e  with a  win te r  deep mixed l a y e r  of 18O water .  

Given t h e  assumption of f i xed  main thermocl ine depth ,  and f i xed  seasona l  

meteorology, then t h e  mode water  temperature  i s  completely def ined .  Fur ther-  

more, i t  i s  formed l o c a l l y ,  l eav ing  open t h e  ques t ion  of t h e  r o l e  of horizon-  

t a l  advec t ion ,  and i n  t h e  l i m i t  cyc l e  has zero  ne t  annual hea t  f l u x .  C e r t a i n l y  

t h e  mode w a t e r ' s  e x i s t e n c e  i s  due t o  t h e  homogenization dur ing  cool ing .  Ad- 

v e c t i o n  may j u s t  modify t he  temperature s t r u c t u r e  of t he  mode. 

Deep 18' mixed l aye r s  have been observed (F ig .  10) .  The two upper 

curves  a r e  from s lope  water  while  t h e  two lower curves a r e  from t h e  c e n t e r  of 

t he  gyre.  The KNORR c r u i s e  was i n  t he  f a l l  of 1975 and shows a  very  s l i g h t  

pooling of 18' water .  However, t h e  RESEARCHER c r u i s e  was i n  t h e  s p r i n g  of 

1977, immediately a f t e r  a  p a r t i c u l a r l y  s eve re  w in t e r .  A t h i c k  i so the rma l  pool 

of n e a r l y  18O water was observed a t  RESEARCHER s t a t i o n  33 ,  w i t h i n  t h e  Sar- 

gasso Sea. Furthermore, an e a r l i e r  XBT c a s t  (no t  shown) which was made a  few 

days before  RESEARCHER 33 showed the  i so thermal  pool extending r i g h t  up t o  t h e  

su r f ace .  

Transport  of t h e  Gulf Stream 

The t r a n s p o r t  of t h e  Gulf Stream v a r i e s  s ea sona l ly  wi th  t h e  h i g h e s t  t r a n s-  

p o r t  i n  t he  w in t e r  and lower va lues  i n  t he  summer (F ig  1 1 ) .  Worthington 

(1972b) has  suggested t h a t  i n t r u s i o n s  of cold po la r  a i r  causes  v e r t i c a l  
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Fig. 10.  Comparison of stations from either side of the 
Gulf Stream for a mild  winter (KNORR stations in 
1975) and a vigorous winter (RESEARCHER stations 
in 1977). 
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Fig. 11. Monthly variability of Gulf Stream transport and 
position (Worthington, 1976, F i g .  44). 



0 convective mixing and formation of 18 water south of the Gulf Stream and 

depression of the thermocline. The resulting increased slope of the thermo- 

cline would increase the baroclinic transport. Figure 10 shows this effect, 

while the transport values are shown on Fig. 11. 

Leetmaa and Bunker (1978) have calculated the expected transport of the 

Gulf Stream by using wind stress curl. They found that their estimates 

matched geostrophically calculated estimates south of the latitude of maximum 

wind stress curl but was a poor fit to the north. 
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Notes Submit ted by 
Thomas Ke f  f e r  

L e c t u r e  i ~ 3 .  SUBTROPICAL GYRES TWO 

One method of p o s s i b l y  conf i rming  a s p e c t s  of t h e  m e r i d i o n a l  c e l l  i n t e r p r e -  

t a t i o n  of t h e  18O wate r  c i r c u l a t i o n  u t i l i z e s  t h e  P - s p i r a l  concep t  o f  

Stornrnel and S c h o t t  (1977) and S c h o t t  and Stornmel, 1978).  R e l a t i v e  v e l o c i t y  

s p i r a l s  f o l l o w  d i r e c t l y  from thermal  wind c a l c u l a t i o n s  f o r  a  f i e l d  where t h e  

d i r e c t i o n  o f  h o r i z o n t a l  d e n s i t y  g r a d i e n t  changes w i t h  dep th .  T h e i r  p a p e r s  

p o i n t  ou t  t h e  f u n c t i o n a l  r e l a t i o n  between t h e s e  c a l c u l a t e d  h o r i z o n t a l  

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

h e a t i n g  and coo l i n g .  Subsur face  h e a t i n g  o r  downward v e r t i c a l  v e l o c i t y  g i v e  



s p i r a l s  wi th  shallow l e v e l  v e l o c i t i e s  t o  the  l e f t  of t he  v e l o c i t y  a t  deeper 

l e v e l s  - t he  same sense of r o t a t i o n  a s  an Ekman s p i r a l .  Subsurface cool ing  

or  upward v e r t i c a l  v e l o c i t y  g ive  s p i r a l s  of t he  oppos i te  s ense .  To apply 

t h i s  t o  t he  18O water c i r c u l a t i o n ,  no t e  t h a t  p r a c t i c a l l y  a l l  t h e  Sargasso 

Sea gyre sketched out  by Worthington (1976, s e e  Figure 5  below) l i e s  w i t h i n  

t he  nega t ive  annual h e a t  f l u x  reg ions  of Bunker and Worthington (1976)(see  

F ig .  5  i n  l e c t u r e  2 ) .  Thinking of t h e  180 water  l e v e l  a s  t h e  bottom of  t h e  

i n f iuence  of t h i s  coo l ing ,  then a  cool ing  s p i r a l  motion should be found and 

shows westward r e t u r n  flow of the  gyre.  The su r f ace  water  should move n o r t h  

r e l a t i v e  t o  t h e  la0 water ,  while t h e  18O water  i t s e l f  should move south  

r e l a t i v e  t o  t he  main thermocline wa te r .  The upper p a r t  of  t h i s  system sounds 

l i k e  Worthington's mer id iona l  c e l l .  What's more i s  t h a t  t h e  i n t e n s i t y  of  t h e  

r e l a t i v e  mer id iona l  c e l l  i s  p ropor t i ona l  t o  t he  ins tan taneous  coo l ing  through 

t h e  seasona l  cyc l e ,  and t h e  southern  boundary of t h e  northward flowing 

s u r i a c e  water  a l s o  s h i f t s  seasona l ly .  

Mathematically,  t h e  express ion  fo r  t h e  v e r t i c a l  r o t a t i o n  of t h e  

h o r i z o n t a l  v e l o c i t y  v e c t o r  i s :  - [-$--)(wR - (pl) 
az Tp, U(2)  

where U[z) = h o r i z o n t a l  v e l o c i t y  i n  po l a r  coo rd ina t e s  

= i n  s i t u  cool ing  or hea t ing :  the  v e r t i c a l  d i s t r i b u t i o n  

of  the  e f f o r t  of a i r - s e a  exchanges. 

Because t he  18O water ha s  a  pz which goes t o  zero  i n  t h e  w in t e r  and i s  a  

minimum the  r e s t  of t he  yea r ,  i t  i s  p o s s i b l e  t h a t  t h i s  water  forms a  v e r t i c a l  

regime boundary. The main ques t i on ,  however, i s  how much of  an angle  can 

e x i s t  between 18' water  and the  mer id iona l  mean ( i . e .  i s  r e l a t i v e  mer id iona l  

advect ion or gyre advec t ion  more impor t an t ) .  So f a r  v e l o c i t y  v e c t o r s  a long 

5 5 O ~  confirm the  h igh  v e l o c i t i e s  of t he  Gulf Stream r e t u r n  flow and h i n t  



a t  some r o t a t i o n  a t  60Cm r e l a t i v e  t o  l O O h  of  t h e  above i n d i c a t e d  s e n s e  

(Schmitz ,  1979) .  

p - S p i r a l  ( P e t e r  K i l l w o r t h )  

The o r i g i n a l  concept  f o r  t h e  P - s p i r a l  developed from a  d e s i r e  t o  be 

a b l e  t o  deduce t h e  t o t a l  a b s o l u t e  v e l o c i t y  f i e l d  from tempera tu re  s a l i n i t y  

d a t a .  The main e q u a t i o n s  of t h e  - s p i r a l  which accomplish  t h i s  g o a l  can 

be developed from t h e  fo l lowing  f i v e  b a s i c  e q u a t i o n s :  

Geostrophy (should hold  p r o v i d i n g  t h e r e  a r e  a  minimum number o f  e d d i e s  

p r e s e n t )  : 

( 1 )  - P v  = -p,/p* 

( 2 )  4'll = - p y +  

H y d r o s t a t i c  motion: 

( 3 )  TJz - 'jf 
Zero d ivergence  : 

( 4 )  U, + vY + We = 0 

D e n s i t y  i s  conserved f o l l o w i n g  t h e  p a r t i c l e :  

( 5 )  . vp = 0 

From t h e s e  e q u a t i o n s  t h e  thermal  wind e q u a t i o n s  can be d e r i v e d  by f i r s t  

d i f f e r e n t i a t i n g  t h e  g e o s t r o ~ h i c  e q u a t i o n s  w i t h  r e s p e c t  t o  z , ~ i e l d i n g :  

(6)  - Cvz + pxx/p.  = 0 

( 7 )  fu, + p,,/p. = 0 

Then s u b t r a c t i n g  from e q u a t i o n  ( 6 )  

Or 3 r x +  P Z r ' O  

and s u b t r a c t i n g  from e q u a t i o n  ( 7 )  b 



This y i e l d s  the thermal wind equat ions:  

(8 )  = - g ~ l p .  

( 9 )  f u ,  = j f g / p o  

These express  a  r e l a t i o n s h i p  between the  ho r i zon ta l  d e n s i t y  g r a d i e n t s  and 

the  v e r t i c a l  v e l o c i t y  g rad ien t s .  I f  u ,  v  i s  t h e r e f o r e  known somewhere (e .g .  

a t  the s u r f a c e ,  us and V, ) then they can be obtained everywhere. 

Everything i s  now known except w which can be obtained by r ea r r ang ing  t h e  

geos t rophic  equat ions i n t o  terms of u  and v,  then  s u b s t i t u t i n g  these  va lues  

i n t o  the  zero divergence equat ion ( 4 )  which y i e l d s :  

(10) p v = f ' ~ ~  

More formally,  d iv ide  equat ion ( 5 )  by R and d i f f e r e n t i a t e  wi th  r e s p e c t  

y i e ld ing :  

rear ranging:  

where the terms wi th in  the  parantheses  a r e  knowns. 

This i s  Stommel and S h o t t ' s  deduced equat ion and t h e r e  a r e  now a s  many 

equat ions a s  l aye r s  examined, so  the  problem i s  overdetermined. Therefore ,  by 

s u b s t i t u t i n g  us and V, f o r  u  and v  t h i s  w i l l  now y i e l d  mean s u r f a c e  ve loc i-  

t i e s  which can then be used i n  the  thermal wind equat ions t o  o b t a i n  u  and v a t  

any depth ( r e s u l t i n g  i n  t h e  s p i r a l ) .  F i n a l l y ,  from equat ions  (101, w can be 



determined. These equat ions can be used wi th  any conserva t ive  proper ty  and 

need not  be r e s t r i c t e d  t o  p . 
Transpor t a t i on  Controversy of t h e  Gulf Stream System 

A l l  of t h e  o ld  schemes used t o  c a l c u l a t e  t h e  Gulf Stream t r a n s p o r t  have i n  

common the  use of an in te rmedia te  l e v e l  of no motion depth,  r e s u l t i n g  i n  

va lues  of 50 t o  60 Sverdrups (F ig .  1 ) .  These a r e  a l l  obtained by v e r t i c a l l y  

i n t e g r a t i n g  from the l e v e l  of no motion t o  t he  su r f ace .  The c a l c u l a t i o n s  

d i f f e r e d  by only  a  f a c t o r  of two from l i n e a r  Sverdrup i n t e r i o r  t r a n s p o r t  

p r ed i c t i ons  (F ig .  2 and Lec ture  2 Fig.  11, which could be r a t i o n a l i z e d  by weak 

nonl inear  e f f e c t s  and/or under e s t i m a t i n g  the  wind s t r e s s  c u r l .  The i d e a  of  

an i n t e rmed ia t e  l e v e l  of no motion i n  t h e  Sargasso Sea surv ived  u n t i l  about 

1960 a t  which time F u g l i s t e r  (1963) ,  u s ing  deep f l o a t s ,  found n o n t r i v i a l  

speeds i n  t he  d i r e c t i o n  of t he  s t ream much deeper than the  assumed l e v e l  of  no 

motion. This  suggested h igher  t r a n s p o r t s .  Es t imates  based on t r a n s p o r t  f l o a t  

d a t a  i n d i c a t e  t h a t  t he  Gulf Stream bu i ld s  up t o  wel l  over 100 Sverdrups down- 

stream of Cape Ha t t e r a s .  A second phase i n  t h e o r e t i c a l  model l ing has  ensued 

i n  an at tempt  t o  exp la in  t h i s  high t r a n s p o r t .  The obse rva t iona l  evidence of 

t h e  b i g  Gulf Stream i s  summarized i n  Worthington's (1976) monograph. H i s  

Sub t rop ica l  Gyre t r a n s p o r t  i s  150 Sverdrups (F ig .  3)  and i s  r e s t r i c t e d  

l a t e r a l l y  t o  t h e  western c e n t r a l  North A t l a n t i c .  Independent measurements by 

moored instruments  seem t o  be confirming  ort thing ton's t r a n s p o r t  d i s t r i b u t i o n  

i n  t h i s  western gyre.  The two gyre a spec t  i s  s t i l l  unresolved.  

I n  t h e  o the r  ocean bas in s ,  t r a n s p o r t s  a r e  no t  wel l  known a s  of p r e sen t  

a l though l a r g e  s c a l e  eddies  observed i n  t h e  B r a z i l  and A u s t r a l i a n  Cur ren t s ,  

and the  Circumpolar Curren t ,  a r e  s i m i l a r  i n  s t r u c t u r e  t o  t h o s e  of  the  Gulf 

Stream sugges t ing  s i m i l a r  dynamical processes  may be a t  work a l s o .  This  



Fig. 1, Transport circulation diagram for the North Atlantic 
Ocean (Worthington, 1976, Fig. 17). 



Fig. 2. Sverdrup transport and required western boundary 
currents as calculated by Welander (1959), using 
annual mean wind stress. 

Fig. 3. Circulation diagram for the total top-to-bottom 
circulation in the North Atlantic Ocean (Worthington, 
1976, Fig. 42). 



s u g g e s t s  t h a t  t h e  wind d r i v e n  e s t i m a t e s  ( l i k e  F i g .  2) may be i n  e r r o r  t h e r e  

a l s o .  T h e o r e t i c a l  modeling ( ~ h i n e s  , and ~ o l l a n d  ) i s  g i v i n g  i n  s i t u  

n o n l i n e a r  dynamics t h a t  d r i v e s  t h e  deep Gulf St ream,  and t h e  compact r e c i r c u-  

l a t i o n  gy.re. 

Another q u e s t i o n  concerning t h e  Gulf St ream gyre  system i s  whether  o r  n o t  

t h e  p resence  o f  t h e  Medi terranean s a l t  tongue ( F i g s .  4 and 5 )  i s  c o n s i s t e n t  

w i t h  a  l a r g e  Gulf St ream r e t u r n  flow on t h e  e a s t e r n  s i d e  of t h e  North  A t l a n t i c .  

Worthington s a y s  no ,  and t h i s  i s  a  c r u c i a l  s t e p  i n  a r g u i n g  f o r  t h e  g y r e  shown 

i n  F i g .  3 .  T h i s  c o n s i s t e n c y  h a s  been t e s t e d  by s e v e r a l  s imple  advec t ion-  

d i f f u s i o n  models (Richardson and Mooney, 1975) .  P r e s c r i b i n g  a  s imple  c l o s e d  

c i r c u l a t i o n  g y r e ,  b a s i n  wide ( F i g .  6 )  and i n s t e a d  of mode l l ing ,  u s i n g  a  p o i n t  

s a l t  f l u x  f o r  t h e  Medi te r ranean  o u t f l o w  a r e a ,  ( u s i n g  s p e c i f i e d  s a l t  boundary 

c o n d i t i o n  a t  t h e  e a s t e r n  boundary of the  b a s i n )  t h e  problem i s  reduced t o  a 

two d imens iona l  a d v e c t i o n- d i f f u s i o n  e q u a t i o n .  

V L  
where P = P e c l e t  Number = - 

K" 
SCyS i s  p r e s c r i b e d  a t  t h e  e a s t e r n  boundary 

S = O  a t  t h e  o t h e r  boundar ies  

R e s u l t s  from t h e s e  models ( ~ i g .  6 and 7 )  show t h a t  f o r  a  P e c l e t  number of 0 a 

symmetr ical  d i s t r i b u t i o n  r e s u l t s  and f o r  v a l u e s  around 10-30 t h e  observed  s a l t  

tongue shape  i s  approached.  

Richardson and Mooney's c a l c u l a t i o n  f o r  t h e  gyre o f  F i g .  6 a r e  shown i n  

F i g .  7  and a P e c l e t  number of 1 0  t o  30 looks  about  r i g h t .  The p roper  q u e s t i o n s  

may n o t  be addressed  by t h i s  p rocedure .  I n  t h e  model t h e  s a l t  d i f f u s e s  i n  t h e  

e a s t  end and o u t  t h e  o t h e r  t h r e e  s i d e s .  We can r e f o r m u l a t e  t h e  q u e s t i o n  a s  

f o l l o w s .  Given t h e  shape of t h e  tongue ,  t h e  v a l u e  of t h e  P e c l e t  number and 



Fig. 4. Salinity at ~ O C  in the North Atlantic (Worthington, 1976, Fig. 23). 

Fig. 5. Salinity at lOOC in the North Atlantic (Worthington, 19763 Fig- 25) 



Fig. 6. Transport streamliner used in the advective-diffusion 
model of the Mediterranean salt tongue of Richardson 
and Mooney (1975). 

Fig. 7. Salinity anomaly contour for various values of the Peclet 
number, as calculated by Richardson and Mooney (1975) . 



t h e  observed f l u x  of s a l t  from G i b r a l t a r  ( t r a n s p o r t  t imes  s a l i n i t y  anomaly) ,  

what i s  t h e  t r a n s p o r t  magnitude of t h e  gyre?  The f l u x  g i v e s  % in the  

P e c l e t  number d e f i n i t i o n ,  t h e  shape choosing procedure  g i v e s  t h e  P e c l e t  number,  

and t h e r e f o r e ,  a V i s  p r e d i c t e d  t o  be c o n s i s t e n t  w i t h  t h e  f l u x .  Joyce (1979,  

i n  p r e s s )  uses  t h i s  procedure  t o  e s t i m a t e  a mid t h e r m o c l i n e  t r a n s p o r t  of o n l y  

5 t o  10 Sverdrups ,  which i s  much s m a l l e r  t h a n  t h e  observed w e s t e r n  gyre  t h e  

t r a n s p o r t .  Th i s  would seem t o  s u p p o r t  t h e  Worthington (1976) c o n t e n t i o n  t h a t  

t h e  g y r e  c l o s e s  o u t s i d e  t h e  Medi te r ranean  tongue.  
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Notes Submit ted by 
Douglas Mar t inson  

L e c t u r e  4  THE POLAR - SUBPOLAR INFLUENCE ONE 

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

The passage of water  which has  been i n f l u e n c e d  by t h e  i n t e n s e  c o o l i n g  o f  

t h e  p o l a r  r e g i o n s  can be t r a c e d  i n  some form and a t  some dep th  th roughout  a 

major  p o r t i o n  of the  w o r l d ' s  oceans .  Th is  p r o g r e s s i o n  of t h e  p o l a r  w a t e r  

p r o p e r t i e s  i s  most s t r i k i n g l y  r e v e a l e d  i n  s t u d i e s  of w e s t e r n  boundary c u r r e n t s  

and of t h e  c i r c u l a t i o n  p a t t e r n s  of t h e  deep w a t e r .  Th i s  o v e r a l l  c i r c u l a t i o n  

p a t t e r n  cor responds  c l o s e l y  t o  t h a t  deduced from thermoha l ine  c i r c u l a t i o n  

models.  Stommel and Robinson (1959) proposed an ocean t h e r m o c l i n e  model i n  

which h e a t  was added t o  t h e  t o p  and d i s t r i b u t e d  downwards by some mixing 

p r o c e s s ,  r e p r e s e n t e d  by a c o n s t a n t  eddy thermometr ic  c o n d u c t i v i t y .  To main- 

t a i n  a  s t e a d y  s t a t e  i n  t h e  model a  con t inuous  upwards f l u x  of c o l d  w a t e r  i n t o  

t h e  unders ide  of t h e  the rmocl ine  i s  r e q u i r e d .  Th is  i m p l i e s  t h a t  t h e r e  must be 

sources  of c o l d  wa te r  i n  t h e  sys tem t o  m a i n t a i n  mass c o n t i n u i t y .  The con- 

sequences  of such s o u r c e s  on t h e  i n t e r i o r  f lows have been s t u d i e d  by Stommel 



and Arons (1960a,  b ) ,  who cons idered  a  uniformly d i s t r i b u t e d  s i n k  a t  t h e  s u r-  

f a c e  (cor responding  t o  t h e  b a s e  of the  the rmocl ine )  and c o n c e n t r a t e d  s o u r c e s  

i n  t h e  i n t e r i o r .  They showed t h a t  a  c o n c e n t r a t e d  source  i n  t h e  p o l a r  r e g i o n s  

l e d ,  i n  t h e  Northern hemisphere ,  t o  a  s t r o n g  w e s t e r n  boundary c u r r e n t  a l o n g  

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

f o r c e  on t h e  r e l e a s e d  f l u i d .  The r e t u r n  flow from t h e  w e s t e r n  boundary cur-  

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

d i r e c t l y  from t h e  v o r t i c i t y  e q u a t i o n  

P v  7% 

I n t e g r a t i n g  t h i s  from t h e  bottom of t h e  ocean (w = 0 )  t o  t h e  b a s e  o f  t h e  

the rmocl ine  (w > 01,  y i e l d s  (vdT > o s i n c e  w i s  always p o s i t i v e  i n  t h e  

model,  hence v  i s  always p o s i t i v e  (poleward) .  

The s y s t e m a t i c  a p p l i c a t i o n  of t h i s  model t o  t h e  w o r l d ' s  oceans  i m p l i e s  t h e  

c i r c u l a t i o n  p a t t e r n s  of F i g .  1, taken  from Stommel (19581, where t h e  major  

sources  have been placed i n  t h e  Greenland and Weddell Seas .  The boundary cur-  

r e n t s  r e q u i r e d  t o  c l o s e  t h e  c i r c u l a t i o n  a r e  i n d i c a t e d  by heavy l i n e s .  

The North A t l a n t i c  

The c i r c u l a t i o n  system of the  North A t l a n t i c  can be d e s c r i b e d  i n  broad 

terms a s  a  northward flow i n  t h e  upper l e v e l s  followed by a  southward r e t u r n  

flow i n  t h e  deep w a t e r .  The southward r e t u r n  flow e n c o u n t e r s  a  nor thward f low 

of  A n t a r c t i c  Bottom Water where ,  a f t e r  some mixing North A t l a n t i c  Deep Water 

i s  formed, a  wa te r  mass compris ing a  l a r g e  pe rcen tage  of t h e  w a t e r s  o f  t h e  

A t l a n t i c  Ocean, c h a r a c t e r i z e d  by s a l i n i t y  of 34.9 t o  35.0 o/oo and poten-  

t i a l  t empera tu re  between 1 .go and 4 ' ~ .  

The North A t l a n t i c  Deep Water i s  cons idered  t o  be a  m i x t u r e  o f  f i v e  b a s i c  

s o u r c e s  (Worthington,  1976) a s  f o l l o w s :  

Norwegian Sea overf low through Denmark S t r a i t .  

Norwegian Sea over f low th rough  Iceland- Scot land passage .  



Inflow of Antarctic Bottom Water. 

Laborador Sea Water. 

Mediterranean Sea Water. 

The first two are already predominantly "pure" North Atlantic Deep Water at 

the overflows. The salinity in potential temperature surface charts of 

Worthington and Wright (1970) illustrate most graphically the spreading and 

interplay of these five. 

The main transport features of the deep water currents are shown in the 

accompanying diagram taken from Worthington (1976, Fig. 2). The water masses 

shown are those lying below 4 ' ~  and transports of the Gulf Stream are the 

result of calculations from density measurements with the geostrophic and 

hydrostatic relationships augmented where available by direct current measure- 

ments. The positions of the latter are marked on the diagram by asterisks, 

and these direct measurements help to establish reference level values for the 

geostrophic calculations. In certain locations it is necessary to invoke en- 

trainment of water from higher temperature levels to maintain mass continuity; 

such positions are marked by circled cross symbols, @ . In a like manner the 

upwelling of fluid to the upper layers is marked by circled dot symbols @ 

The numbers marked on the flow lines indicate mass transport in Sverdrup 

6 3 units (1 Sv = 10 m /sec). 

The southward flow has its origins in the Norwegian and Iceland Sea areas, 

and later work (Aagaard, GFD, 1979) suggests that the water mass flowing over 

the sill of the Denmark Strait does not originate in the Norwegian Sea as sug- 

gested by Worthington, but obtains its characteristics from the Iceland Sea, 

with small quantities of Norwegian Sea water in erratic pulses. The main flux 

of Norwegian Sea Water flows over the sills of the Iceland-Scotland passage 



Fig. 1. Schematic theoretical pattern of deep circulation 
in the world ocean (Stommel, 1958). 

Fig. 2. Circulation diagram and box model for the deep 
(3 c 4.0°C) circulation in the North Atlantic 
(Worthington, 1976, Fig, 11). 



e n t r a i n i n g  a  l a r g e  q u a n t i t y  of wa te r  from t h e  upper l a y e r .  These two s t r e a m s  

j o i n  c l o s e  t o  t h e  s o u t h e r n  t i p  o f  Greenland,  e n t e r  t h e  Labrador  Sea and t u r n  

s o u t h .  The s u r f a c e  wa te r s  of t h e  Labrador Sea a r e  a  source  of low s a l i n i t y  

and d e n s i t y  which can be e n t r a i n e d  by t h e  u n d e r l y i n g  o u t f l o w s  from t h e  

Norwegian Sea .  

p a s s i n g  f u r t h e r  sou th  t h i s  deep c u r r e n t  encounte r s  t h e  two a n t i c y c l o n i c  

g y r e s ,  l o s i n g  some of i t s  wa te r  t o  t h e  nor thernmost  of t h e  two, t h e  r e s t  

c o n t i n u i n g  a l o n g  t h e  c o a s t  of F l o r i d a .  The d i s t i n c t  and s e p a r a t e  gyres  a r e  

d i s t i n g u i s h e d  by Worthington on t h e  b a s i s  of t h e s e  t e m p e r a t u r e ,  s a l i n i t y  and 

s i l i c a t e  c h a r a c t e r i s t i c s ,  t h e  l a t t e r  be ing  t h e  more s e n s i t i v e  i n d i c a t o r  f o r  

deep w a t e r  masses .  The southward moving flows now meet A n t a r c t i c  Bottom 

Water and t o g e t h e r  complete t h e  mix ture  of t h e  North A t l a n t i c  Deep Water.  

Th i s  d e s c r i p t i o n  of t h e  o v e r a l l  c i r c u l a t i o n  system comprises  d a t a  from 

many s o u r c e s  ex tend ing  over  many y e a r s  and d e s c r i b e s  t h e  ocean under what 

might be c a l l e d  'normal '  c o n d i t i o n s .  It p r e s e n t s  a  p i c t u r e  o f  con t inuous  

fo rmat ion  and t r a n s p o r t  of t h e  v a r i o u s  source  w a t e r s .  On c l o s e r  i n s p e c t i o n ,  

and a s  more d a t a  becomes a v a i l a b l e ,  i t  becomes a p p a r e n t  t h a t  t h i s  r e l a t i v e l y  

p l a c i d  p i c t u r e  may be m i s l e a d i n g ,  a s  t h e r e  i s  evidence of l a r g e  s c a l e  d i s -  

t o r t i o n s  of t h e  flow p a t t e r n s  which a r e  i d e n t i f i e d  w i t h  sudden f o r m a t i o n  

e v e n t s  . 
A l a r g e  s c a l e  d i s t o r t i o n  of t h e  S a r g a s s o  Sea c i r c u l a t i o n  system was 

observed i n  J u l y  1977 ( ~ c ~ a r t n e ~  and Worthington,  1979) when t h e  a x i s  of t h e  

Gulf Stream moved 200 km s o u t h .  The ev idence  f o r  t h e s e  changes  i s  found i n  a  

comparison of d a t a  from c r u i s e s  #I60 and /I66 of t h e  Research V e s s e l  KNORR. 

The d a t a  i s  p resen ted  i n  F i g s .  3a and b  which compares s e c t i o n s  of 

t empera tu re ,  s a l i n i t y  anomaly and s i l i c a t e  anomaly t a k e n  a l o n g  l o n g i t u d e  

550N. The KNORR Cru i se  {I60 i s  regarded a s  ' n o r m a l ' ,  w i t h  t h e  Gulf S t ream 



l o c a t e d  a t  410N.  his a x i s  i s  de f ined  a s  150C wate r  l y i n g  a t  200 m). 

Negative s a l i n i t y  anomalies a t  180C extend southwards;  t h i s  '180 w a t e r '  

i s  a  conspicuous  f e a t u r e  of t h e  gyre  a t  t h i s  l a t i t u d e .  Below t h e  main 

the rmocl ine ,  a  p o s i t i v e  s a l i n i t y  anomaly r e p r e s e n t a t i v e  of t h e  M e d i t e r r a n e a n  

o u t f l o w  i n t r u d e s  from t h e  s o u t h .  A t  t h e  n o r t h e r n  end ,  n e g a t i v e  s a l i n i t y  

anomalies above 100 mark t h e  s l o p e  w a t e r .  The s i l i c a t e  anomal ies  a r e  a  

more s e n s i t i v e  i n d i c a t o r  i n  t h e  deeper w a t e r s  and t h e  n e g a t i v e  anomal ies  a t  

t h e  n o r t h e r n  end of t h e  s e c t i o n  a r e  a t t r i b u t e d  t o  Denmark S t r a i t  over f low 

w a t e r .  To t h e  s o u t h  l i e s  p o s i t i v e  s i l i c a t e  anomaly w a t e r  which  ort thing ton 

(1976) u s e s  t o  d e f i n e  t h e  s o u t h e r n  boundary o f  t h e  deep r e t u r n  f low of t h e  

Gulf St ream,  on t h e  grounds t h a t  t h i s  r e t u r n  flow does n o t  a c q u i r e  e x c e s s  

s i l i c a t e  and hence does n o t  mix w i t h  t h e  deep h igh  s i l i c a t e  w a t e r .  

Compare t h i s  now w i t h  t h e  d a t a  from KNORR Cru i se  #66, a l s o  shown on ~ i g s .  

3a and b. The a x i s  of t h e  Gulf Stream h a s  moved 200 km t o  t h e  s o u t h .  A 

s t r i k i n g  f e a t u r e  of t h e  s a l i n i t y  anomaly d i s t r i b u t i o n  i s  t h e  f o u r  r e g i o n s  o f  

low s a l i n i t y  c o l d  wa te r  below t h e  t h e r m o c l i n e ,  and t h e i r  p r o p e r t i e s ,  - . l o 6  

0100 s a l i n i t y  anomaly, 3.52OC tempera tuure  and 6 .51 m l / l  of oxygen i d e n t i f y  

them a s  Laborador Sea Water. A l a r g e  i n t r u s i o n  of p o s i t i v e  s a l i n i t y  anomaly 

wate r  i s  found t o  t h e  sou th  a t  t h e  base  of t h e  the rmocl ine ;  w a t e r  w i t h  t h i s  

Medi terranean c h a r a c t e r i s t i c  sp reads  unevenly a c r o s s  t h e  s e c t i o n  much f u r t h e r  

n o r t h  than normal.  The Gulf Stream a s  a  whole i s  t r a n s p o r t i n g  more s a l i n e  

wa te r  t h a n  u s u a l .  

McCartney and Worthington a t t r i b u t e  t h e s e  changes t o  fo rmat ion  e v e n t s  i n  

t h e  source  w a t e r s  c h a r a c t e r i z i n g  t h e  d i s t o r t i o n ,  i n  t h e  c a s e  o f  18O Water 

and Laborador Sea Water.  I n  p a r t i c u l a r ,  180 Water has  been known t o  have 
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Fig. 3. Comparison of sections along 5S0W in October 1976 and 
August 1977. a) Potential temperature. b) Salinity 
anomaly (Z c 2500m) and silicate anomaly (Z > 2500m). 
McCartney, Worthington and Raymer, 1979). 



c o n v e c t i v e l y  over tu rned  i n  t h e  w i n t e r  1976 t o  1977   ort thing ton, 1977) and 

a l s o  a  convec t ive  fo rmat ion  i n  t h e  Labrador  Sea i n  March 1976 (Gascard,  GFD, 

1979) .  

It  i s  noted t h a t  s i m i l a r  changes were s e e n  i n  1956 ( ~ u g l i s t e r ,  1 9 6 0 ) .  

The Southern Oceans 

The t h e o r y  of Stommel and Arons p r e d i c t e d  deep northward f l o w i n g  c u r r e n t s  

a l o n g  t h e  w e s t e r n  boundar ies  of t h e  sou thern  c o n t i n e n t s  and t h e  S c o r p i o  ex- 

p e d i t i o n  of 1967 v e r i f i e d  some of t h e s e  p r e d i c t i o n s .  Two s e c t i o n s  were t a k e n  

a c r o s s  t h e  s o u t h e r n  P a c i f i c  a t  28' and 4 3 ' ~ ,  each spanning t h e  Sou th  

P a c i f i c  from t h e  e a s t e r n  c o a s t  of A u s t r a l i a  t o  South America. A n o t a b l e  f e a-  

t u r e  was a  l a r g e  c lockwise  gyre  i n  t h e  southwest  P a c i f i c  Basin  w i t h  an  i n t e n s e  

northward f lowing deep w e s t e r n  boundary c u r r e n t  a long t h e  Kermadoe Ridge a t  

L a t  . 2s0s ,  Long. 1 8 0 ~ ~  and a t  t h e  base  of t h e  Chatham R i s e ,  4 3 ' ~ ,  

168 '~ .  A s i m i l a r ,  b u t  weaker c u r r e n t  sys tem,  was found i n  t h e  B e l l i n g -  

shausen Basin  o f f  t h e  c o a s t  o f  C h i l e .  No deep boundary c u r r e n t  was found 

a l o n g  t h e  w e s t e r n  A u s t r a l i a n  boundary a s  t h e  Tasman Sea i s  b locked  t o  t h e  

n o r t h  a t  dep th  (warren,  1973) .  

F i g u r e  4 shows t h e  l o c a t i o n s  of t h e  two S c o r p i o  s e c t i o n s  a c r o s s  t h e  

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

Kermadac t r e n c h .  The a l t e r n a t i n g  r e g i o n s  of weak f low t o  t h e  e a s t  a r e  n o t  

considered t o  be s i g n i f i c a n t .  The w e s t e r n  boundary c u r r e n t  i s  w e l l  d e f i n e d  

i n  both  s e c t i o n s .  S i m i l a r  northward f lowing  w e s t e r n  boundary c u r r e n t s  a r e  

found i n  t h e  I n d i a n  Ocean o f f  Madagascar (warren,  1974) .  F i g u r e  5 shows 

s e c t i o n s  o f f  Madagascar, and a g a i n  g e o s t r o p h i c  f low con tours  i n d i c a t e  w e l l  

developed w e s t e r n  boundary c u r r e n t s .  
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Fig. 4. Sections showing existence of western intensified 
deep motion boundary currents in the South Pacific 
Ocean (Warren, 1973). 
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The northward flowing boundary c u r r e n t s  t r a n s p o r t  water  o f  A n t a r c t i c  

o r i g i n  i n t o  t h e  w o r l d ' s  oceans ,  and a s  an extreme example t h e  southward 

f lowing w e s t e r n  boundary c u r r e n t  down t h e  c o a s t  o f  South America t r a n s p o r t s  

w a t e r  o f  A r c t i c  o r i g i n  sou th  o f  t h e  e q u a t o r  where i t  i s  e v e n t u a l l y  c a r r i e d  

e a s t  by t h e  c i rcumpola r  c u r r e n t  and can be i d e n t i f i e d  i n  t h e  I n d i a n  Ocean and 

P a c i f i c  Ocean. Th is  g l o b a l  impact o f  North A t l a n t i c  Deep Water i s  documented 

by Reid and Lynn (1971).  The p o l a r  and subpola r  r e g i o n s  t h u s  n o t  on ly  i n-  

f l u e n c e  t h e  w a t e r  p r o p e r t i e s  of most o f  t h e  w o r l d ' s  oceans  b u t  p r o v i d e  t h e  

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

We w i l l  always have s e v e r e  d a t a  i n t e r p r e t a t i o n  problems. The s i g n a l  we 

o f t e n  want i s  how much wate r  f lows through a  g iven  s e c t i o n ;  t h i s  w i l l  gener-  

a l l y  be a  s m a l l  f r a c t i o n  o f  t h e  l a r g e r  r e c i r c u l a t i n g  gyre  f low.  When we make 

a c u r r e n t  measurement, say  a  deep Swallow f l o a t  i n  a  deep w e s t e r n  boundary 

c u r r e n t ,  we measure t h e  t o t a l  t r a n s p o r t .  How do we s p l i t  o u t  t h e  gyre  

component and t h e  through flow component? 
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Lecture 415. POLAR - SUBPOLAR INFLUENCE TWO 
1. Introductory Remarks and Summary 

The consideration of the "Polar Influence" was concluded briefly with 

discussions of the Antarctic Bottom Water-North Atlantic Deep Water transi- 

tion on the 2'~ isotherm and the possible importance of meridional water 

mass exchange ("leakage" from the circumpolar system) at depth southeast of 

New Zealand, where the horizontal transition between these water masses at 

3000 db is conspicuousiy sharp. We next considered the large-scale circula- 

tion of the North Atlantic, poleward of the main anticyclonic gyre. Observed 

distributions of conservative (i.e. internally source-free) tracers (salinity, 

temperature, homogeneity index), indirect evidence of local winter convective 

overturning, and the previously described scheme of circulation in lower lati- 

tudes are synthesized to produce a general picture of the large-scale water 

mass properties and transports. The picture includes a cyclonic gyre between 

the northern branch of the subtropical gyres and the margins of the polar 

basin. A steady-state calculation of advective transfer of internal energy 

across a parallel, balanced by the negative surface energy balance poleward of 

the parallel, yields a volume transport estimate in order-ofmagnitude agree- 

ment with independent estimates. 

Attention is turned to the water mass structure and exchanges in the 

Southern Hemisphere. Observational evidence is cited for the importance of 

thermostad layers, particularly the Subantarctic Mode Water (sAMW), as tracers 

around the entire circumpolar current system. Other data are shown which indi- 

cate the circulation of this water mass within the subtropical gyre systems of 

the South Atlantic and Pacific, with "injections" of SAMW occurring near their 



sou thwes te rn  edges .  A h i g h l y  s i m p l i f i e d  dynamical argument t h a t  r e l a t e s  t h e  

p l a n e t a r y  v o r t i c i t y  t o  t h e  v e r t i c a l  s t a b i l i t y  of t h e  water  column i s  c o n s i s-  

t e n t  wi th  t h e  i d e a  of a  c l o s e d  c i r c u l a t i o n  of SAMW around t h e  s u b t r o p i c a l  

s o u t h e r n  hemisphere g y r e s  . 
2. Conclusion of "The P o l a r  In f luence ' '  

Recent GEOSECS d a t a  may be regarded  a s  an update  o f  WCist's w e s t e r n  Sou th  

A t l a n t i c  s e c t i o n s .  GEOSECS T-S diagrams show a  pronounced k i n k  where two 

approx imate ly  l i n e a r  T-S c u r v e s  w i t h  d i f f e r e n t  s l o p e s  i n t e r s e c t  ( ~ r o e k e r ,  e t  

a l ,  1976) .  The i n t e r s e c t i o n  i s  found c o n s i s t e n t l y  around t h e  c i rcumpola r  

c u r r e n t  sys tem a t  t h e  2 ' ~  i s o t h e r m ,  and i s  t aken  t o  be an i n d i c a t o r  of t h e  

t r a n s i t i o n  from warmer, s a l t i e r  NADW above t o  c o l d e r ,  f r e s h e r  AABW below ( F i g .  

1, s e e  a l s o :  Gordon and Rodman, 1977; C r a i g ,  e t  a l .  1972).  The o b s e r v a t i o n a l  

evidence t h a t  t h i s  t r a n s i t i o n  occurs  around t h e  e n t i r e  c i rcumpola r  c u r r e n t  

sys tem i l l u s t r a t e s  n i c e l y  t h e  eas tward s p r e a d i n g  of NADW from i t s  e n t r y  i n  t h e  

A t l a n t i c .  I n  t h e  h o r i z o n t a l  p lane  (on t h e  3000 d b  s u r f a c e )  s o u t h e a s t  o f  New 

Z e a l a n b  t h e  t empera tu re  d i s t r i b u t i o n  r e v e a l s  a  p a r t i c u l a r l y  s h a r p  boundary 

between warmer and c o l d e r  wa te r  masses ,  i n  t h e  form of a  nor thward p r o t r u s i o n  

(about  1°c) o f  AABW a l o n g  t h e  s o u t h e a s t e r n  margin of t h e  Campbell P l a t e a u  

a l o n g s i d e  a  southward p r o t r u s i o n  of warmer ( 1 . 5 ' ~ )  w a t e r  o n l y  5 d e g r e e s  o f  

l o n g i t u d e  t o  t h e  e a s t  ( F i g .  2 ) .  The warmer wa te r  may be r e l a t e d  t o  NADW which 

h a s  come around t h e  c o n t i n e n t  and i s  c u r r e n t l y  c i r c u l a t i n g  i n  t h e  P a c i f i c  g y r e  

sys tem,  a l t h o u g h  Gordon (1967) would probably  c l a s s i f y  t h i s  a s  South P a c i f i c  

Deep Water. I n  any c a s e ,  t h e  s h a r p n e s s  of t h i s  t r a n s i t i o n  betwen t h e  n e a r l y  

zona l  c i rcumpolar  deep c u r r e n t  and t h e  n e a r l y  m e r i d i o n a l  deep w e s t e r n  boundary 

c u r r e n t  i s  s u g g e s t i v e  of mass and p r o p e r t y  exchanges between t h e  sys tems ,  

p a r t i c u l a r l y  i n  view of  t h e  tongue- l ike  p r o t r u s i o n s  of t e m p e r a t u r e .  We may 
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think of such an exchange as a localized "leakage" of the circumpolar system 

into the lower-latitude gyre system. 

3. The Subpolar North Atlantic 

We begin our consideration of the region with a look at a summer temper- 

ature section which extends directly across the return-flow area in 

Worthington's Northern gyre system (Worthington, 1976, p. 7 5 ) ,  Fig. 3. The 

section is capped by a warmed seasonal thermocline, below which we find a 

thermostad layer about 14.5OC, which layer is particularly thick in the 

southwestern part of the section. The deepest 14OC layer overlies a sub- 

stantial depression of the main thermocline. No 1 8 O ~  water is evident here. 

The deep pool of 14OC water and associated thermocline depression are per- 

haps indicative of recent vertical convection and homogenization of the temper- 

ature field in the layer, although horizontal advection must surely play some 

role in such a process. The depression of isotherms, if associated with a 

depression of isopycnals, implies increasingly anticyclonic geostrophic flow 

around the deep 14OC pool as one moves upward through the water column, 

leading to Worthington's designation "anticyclogenesis" for the process 

(whatever it is) responsible for the dkep thermostad. Figure 4 shows the 

location of three more North Atlantic temperature sections and their positions 

relative to Worthington's Northern gyre for waters with 12'~ < T < 17'~. 

Sections 7 and 9 (Fig. 5) show the spatially abrupt eastern terminus of the 

1 8 O ~  water (here it is nearer 17OC, recall that the thermostad extends far 

to the southwest into the Sargasso-Gulf Stream system), with the 14OC water 

to the east. Notice that the latter pool appears to be laterally less exten- 

sive than the 18OC water. Worthington (1976) associates the domed isotherms 

(and presumably isopycnals) near station 331 with a thermocline-level low 



pressure trough which separates southeastward flow of 17'~ water in the 

Sargasso-Gulf Stream system on the left ("out" of the paper in Fig. 5) from 

northwestward flow of 14'~ water on the right in the Northern Gyre ("into" 

0 th.e paper). The abrupt termination eastward of the 14 C water led to the 

notion of a tightly closed, compact Northern Gyre in Worthington's circulation 

diagrams. On Fig. 6 we see the water properties on a section just poleward of 

the main return flow area in the Northern Gyre. The seasonal thermocline is 

absent, of course, on this late winter section, and the prominent thermostad 

layer has a temperature of lloc, terminating to the east after a limited 

(400 km) extent. We recall the volumetric T-S diagram presented in earlier 

lectures (~ecture 1, Fig. 2) for the world ocean, wherein the North Atlantic 

Central Water masses extended as a high volume linear envelope, with a gap 

between the nose of the ridge and the isolated mode at 18'~. The 1 4 O ~  and 

llOc modes represent other, less pronounced, volumetric maxima as we move 

down the axis of the Central Water ridge towards lower T and S. Thus we have 

identified some of the important volumetric modes in the main thermocline 

waters of the North Atlantic, and we have a notion of their possible origin, 

namely the late-winter convective overturning in the various gyre systems. We 

note that Masuzawa (1969) also located 18'~ mode water in the Kuroshio Gyre 

system of the North Pacific. 

Poleward of about 50'~ we enter a region of roughly cyclonic surface 

currents. Given the juxtaposition of surface westerly winds on the equator- 

ward side of the (atmospheric) Icelandic low pressure system and easterlies on 

the poleward side, we might expect a cyclonic current pattern because the 

west-to-east component of the surface wind stress decreases with increasing 

latitude. Observed tracer fields, such as the salinity on isothermal sur- 
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Fig.  6 .  Temperature s e c t i o n  1 2 .  
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faces, show some indication of tongue-like protrusions of extrema which form a 

partial loop in the cyclonic sense from the Faroe-Shetland Channel, west past 

Iceland, through the Irminger Sea and around Kap Farvel into the Labrador Sea. 

Large-scale water mass analyses in the past have indicated that pycnostadal 

layers (i.e. layers wherein the local buoyancy period is a vertical maximum) 

dominate the water mass transport. In Fig. 7 we present the value of the 

buoyancy period on the level of its maximum value in the upper 1000 m (~igs. 

7, 9, 10 and 11 from McCartney and Talley, 1979). Highly homogeneous waters 

(long period) can be traced around a cyclonically-curved path from the Faroe- 

Shetland Channel region, westward with a meander across the Reykjanes Ridge, 

then on into the Irminger and Labrador Seas again. The end product of this 

cyclonic path is cold, low-salinity Labrador Sea Water. A plot of the same 

quantity in the 1000-2000 m layer (Fig. 8, from McCartney and Talley, 1979) 

suggests that the homogeneous Labrador Sea water mass spreads eastward across 

the basin at depth. This water mass has relatively low temperatures (3.5'~) 

and salinities (34.4 0100) compared to other North Atlantic water, and we may 

consider its renewal by plotting temperature soundings from stations along our 

cyclonic mode water path (Fig. 9 shows station locations; Fig. 10 shows the 

soundings). The soundings are representative of late winter conditions when 

the results of winter cooling and any associated convection should be evident. 

A well-mixed layer 500 or more meters deep is ubiquitous, below which is found 

the main thermocline. The mixed-layer temperatures decrease steadily from 

18'~ to around 4'~ as we move from the Sargasso Sea around to the Irminger 

Sea. The basal thermocline temperatures (not shown) tend to converge on the 

value 3.5'~ for these soundings, the value being characteristic of Labrador 

Sea Water. Figure 11 shows a deep mixed layer for late February southwest of 



Fig.  9 .  Location of Late Winter Ncrth A t l a n t i c  s t a t i o n s .  

1 0 .  Representa t ive  Late w in te r  s t a t i o n s  from t h e  North A t l a n t i c .  
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Fig.  1 2 .  Southern Ocean temperature s e c t i o n  from OE-1 .  



Kap Farvel. The upper 800 meters are very well ventilated, having a uniformly 

high oxygen concentration of about 6.9 mllliter, indicative of very recent con- 

tact with the atmosphere. Potential temperature, salinity and density curves 

are also fairly uniform down to 1500 m and below. It is suggested that the 

convective event(s), implied by such a sounding, are the formation events for 

Labrador Sea Water. Note that the mixed-layer temperature here is 3. ~ O C ,  as 

we would expect for Labrador Water renewal. It we attempt to explain the rel- 

atively high oxygen concentrations which are maintained in the thermocline 

waters of the North Atlantic, where the static stability greatly inhibits con- 

tact with the surface, we may consider deep convective renewal in the Labrador 

Sea as the source, with advection of the highly homogeneous waters at depth 

(e.g. Fig. 8). A simple thermodynamic calculation, assuming that warm water 

of uniform, representative temperature enters to the east, cools in the north, 

then exits through the Labrador Sea at ~ O C ,  can be made from rough estimates 

of the surface energy loss over the northern region and the area over which 

the loss occurs. The transport of water required to maintain a steady-state 

for such a system is about 10 Sv, in rough agreement with current meter 

estimates of the total transport out of the Labrador Sea - and the Norwegian 

overflow combined. 

4.  Subantarctic Mode Water (sAMW) 

Typical summer temperature sections from around the Southern Ocean show ex- 

tensive thermostad layers situated on the equatorward side of the Antarctic po- 

lar front zone, separated from the surface by a seasonal thermocline. Figure 

12 shows a 13'~ thermostad in the South Indian Ocean, with the pronounced 

frontal temperature gradient to the south. McCartney (1977) calls these water 

masses the Subantarctic Mode Water (sAMw). The frontal zone at 200 m is stip- 

pled on Fig. 13. Starting in the western South Atlantic the front spirals east 
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and south around the  cont inent  u n t i l ,  a f t e r  passing through Drake Passage ,  i t  

"jumps" northward i n  a  wide zone near  t h e  Brazil-Fallt land Confluence. The 

inve r se  v e r t i c a l  temperature g rad i en t  Az /nT  i s  an index of  t he  s t r e n g t h ,  o r  

homogeneity, of a  thermostad. The ex tens ive  zonal s e c t i o n s  E ,  F ,  G ,  and H i n  

F ig .  13  were used t o  c a l c u l a t e  n z / n T f o r  var ious  temperature  l a y e r s  a t  each 

long i tude ,  roughly fol lowing t h e  circumpolar cu r r en t  system from t h e  conflu-  

ence eastward.  The r e s u l t s  a r e  shown i n  F ig .  14, where we see  a  cont inuous 

decrease  i n  S A W  temperature a s  we move eastward with t he  c u r r e n t .  The 

s e c t i o n s  used f o r  t h i s  graph were w e l l  equatorward of t h e  formation zone, s o  

t h e  S A W  here i s  "capped" beneath a  seasona l  thermocl ine.  The f i g u r e  a l s o  

sugges t s  t h a t  important processes  a r e  t o  be looked f o r  i n  t h e  v i c i n i t y  of t h e  

confluence zone e a s t  of Drake Passage,  where we must somehow renew t h e  warm 

end of the SAMW a x i s  i n  t he  s t eady  s t a t e .  The long i tud ina l  t empera ture  

g rad i en t  i n  t h e  Mode water on F ig .  14  averages about 1 ° ~ / 3 0 0 0  km, s i m i l a r  t o  

t he  value f o r  North A t l a n t i c  s u b t r o p i c a l  mode water ( 1 8 ' ~ ,  1 4 O ~ ) ,  and 

perhaps sugges ts  o the r  s i m i l a r i t y  i n  s t r u c t u r e  o r  process  between t h e  two 

oceans.  We aga in  look t o  t he  l a t e  win te r  s t a t i o n s  f o r  c l u e s  r ega rd ing  

t h e  formation of t h e  modes. F i r s t ,  we examine a mer id iona l  sequence of w in t e r  

temperature  soundings on 128' e a s t  (F ig .  1 5 ) .  S t a t i o n  E873 i s  l o c a t e d  a t  

t h e  f r o n t a l  zone. Equatorward of t h i s  s t a t i o n  we can see  deep mixed l a y e r s  

wi th  temperatures  between 8' and 9 ' ~  i n  a  zone which was determined t o  be 

about 4' of l a t i t u d e  i n  width.  Fu r the r  towards t he  equa tor  t h e  w i n t e r  mixing 

has  f a i l e d  t o  pene t r a t e  a s  deeply ,  and summer observa t ions  i n  t h e  r e g i o n  show 

t h a t  no thermostad remains f o r  t h e s e  shal low mixed l a y e r s  once t h e  summer hea t-  

i n g  produces t h e  seasona l  thermocl ine.  La te  win te r  soundings i n  t h e  mode 

water regions a l l  around A n t a r c t i c a  (F ig .  16) i n d i c a t e  a  s i m i l a r  convec t ive  



Fig .  15.  Winter 
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o r i g i n  f o r  t h e  SAMW. The T-S envelopes  f o r  a l l  of t h e s e  w i n t e r  s t a t i o n s  a r e  

shown on F i g .  17  and r e p r e s e n t  t h e  fo rmat ion  zone T-S c h a r a c t e r i s t i c s  of t h e  

Mode w a t e r .  I n  F i g .  1 8  we have t h e  T-S d a t a  f o r  SAMW found benea th  t h e  sum- 

mer t h e r m o c l i n e ,  which d a t a  were used t o  c o n s t r u c t  t h e  SAMW a x i s  on  F i g .  1 4 .  

F i g u r e  17  and 1 8  p r a c t i c a l l y  o v e r l a y ,  l e n d i n g  credence t o  t h e  p o s t u l a t e d  SAMW 

format ion  mechanism of convec t ive  o v e r t u r n i n g  i n  a  d e f i n i t e  l a t i t u d e  band 

which, however,  w i l l  v a r y  w i t h  l o n g i t u d e .  As McCartney (1977) p o i n t s  o u t ,  

t h e s e  the rmos tads  make i d e a l  t r a c e r s  a f t e r  t h e y  a r e  i s o l a t e d  from t h e  o c e a n ' s  

s u r f a c e  by t h e  s e a s o n a l  the rmocl ine .  The p o i n t  was r a i s e d  t h a t  t h e  f o r m a t i o n  

mechanism a p p e a r s  s i m i l a r  t o  t h a t  o f  North A t l a n t i c  SAMW, but  t h e  the rmal  

f o r c i n g  i n  t h e  two r e g i o n s  must d i f f e r  because  t h e  con t inen t- ocean  d i s t r i b u t i o n  

i n  t h e  n o r t h  l e a d s  t o  f r e q u e n t ,  i n t e n s e  "outbreaks"  of c o l d ,  c o n t i n e n t a l  a i r ,  

but  t h e  Sou thern  Ocean does n o t  have such l a r g e  c o n t i n e n t s .  However, Z i l l m a n ' s  

(1972) c a l c u l a t i o n s  o f  convec t ive  and e v a p o r a t i v e  energy f l u x e s  from ocean  t o  

atmosphere f o r  t h e  Sou thern  Ocean i n d i c a t e  order- of-magnitude agreement w i t h  

t h e  Nor thern  Hemisphere v a l u e s ,  s u g g e s t i n g  t h a t  s i m i l a r  the rmal  f o r c i n g  may 

indeed o b t a i n .  Sur face  h e a t  f l u x e s  over t h e  South I n d i a n  and South A t l a n t i c  

( ~ i g .  5 )  have been computed by Bunker (unpubl i shed) .  I n  t h e  Sou th  A t l a n t i c  

t h e  maximum s u r f a c e  h e a t  l o s s  contour  o v e r l i e s  t h e  SAMW format ion  zone,  and a  

r e a s o n a b l e  s p a t i a l  correspondence i s  a l s o  found i n  t h e  1 n d i a n  Ocean. These 

r e s u l t s  suppor t  t h e  n o t i o n  of s i m i l a r  fo rmat ion  p rocesses  f o r  Mode w a t e r s  i n  

Northern and Southern  Hemispheres. 

We now examine the p o s s i b l e  s i g n i f i c a n c e  of SAMW i n  t h e  S u b t r o p i c a l  Gyre 

c i r c u l a t i o n  of t h e  Sou thern  Ocean. Volumetr ic  T-S diagrams f o r  t h e  Sou th  

P a c i f i c  and I n d i a n  Oceans ( F i g s .  19 and 20) a r e  o v e r l a i d  on t h e  T-S c u r v e s  of 

t h e  pycnostad l a y e r s  (de f ined  a g a i n  by a  v e r t i c a l  maximum i n  t h e  buoyancy 
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p e r i o d )  found i n  t h e  r e s p e c t i v e  gyres  ( w i t h  poleward and equatorward b ranches  

p l o t t e d ) .  The good correspondence between t h e  vo lumet r ic  maxima and t h e  pycno- 

s t a d  T-S c u r v e s  i n  t h e  gyres  shows t h a t  Mode Water could indeed be c i r c u l a t i n g  

around t h e s e  gyres .  I f  we p l o t  t h e  buoyance p e r i o d  of t h e  Mode Water a g a i n s t  

l o n g i t u d e s  we move west- to- east  a long  t h e  poleward s i d e  of t h e  gyre  and t h e n  

eas t- to- west  a long  t h e  equatorward s i d e ,  we s e e  t h a t  t h e  s t a t i c  s t a b i l i t y  

1 , which v a r i e s  i n v e r s e l y  w i t h  t h e  buoyancy p e r i o d ,  i s  l a r g e r  on t h e  

equatorward s i d e  ( F i g .  21 and 22,  from McCartney, 1979a).  T h i s  o b s e r v a t i o n  i s  

c o n s i s t e n t  w i t h  t h e  121 d i s t r i b u t i o n  expected from c o n s e r v a t i o n  of poten-  

>P t i a l  v o r t i c i t y  C - i n  a  h i g h l y  s i m p l i f i e d  flow ( s e e  Appendix) ,  l e n d i n g  
32 

f u r t h e r  s u p p o r t  t o  t h e  n o t i o n  of SAMW c i r c u l a t i o n  i n  t h e  g y r e s .  

The t r a n s p o r t  o f  SAMW from t h e  c i rcumpola r  c u r r e n t  i n t o  t h e  g y r e s  i s  

probably  a s s o c i a t e d  w i t h  t h e  "jump" i n  f r o n t a l  p o s i t i o n  a t  t h e  B r a z i l- F a l k l a n d  

conf luence  a r e a .  McCartney (1977) s t a t e s  t h a t  SAMW w i t h  low T-S v a l u e s  e n t e r s  

Drake Passage from t h e  SE P a c i f i c  and t u r n s  n o r t h  w i t h  t h e  F a l k l a n d  c u r r e n t  a t  

i n t e r m e d i a t e  dep th .  A s t r o n g  pycnoc l ine  s e p a r a t e s  t h i s  flow from t h e  1 4 ' ~  

( l o c a l l y  formed) SAMW above ( L e c t u r e  6 ,  F i g .  7 ) which moves SE a s  p a r <  o f  t h e  

B r a z i l  Cur ren t .  The co ld  f r e s h  SE P a c i f i c  SAMW e n t e r s  t h e  g y r e  system h e r e  

w i t h  T-S c h a r a c t e r i s t i c s  v e r y  s i m i l a r  t o  t h o s e  o f  A n t a r c t i c  I n t e r m e d i a t e  

Water. McCartney n o t e s  t h a t  t h i s  p r o c e s s  i s  a  s u b s t a n t i a l  d e v i a t i o n  from t h e  

" c l a s s i c a l "  concept o f  Wust and Deacon, wherein  A n t a r c t i c  S u r f a c e  Water and 

S u b a n t a r c t i c  S u r f a c e  Water mix and s i n k  a l o n g  t h e  e n t i r e  p o l a r  f r o n t  zone 

around t h e  c o n t i n e n t ,  forming AIW a s  a  mix ture .  
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APPENDIX 

Consider a  r a p i d l y  r o t a t i n g ,  s t r a t i f i e d ,  i n c o m p r e s s i b l e ,  "Boussinesq",  

h y d r o s t a t i c  f l u i d  i n  s t e a d y- s t a t e  motion.  Let  t h e  f low have a  low Rossby 

number, c h a r a c t e r i s t i c s  of t h e  t ime average ,  l a r g e- s c a l e  o c e a n i c  g y r e s ,  

l e a d i n g  t o  dominance of t h e  g e o s t r o p h i c  ba lance  and t h e  f o l l o w i n g  f a m i l i a r  

v o r t i c i t y  e q u a t i o n :  

where 



and 

has been used from the conservation of mass equation. Since f = f(y) we can 

write the vorticity equation in the form: 

A F - 2u - c -  = 0 
dt isz 

where 8 - 2 2 a 
dt - 

- + v -  + a -  
3% 59 az 

The constraints of geostrophy and hydrostatic balance imply the thermal wind 

relationships between the density field and the vertical shear of the horizon- 

a1 velocity components: 

( Po = average density 
for use as an inertia ( 2 )  
in Boussinesq eqs) 

In an incompressible flow the density is conserved on a trajectory, in the 

absence of diffusion, internal sources or other diabatic influences (perhaps 

rather restrictive assumptions for treatment of long-term average water mass 

movements), so that: 



Solving for -w gives us 

1 - w  = - (UP. t Y P ) )  

Pz 

(subscripts denote differentiation with respect to the indicated variable 

x,y,or z). Thus 

and 

Substituting for u and vz from equation ( 2 1 ,  we see that the leading term z 

on the right hand side of ( 4 )  is zero. Carrying through the derivative 

operation on the second and third terms yields 

so that 

Now substitute for up; + vr,, from equation ( 3 )  to get 



Using t h e  above r e l a t i o n  i n  equa t ion  (1 )  gives  us 

The quan t i t y  P 3 i s  conserved f o r  a  f l u i d  p a r t i c l e  a long i t s  t r a j e c t o r y .  
b z 

Phys i ca l l y ,  t h e  p a r t i c l e  i s  requi red  t o  s t r e t c h  o r  sh r ink  a s  t h e  l o c a l  

C o r i o l i s  parameter f  v a r i e s  during mer id iona l  excurs ions .  S ince  we r e q u i r e  

motion on d e n s i t y  s u r f a c e s ,  we ge t  a corresponding inc rease  o r  decrease  i n  t h e  

s t a b i l i t y  * as  t he  pa rce l  moves ( s e e  F ig .  nex t  page). I f  our assumed f low 
az 

f i e l d  i s  a  v a l i d  approximation t o  long-term mean condi t ions  i n  t h e  major ocean- 

i c  gyres ,  then  we would expect  t o  s ee  a  l a r g e  buoyancy per iod ( i . e .  a  sma l l  

121 ) i n  high l a t i t u d e s  where f  i s  l a r g e ,  and v i c e  v e r s a  i n  low l a t i t u d e s .  

~ e c a l l '  from Figure  22 t h a t  t h i s  seems t o  be t h e  case  i n  t h e  gyre c i r c u l a t i o n ,  

which might be taken a s  an i n d i c a t i o n  t h a t  t he  pa rce l  t r a j e c t o r i e s  a r e  indeed 

"closed" w i t h i n  a gyre i f  we a  p r i o r i  a r e  conf ident  t h a t  our dynamics a r e  - 

app l i cab l e .  



The vortex must "stretch" to conserve its absolute angular momentum about a 

vertical axis when f increases, because as its moment of inertia decreases, 

a, 
-y,U, = a -- z implies vertical extension. Trajectories constrained to stretch 

on constant p surfaces must then change the stabilit; 3 a z 
Notes Submitted by 

Richard Moritz 



Lecture V6 ANTARCTIC INTERMEDIATE WATER: FORMATION AND INFLUENCE 

In t roduc t ion  

Around An ta rc t i ca ,  moving from the  cont inent  northward, we meet t h ree  

d i f f e r e n t  su r f ace  waters  separa ted  by two f r o n t s :  t he  An ta rc t i c  Surface 

Water, the  Polar  Front ,  the  Polar  F ron ta l  Zone Water, t he  Suban ta rc t i c  Front  

or  Zone of convergence, and f i n a l l y  t he  Subantarc t ic  Surface Water. The s i t u a -  

t i o n ,  however, may not  be so simply dep ic t ed ,  the  v e r t i c a l  s t r u c t u r e  i s  of 

g r e a t  importance. A v e r t i c a l  north- south sec t ion  o f f  An ta rc t i ca  was presented  

i n  Lecture 1. The arrows show the  meridional  flow components t h a t  t r a d i t i o n a l -  

ly a r e  supposed t o  e x i s t .  The evolu t ion  of t h i s  concept was d iscussed  i n  Lec- 

t u r e  1 (Fig.  1 ) .  

The t r a d i t i o n a l  scheme may be descr ibed  a s  fol lows:  The excess  of p r e c i p i -  

t a t i o n  over evapora t ion ,  and the  mel t ing  of i c e ,  produce a t  h igh  l a t i t u d e s  co ld  

f r e s h  water masses. Winter mixing by convect ion deepens t h i s  su r f ace  l a y e r  

i n t o  a  r e a l  mass of water of homogeneous p r o p e r t i e s ,  t he  An ta rc t i c  Water. 

Moving southward, t he  warmer bu t  s a l t i e r  circumpolar deep water upwells t o  

meet t he  An ta rc t i c  Water. Despite t h e i r  d i f f e r e n t  p r o p e r t i e s ,  t h e  two water  

masses have almost the  same d e n s i t y ;  a s  a r e s u l t  the  An ta rc t i c  Water i s  d iv ided  

i n  two p a r t s :  t he  Bottom Water s ink ing  along the  s h e l f  break and the  A n t a r c t i c  

Surface Water moving nor th  i n t o  and through the  polar  f r o n t  zone. This  second 

p a r t  mixes with Subantarc t ic  Water, s inks  and forms the  so- cal led A n t a r c t i c  

In te rmedia te  Water (AAIW). This newly formed water behaves l i k e  a  tongue o f  

f r e s h  water and flows northward a t  depths of 600 - 1100 meters .  I t s  i n f l u e n c e  

i n  the th ree  g r e a t  bas ins  ( A t l a n t i c ,  Ind ian  and P a c i f i c  oceans) can be t r a c e d  



up t o  t h e  E q u a t o r ,  and a c r o s s  i t  i n  t h e  A t l a n t i c  and P a c i f i c  Oceans. The 

e x t e n t  and t h e  importance o f  t h a t  i n f l u e n c e ,  a s  w e l l  a s  t h e  n a t u r e  o f  t h e  

fo rmat ion  p r o c e s s ,  i s  t h e  purpose o f  t h i s  l e c t u r e .  

P r o p e r t i e s  of t h e  A n t a r c t i c  I n t e r m e d i a t e  Water (AAIW) 

By d e f i n i t i o n  AAIW i s  ].ow i n  s a l t ,  and g e n e r a l l y  i t  i s  oxygen r i c h .  I t s  

t empera tu re  ranges  between 4  and 6%; i t s  d e n s i t y  range i s  c o r r e s p o n d i n g l y  

narrow. Observa t ions  show t h a t  t h e s e  p r o p e r t i e s  a r e  advec ted  long  d i s t a n c e s  

w i t h  on ly  s l i g h t  e r o s i o n  by mixing and t h e r e f o r e  c o n s t i t u t e  good t r a c e r s .  

AAIW i s  compara t ive ly  homogeneous a t  d e p t h s  o f  a  few hundred m e t e r s  t o  around 

i O O O  m. While moving equatorward,  a  s l i g h t  mixing i n c r e a s e s  t o  s a l i n i t y  and 

consumption o f  oxygen reduces  t h e  c o n c e n t r a t i o n ,  but  n e v e r t h e l e s s  t h e  s a l t  

d e f i c i e n c y  and t h e  h i g h  oxygen c o n c e n t r a t i o n  a r e  observed a s  f a r  a s  t h e  Equa tor  

( i n  t h e  South P a c i f i c  Ocean, f o r  i n s t a n c e ) .  On a  v o l u m e t r i c  T-S diagram 

( L e c t u r e  1, F ig .  2 )  AAIW ( 0  - 5OC, S  - 34.2 o/oo t o  34.4 o/oo i n  t h e  South 

P a c i f i c )  forms a  h i g h  volume c l a s s ,  and f o r  t h i s  r eason  may be c a l l e d  a  Mode. 

AAIW i s  found a l l  around t h e  S u b a n t a r c t i c  zone. McCartney (1977)  p l o t t e d  

t h e  c a l c u l a t e d  thermostad s t r e n g t h  A z / b Q  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  

and l o n g i t u d e  around A n t a r c t i c a  ( s e e  L e c t u r e  5 ) .  Th is  graph c l e a r l y  shows a  

h i g h  c o n s t a n t  thermostad s t r e n g t h  ( h i g h  homogeneity) a t  ~ O - ~ O C ,  t h e  tem- 

p e r a t u r e  o f  AAIW. 

F i g u r e  1 shows a  v a r i a t i o n  o f  t h a t  g raph ,  and a l s o  d i s p l a y s  t h e  v a r i a t i o n s  

o f  p o t e n t i a l  t empera tu re  and s a l i n i t y  f o r  S u b a n t a r c t i c  Mode Water around 

A n t a r c t i c a .  These two p r o p e r t i e s  s h a r p l y  i n c r e a s e  a t  t h e  e x i t  o f  Drake Passage  

due t o  t h e  i n f l u e n c e  of t h e  B r a z i l  C u r r e n t ,  t h e n  monoton ica l ly  decay eas tward .  

These v a r i a t i o n s  around t h e  world may be e x p l a i n e d  by s imple  c i r c u l a t i o n  model, 

a s  i t  w i l l  be  shown l a t e r .  



Fig. 1. Variations of AAIW properties around Antarctica. 

Fig. 2 
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Figure  2  shows the  l o c a t i o n  of a  circumpolar sequence of S u b a n t a r c t i c  zone 

s t a t i o n s  and t h e  AAIW p r o p e r t i e s  along t h a t  sequence. The lowest  s a l i n i t y ,  

h ighes t  oxygen va lues  a r e  found near the Drake Passage. 

Evidence of AAIW 

Charts  of the  South- Pacif ic  show the  in f luence  of A A I W  n o r t h  of t h e  po la r  

f r o n t  zone (55's) t o  the  Equator (Johnson, 1943, F ig .  3. 1. The th i cknes s  

a t t r i b u t a b l e  t o  AAIW ranges from 1200 m a t  55's down t o  600 m a t  t he  Equator .  

North of t h e  Equator ,  AAIW ove r l aps  a  tongue of low s a l i n i t y  water  coming from 

the  North Pole ,  l a t e r a l  mixing processs  complicates  the  p i c t u r e ,  and AAIW can 

no longer  be t r aced .  

From d e n s i t y  d a t a ,  geo t rophic  c u r r e n t s  may be c a l c u l a t e d  a t  t he  core  of 

t h e  A A I W  (determined on the  = 27.10 s u r f a c e ,  and ca l cu l a t ed  r e l a t i v e  t o  

2500 m e t e r s ) .  The r e s u l t i n g  s t r eaml ines  show t h a t ,  i n  t h e  South P a c i f i c ,  AAIW 

c i r c u l a t e s  around an an t i cyc lon ic  gyre between 55's and 20's. North of t h i s  

small  cyc lonic  and an t i cyc lon ic  gyres a r e  found. AAIW c i r c u l a t e s  a long t h e s e  

gyres and passes  from gyre t o  gyre u n t i l  i t  reaches  the  Equator where i t  d i s-  

appears  by rap id  mixing wi th  nor th  o r i g i n  wa te r s .  

I n  t h e  sou theas t  corner  of the  main a n t i c y c l o n i c  gyre ,  nea r  t h e  t i p  of 

South America, some water  l eaves  t he  gyre and passes  through Drake Passage,  

e n t e r i n g  the  South A t l a n t i c  Basin.  This motion i s  confirmed by the  dynamic 

he ight  (500/1500) c h a r t  a t  t h a t  l oca t ion .  A measure of t h e  t h i cknes s  of a  

Mode Water i s  t he  i nve r se  of t he   runt-~aisala frequency f o r  a  d e n s i t y  i n t e r -  

v a l  of .02, i . e . ,  t h e  Brunt-Vaisala per iod .  A t  a  given dep th ,  t h e  l a r g e r  i s  

t h i s  pe r iod ,  t h e  more homogeneous i s  the  water a t  t h a t  l e v e l .  McCartney 

(unpublished manuscript)  char ted  t h e  Brunt-Vaisala per iod a t  d i f f e r e n t  depths  



Fig. 3. AAIW equivalent thickness. 



Fig.  4a. Contour of  t h e  Brunt-Vaisala p e r i o d  i n  minutes ,  f o r  l i g h t  
modes ( 350m, i n  t h e  South Eas t  P a c i f i c ) .  

Fig.  
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i n  an a r e a  enc los ing  t h e  South America t i p  ( ~ i g .  4 ) .  From h i s  c h a r t s  i t  

becomes apparen t  t h a t  t he  warmer upper water of t h e  Mode Water fami ly  t u r n s  

n o r t h  and r e c i r c u l a t e s  a long the  South P a c i f i c  an t i cyc lon ic  gyre whi le  t h e  

co lde r  lower water goes s t r a i g h t  through t h e  Drake Passage and t h e n ,  t u r n s  

l e f t  a s  t he  Falkland Current  i n  t h e  South A t l a n t i c  Basin.  Moreover, t h e  sec- 

t i o n  through t h e  Drake Passage (Sec t ion  A ,  Fig .  5) shows one e s s e n t i a l  mode 

( 4 ' ~  < 8 < ~ O C ,  S  -. 34.25 0100) t o  t he  no r th  of the  S u b a n t a r c t i c  f r o n t ,  

and a  6, - p r o f i l e  shows a  well- defined pycnocline which p r e c i s e l y  l o c a t e s  

t h e  Mode Water between 100 m and 800 m.  The analog d a t a  f o r  t he  East-West 

s e c t i o n  i n  t h e  A t l a n t i c  ( ~ i g .  6)  show a  th ickening  of t he  d e n s i t y  f i e l d  around 

27.10 and 27.20. 

When moving equatorward along Argent ina c o a s t ,  t h e  Fa lk land  c u r r e n t  en- 

counters  t h e  B r a z i l  Current .  The r e s u l t  i s  an eastward d e f l e c t i o n  of both 

c u r r e n t s .  I n  t h e  t u rn ing  process  the  warmer Subt ropica l  Waters o v e r r i d e  t h e  

denser  Suban ta rc t i c  Water. The v e r t i c a l  p r o f i l e s  of 02,  8 ,  s and a t  a  

s t a t i o n  t h e r e  loca ted  (Geosecs S t a t i o n  66) show t h e  super impos i t ion  of t h e s e  

waters  t h a t  t he  c o l l i s i o n  produces (F ig .  7 ) .  Above about 600 meters  i s  t he  

Sub t rop ica l  Water i n f l u e n c e ,  a  low oxygen, ve ry  sha rp  main thermocl ine ,  w i th  a  

h igher  oxygen pycnostad a top  t h a t  marks t h e  l o c a l l y  convectively- formed Sub- 

a n t a r c t i c  Mode Water of t h i s  p a r t  of t he  South A t l a n t i c  ( 1 4 O ~ ,  35.5 0100).  

Below 600 meters  i s  t h e  t h i c k ,  low s a l i n i t y ,  high oxygen pycnostad t h a t  rep-  

r e s e n t s  the  Falkland Current  Water. The AAIW from the  Drake Passage has  thus 

been i n j e c t e d  i n t o  t h e  Sub t rop ica l  Gyre, and a  corresponding amount of wes te rn  

boundary c u r r e n t  water has  been e j e c t e d  from the  gyre i n t o  t he  circumpolar  

Suban ta rc t i c  Zone. The ove r r id ing  has  i s o l a t e d  t h e  AAIW from t h e  s e a  s u r f a c e ,  
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Fig. 6. East-West section in the Southern Atlantic, off South America, 
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s o  on t h e  r e s t  of t h e  c i rcumpolar  pa th  i t  g r a d u a l l y  g a i n s  s a l i n i t y  and l o s e s  

oxygen ( F i g .  2.). The p r o g r e s s i v e l y  mixed wate r  r e c i r c u l a t e s  i n  t h e  South 

A t l a n t i c  a l o n g  s e v e r a l  a n t i c y c l o n i c  gyres  of d i f f e r e n t  s i z e s ,  embedded i n  one 

a n o t h e r ,  and a g a i n ,  a  p a r t  does n o t  r e c i r c u l a t e ,  b u t  passes  s o u t h  of t h e  Cape 

of Good Hope (South A f r i c a )  and e n t e r s  t h e  I n d i a n  Ocean where t h e  same p a t t e r n  

i s  more o r  l e s s  reproduced (McCartney, 1979) .  

Drake Passage  S i t u a t i o n  

Although h e a v i e r  modes l eave  t h e  South P a c i f i c  a n t i c y c l o n i c  g y r e  and pass  

through t h e  Drake Passage ,  t h e r e  i s  a  l o c a t i o n ,  n o r t h  of t h e  e x i t  of t h e  

Passage ,  where o b s e r v a t i o n s  showed a  gap of S u b a n t a r c t i c  Mode Water ( ~ i g .  8 ) .  

T h i s  f e a t u r e  i s  no t  w e l l  unders tood and two l i k e l y  e x p l a n a t i o n s  a r e  e q u a l l y  

p o s s i b l e .  Topography may l o c a l l y  b lock  t h e  h e a v i e r  deeper  modes and f o r c e  

them t o  c i r c l e  e a s t  around t h e  r i d g e  c o n t o u r ,  o r  t h e  S u b a n t a r c t i c  F r o n t  may 

meander n o r t h  and s o  p reven t  f i n d i n g  S u b a n t a r c t i c  Mode Water a t  a  l o c a t i o n  

which i s  t h e n  sou th  of t h e  f r o n t .  

General  Theory o f  t h e  Southern Hemisphere AAIW C i r c u l a t i o n  

From t h e  p rev ious  d e s c r i p t i o n  merges an  analogy between t h e  t h r e e  d i f -  

f e r e n t  b a s i n s :  South P a c i f i c ,  South A t l a n t i c  and I n d i a n  Oceans.  It i s  t h e r e-  

f o r e  p o s s i b l e  t o  i n t e r p r e t  t h e  t h r e e  s i t u a t i o n s  by a s i n g l e  t h e o r y .  T h i s  

theory  must be '  a b l e  t o  e x p l a i n  t h e  eas tward p r o g r e s s i o n  of d e c r e a s i n g  tempera- 

t u r e  and s a l i n i t y  of t h e  S u b a n t a r c t i c  Mode Water and t h e  s l i g h t  eas tward  i n-  

c r e a s e  of s a l i n i t y  o f  AAIW. Th is  a t t empt  was done by McCartney (1979) and may 

be summarized i n  F i g .  9 .  

I n  t h e  southwest of t h e  b a s i n  a  c o l l i s i o n  occurs  between t h e  southward 

flowing w e s t e r n  boundary c u r r e n t  and t h e  eas tward  f lowing S u b a n t a r c t i c  Zone 
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c u r r e n t .  The wes te rn  boundary c u r r e n t  s e p a r a t e s  and t u r n s  eas tward  w i t h  t h e  

c i rcumpola r  f low.  I n  t h e  t u r n i n g  p rocess  t h e  warmer S u b t r o p i c a l  w a t e r s  o v e r-  

r i d e  t h e  d e n s e r  S u b a n t a r c t i c  w a t e r s .  There i s  c l e a r  evidence of t h i s  Sub t rop-  

i c a l  Water i n j e c t i o n  i n  t h e  southwest  of each sou thern  hemisphere  b a s i n .  T h i s  

i s  d i s c u s s e d  i n  more d e t a i l  i n  connec t ion  w i t h  t h e  c i r c u l a t i o n  of AAIW i n  

McCartney (1979) .  

Excluding t h e  o v e r r i d i n g  r e g i o n ,  t h e  f i g u r e  i s  in tended t o  s u g g e s t  t h a t  

t h e  f low i n  t h e  S u b a n t a r c t i c  Zone i s  o the rwise  columnar. One i s  hard  p r e s s e d  

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

i n  t h e  upper 1500 mete r s  o r  s o  of t h e  S u b a n t a r c t i c  Zone away from t h e  s o u t h-  

ward c o r n e r .  There s t i l l  could  be a  s p i r a l i n g  of t h e  h o r i z o n t a l  v e l o c i t y  vec-  

t o r  t h a t  would tend t o  move t h e  warmer upper wa te r  southward r e l a t i v e  t o  t h e  

w a t e r s  a t  500 and 1500 m e t e r s ,  t h a t  i s ,  a  m e r i d i o n a l  c e l l  superimposed on t h e  

dominant zona l  flow. 

The b e s t  i n d i c a t i o n  t h a t  a  n e t  exchange i s  a f f e c t e d  w i t h  each S u b t r o p i c a l  

gyre  i s  t h e  p resence  o f  A A I W  i n  a l l  t h r e e  s o u t h e r n  hemisphere S u b t r o p i c a l  

g y r e s .  O b s e r v a t i o n a l  evidence ( ~ c c a r t n e y ,  1977, 1979; F i g s .  1 and 2) s u g g e s t s  

t h a t  A A I W  o r i g i n a t e s  a s  a  p a r t i c u l a r  lowest  s a l i n i t y  t y p e  o f  S u b a n t a r c t i c  Mode 

Water formed i n  t h e  s o u t h e a s t e r n  P a c i f i c  and Drake Passage.  I ts  presence  i n  

t h e  S u b t r o p i c a l  gyres  of a l l  t h e  s o u t h e r n  hemisphere oceans  can be e x p l a i n e d  

o n l y  by such n e t  exchange p r o c e s s e s  a s  d e s c r i b e d  above. 

T h i s  c i r c u l a t i o n  model p r e d i c t s  t h e  s t r u c t u r e  of t h e  S u b a n t a r c t i c  Mode 

Water a t  S u b t r o p i c a l  l a t i t u d e s .  I f  we were t o  c r o s s  z o n a l l y  a  g y r e  such as i n  

t h e  p rev ious  f i g u r e ,  what would we s e e ?  Cross ing  on a  l i n e  such a s  A-A , 

s o u t h  o f  t h e  gyre  c e n t e r ,  t h e  e n t i r e  range  o f  Mode Water shou ld  be s e e n ,  mani-  

f e s t e d  a s  a  pycnostad showing a n  eas t- west  range s i m i l a r  t o  t h a t  found i n  t h e  



S u b a n t a r c t i c  Zone convec t ive  fo rmat ion  r e g i o n  f u r t h e r  s o u t h .  Such d i s t r i b u -  

t i o n s  have a l r e a d y  been d i s c u s s e d  i n  McCartney (1977) .  C r o s s i n g  on a  l i n e  such 
I 

a s  B-B , n o r t h  of t h e  gyre  c e n t e r ,  t h e  range of d e n s i t i e s  of t h e  pycnostad 

should d e c r e a s e ,  w i t h  o n l y  t h e  denser  ones  formed i n  t h e  c e n t r a l  and e a s t e r n  

l o n g i t u d e s  of t h e  S u b a n t a r c t i c  be ing  found. 

V a r i a t i o n s  o f  P r o ~ e r t i e s  o f  A A I W  Around t h e  Globe 

For s t a t i o n s  around t h e  globe a t  t h e  S u b a n t a r c t i c  Zone, where  AAIW i s  

found, McCartney (unpubl ished m a n u s c r i p t ,  1979) p l o t t e d  t h e  d e n s i t y ,  s a l i n i t y ,  

and oxygen c o n c e n t r a t i o n  a t  t h e  s a l i n i t y  minimum, t h a t  i s ,  a t  d e p t h  where AAIW 

i s  expected t o  be  found ( ~ i g .  2 ) .  A main f e a t u r e  of t h i s  d iagram i s  t h e  e f f e c t  

o f  c o l l i s i o n  w i t h  t h e  w e s t e r n  boundary c u r r e n t  a t  t h e  e n t r a n c e  of each b a s i n ;  

each c o l l i s i o n  i s  c l e a r l y  po in ted  o u t  by a  r a p i d  s l i g h t  change o f  p r o p e r t i e s ,  

e s p e c i a l l y  a t  t h e  e n t r a n c e  of t h e  A t l a n t i c  Ocean where AAIW meets  t h e  B r a z i l  

Cur ren t  of complete ly  d i f f e r e n t  o r i g i n .  I n  t h e  A t l a n t i c ,  s a l i n i t y  and d e n s i t y  

r a p i d l y  i n c r e a s e s  eas tward w h i l e  t h e  oxygen c o n t e n t  d e c r e a s e s .  T h i s  i s  an 

a r t i f a c t  of t h e  s e c t i o n  l o c a t i o n ;  i t  i s  t o o  f a r  n o r t h ,  and c r o s s e s  t h e  c e n t r a l  

S u b t r o p i c a l  gyre  r a t h e r  t h a n  i t s  s o u t h e r n  edge.  When t r a v e l l i n g  around t h e  

I n d i a n  Ocean, t h e  Mode Water conserves  i t s  p r o p e r t i e s ;  t h e  s e c t i o n  r u n s  a long  

t h e  S u b a n t a r c t i c  F r o n t .  Near New Zealand,  a  sha l low p l a t e a u  (1000 m e t e r s  deep)  

c o n s t r a i n t s  t h e  deeper  h e a v i e r  modes t o  pass  sou th  of 50°s, s t r e n g t h e n i n g  

t h e  Subpolar F r o n t ,  whose l o c a t i o n  i s  t h e r e  p r e d i c t e d  by topography ,  f o l l o w i n g  

t h e  i s o b a t h s .  I n  t h e  P a c i f i c  Ocean, t h e  i n i t i a l  p r o p e r t i e s  a r e  p r o g r e s s i v e l y  

r e s t o r e d  by p roduc t ion  of new AAIW i n  t h e  s o u t h e a s t e r n  P a c i f i c ,  followed by an 

a n t i c y c l o n i c  gyre  r e c i r c u l a t i o n .  The newly formed AAIW t h a t  r e c i r c u l a t e s  a n t i -  

c y c l o n i c a l l y  meets o f f  New Zealand t h i s  o l d  A A I W  which i s  comple t ing  i t s  " t o u r  



du monde". The two wate r  masses o v e r r i d e  each o t h e r  e a s t  o f  a  s h a l l o w  p l a t e a u  

( F i g .  1 0 ) .  The newer mode has  t h e  s a l i n i t y  minimum and i s  r e p r e s e n t e d  by open 

c i r c l e s  on F i g .  2 .  The o l d e r  AAIW coming from A u s t r a l i a  h a s  a  d e n s i t y  n e a r  

27 .2  - 2 7 . 3  and i s  s l i g h t l y  more s a l i n e .  It i s  p l o t t e d  by b l a c k  s q u a r e s  on 

F ig .  2 .  The c o n t i n u i t y  o f  t h e  open c i r c l e s  wes t  o f f  South America and o f  b l a c k  

squares  o f f  New Zealand c l e a r l y  i n d i c a t e s  a  p r o d u c t i o n  o f  AAIW i n  t h e  s o u t h e a s t  

P a c i f i c  and t h e  a n t i c y c l o n i c  r e c i r c u l a t i o n .  

Comparison w i t h  t h e  North A t l a n t i c  Ocean C i r c u l a t i o n  

As was shown i n  Lec tu re  5 t h e  North A t l a n t i c  Ocean C i r c u l a t i o n  i s  a  s m a l l e r  

v e r s i o n  of t h e  e n t i r e  South Hemisphere c i r c u l a t i o n .  Indeed,  n o r t h  of t h e  Gulf 

Stream system i s  observed a  l a r g e  c y c l o n i c  g y r e ;  a  cp ld  f r e s h  w a t e r  c i r c u l a t e s  

a long  B r i t i s h  I s l a n d s ,  Greenland,  and Labrador S e a ,  then  h i t s  t h e  Gulf St ream 

g y r e ,  and w i t h  i t ,  t u r n s  e a s t .  Th i s  l a t e r  gyre  i s  t h e  ana log  o f  t h e  a n t i c y c-  

l o n i c  g y r e s  i n  t h e  t h r e e  b a s i n s  o f  t h e  South Hemisphere. On t h e  o t h e r  hand ,  

t h e  T-S diagrams f o r  n o r t h  and s o u t h  g y r e s  e x h i b i t  p a r a l l e l  s t r a i g h t  l i n e s .  

This  conf i rms  t h e  analogy d e s p i t e  t h e  d i f f e r e n c e s  i n  t empera tu re  and s a l i n i t y  

of t h e  Mode Waters invo lved .  

The major d i f f e r e n c e  between t h e  two gyre  sys tems i s  t h e  s a l i n i t y  i n f l u e n c e  

due t o  t h e  Medi terranean Sea.  Th is  source  of h i g h l y  s a l i n e  w a t e r  d r a s t i c a l l y  

reduces  t h e  m e r i d i o n a l  e x t e n t  o f  Mode p r o p e r t i e s  i n  t h e  North A t l a n t i c .  More- 

o v e r ,  t h e  mixing o f  Medi terranean Water w i t h  Labrador  Sea Water is  enhanced 

by t h e  f a c t  t h a t  bo th  w a t e r s  have t h e  same d e n s i t y  and e a s i l y  p e n e t r a t e  one 



Fig. 9. Schematic anticyclonic circulation in the southern oceans. 

GEOSECS Pac i f i c  Stat ion No. 296 

SALINITY O/oo 

Fig. 10. 8-S diagram showing the two AAIW Modes off New Zealand. The 
warmer lighter mode is the newly formed AAIW after circulation 
across the Pacific. 
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Lecture  #7 POLAR - SUBPOLAR INFLUENCE THREE 

I.  North A t l a n t i c  C i r c u l a t i o n  - Some Concluding Remarks 

The in t e rmed ia t e  produces of the Subpolar and Mediterranean Water c i r -  

c u l a t i o n  i n  t he  e a s t e r n  North A t l a n t i c  a r e  r e l a t i v e l y  s a l i n e .  A t  60, 80 

and 10oC, t h e  s a l t i e s t  waters  extend northward from the S t r a i t s  of G i b r a l t a r  

a s  we l l  as  westward. As a  consequence, s a l i n i t y  on t h e s e  tempera ture  s u r f a c e s  

i s  h igher  i n  the  Rockall  Channel than i n  e i t h e r  the  Sargasso Sea o r  t he  Denmark 

S t r a i t s .  This high s a l i n i t y  in f low i n t o  t h e  Norwegian Sea may be important  

f o r  Bottom Water formation.  The water  which does not flow i n t o  t he  Norwegian 

Sea,  but which flows westward t o  t h e  south of  I ce l and ,  becomes p rog re s s ive ly  

coo le r  and l e s s  s a l i n e  as  a  r e s u l t  of excess p r e c i p i t a t i o n  and convect ive 

homogenization. The pycnostads above t h e  thermocl ine i n  t h e  40 - 120C 

temperature  range along t h i s  path a r e  what we w i l l  term N. A t l a n t i c  Subpolar 

Mode Water. The Mode Water path ends i n  the  Labrador Sea where the  Labrador 

Sea Water (LSW), a  low s a l i n i t y  ~ n t e r m e d i a t e  Water mass, i s  formed from t h e  

Mode Water. 

I f  we cons t ruc t  a  mean 0-S curve from the h o r i z o n t a l  p r o p e r t i e s  of t he  

North A t l a n t i c  Mode Water and compare i t  with a  s i m i l a r l y  cons t ruc ted  curve 

f o r  t he  Suban ta rc t i c  Mode Water, we see  a  s u r p r i s i n g  s i m i l a r i t y  i n  s lope  of 

t h e  two curves.  The major d i f f e r e n c e  i s  an o f f s e t  i n  s a l i n i t y ,  t h e  North 

A t l a n t i c  being much s a l t i e r .  There appear t o  be no s a t i s f a c t o r y  exp lana t ions  

of t h i s  s i m i l a r i t y ,  a l though we can look f o r  s i m i l a r i t i e s  i n  p o s s i b l e  formation 

scena r io s .  The path of Mode Water i n  both oceans i s  from a warm reg ion  t o  a  

co lder  one, i n t o  and through a  reg ion  of excess  p r e c i p i t a t i o n ,  as  seen  i n  t h e  

graph of zona l ly  averaged p r e c i p i t a t i o n  and evapora t ion  (Lec ture  2, Fig.  7 ) .  



Thus,  t h e  Mode Water of bo th  oceans becomes p r o g r e s s i v e l y  c o l d e r  and l e s s  

s a l i n e .  It shou ld  a l s o  be noted t h a t  t h e  Mode Water 0-S c u r v e s  g e n e r a l l y  

c r o s s  i s o p y c n a l s  a t  on ly  a  smal l  a n g l e :  t h e  t e m p e r a t u r e- s a l i n i t y  v a r i a t i o n s  

n e a r l y  c a n c e l  each o t h e r  i n  t h e i r  e f f e c t  on d e n s i t y .  

The f i n a l  product  o f  Mode Water c i r c u l a t i o n  i n  both c a s e s  i s  a  low s a l i n i t y  

I n t e r m e d i a t e  Water mass. Some i d e a  of how much wate r  i s  invo lved  i n  t h i s  c i r -  

c u l a t i o n  can be es t imated  by de te rmin ing  t h e  n e t  p roduc t ion  o f  I n t e r m e d i a t e  

Water from t h e  in f low of Mode Water w i t h  a  s i m p l e  h e a t  f l u x  c a l c u l a t i o n .  Based 

on n e t  h e a t  f l u x  n o r t h  of 500N, we c a l c u l a t e d  i n  l e c t u r e  5  an e s t i m a t e  of t h e  

1 n e t  p roduc t ion  of Labrador Sea Water,  a l l o w i n g  f o r  a  f low of 8  Sv of 80C 

wate r  i n t o  t h e  Norwegian Sea .  With t h e  r e s t  of t h e  h e a t  f l u x  invo lved  i n  pro-  

ducing 3.50C wate r  from 10.50C w a t e r ,  we o b t a i n e d  a  p roduc t ion  volume f l u x  

e s t i m a t e  f o r  Labrador  Sea Water of 10.4  Sv. 

Heat f l u x  c a l c u l a t i o n s  i n  t h e  Sou thern  Ocean a r e  much l e s s  w e l l  known due 

t o  t h e  smal l  number of o b s e r v a t i o n s .  We could  make an e s t i m a t e  of n e t  produc-  

t i o n  of A n t a r c t i c  I n t e r m e d i a t e  Water by assuming t h a t  a l l  h e a t  f l u x  i n  a  5OC 

l a t i t u d e  band a t  450s i s  involved i n  producing A n t a r c t i c  I n t e r m e d i a t e  Water 

from t h e  warmer Mode Waters .  That i s ,  i f  a  h e a t  f l u x  o f  25 k c a l / c m 2 / ~ r  i s  

assumed over  an a r e a  of 1 .5  x 1017cm2 w i t h  a  t empera tu re  d i f f e r e n c e  of 

100 between t h e  i n i t i a l  (140C) and f i n a l  (40C) s t a t e s ,  t h e  n e t  volume 

f l u x  o f  AAIW would be 12 Sv. U n f o r t u n a t e l y  we do not  have much i d e a  of t h e  

a c t u a l  h e a t  f l u x :  t h e  use  of 25 k c a l / ~ m z / ~ r  i s  j u s t  a  guess .  

An independent  e s t i m a t e  o f  AAIW p r o d u c t i o n  may be o b t a i n e d  from t h e  evapor-  

a t i o n - p r e c i p i t a t i o n  c h a r t  (Lec tu re  2, F ig .  7) s i n c e  t h e  s a l i n i t y  of AAIW, t h e  

end p roduc t ,  i s  lower than  t h e  s a l i n i t y  of the  i n i t i a l  14O w a t e r .  Assuming 

a g a i n  a  l a t i t u d e  of 450s and 50 band, t h e  n e t  volume f l u x  o f  f r e s h  w a t e r  



i n t o  the  ocean i s  2.6 x  1g5m3/sec. Assuming t h a t  the i n i t i a l  s a l i n i t y  i s  

35.5 o/oo and t h a t  the  f i n a l  s a l i n i t y  i s  34.2 0100, the n e t  volume f l u x  i s  

about 7 Sverdrups, a  somewhat lower e s t ima te .  We see  then t h a t  n e t  produc- 

t i o n s  o f  Intermediate  Waters a r e  not high compared with the n e t  t r a n s p o r t  of 

major c u r r e n t s .  The a c t u a l  observed t r a n s p o r t  of Mode Water may be substan-  

t i a l l y  h igher  due t o  r e c i r c u l a t i o n .  

A f i n a l  po in t  t o  be observed about North A t l a n t i c  c i r c u l a t i o n  i s  t h a t  the  

Subpolar Inf luence  of t he  Labrador Sea Water i s  l imi ted  i n  i t s  southern  e x t e n t  

by the h ighly  s a l i n e  Mediterranean outflow. An i n t e r e s t i n g  f e a t u r e  of t he  

jux tapos i t i on  of these  two water masses i s  t he  "Katz" gap i n  9-S p r o p e r t i e s  i n  

t he  temperature range 5O - 10°C i n  the  North Afr ican  Basin a s  seen i n  t he  

volumetr ic  8-S diagram of Wright and Worthington (1970).  A p o s s i b l e  i n t e r p r e-  

t a t i o n  of the diagram i s  t h a t  a )  t h e  f r e s h e s t  branch i s  due t o  South A t l a n t i c  

(AAIW) in f luence ,  b)  the  middle branch i s  t h e  B-S r e l a t i o n  f o r  t h e  Subpolar 

Mode Waters, followed along t h e i r  path from warm s a l i n e  t o  coo le r  and l e s s  

s a l i n e  and c )  the  s a l t i e r  branch i s  due t o  mixing of Labrador Sea Water and 

Suba rc t i c  In te rmedia te  Water (3.9' - 4D0c, 34.9 - 35.0 0100) no r th  of t he  

North A t l a n t i c  Current with Mediterranean Sea Water ( ~ O C ,  35.5 o/oo) south  

of the  c u r r e n t .  Since the only d i r e c t  l a t e r a l  ( icopycnal)  connect ion between 

t h e  su r f ace  Mode Waters and the  s a l i n e  LSW-Med Water mixture i s  t he  Labrador 

Sea Water, t h e r e  i s  a  gap i n  s a l i n i t y  i n  the  temperature range 6O - SOc. 

11. North P a c i f i c  C i r cu la t ion :  In te rmedia te  Water 

Since the  Subpolar reg ions  of the  North A t l a n t i c  and Southern Oceans 

produce low s a l i n i t y  In te rmedia te  Water masses,  we might a s k  i f  a  s i m i l a r  

water mass i s  formed i n  the  North P a c i f i c .  Re id ' s  (1965) mer id iona l  s e c t i o n  

of the  P a c i f i c  a t  1 5 5 O ~  shows a  s t r i k i n g  s a l i n i t y  minimum i n  t h e  North 



P a c i f i c  w i t h  i t s  d e e p e s t  a x i s  a t  about  600 m a t  20°N which we w i l l  t a k e  t o  

be t h e  North P a c i f i c  I n t e r m e d i a t e  Water. I ts  a x i s  r i s e s  t o  t h e  n o r t h  and 

comes c l o s e s t  t o  t h e  s u r f a c e  under an ex t remely  w e l l  s t r a t i f i e d  low s a l i n i t y  

l a y e r  which i s  a l s o  a p p a r e n t  i n  s e c t i o n s  f a r t h e r  t o  t h e  wes t .  

The d e n s i t y  s u r f a c e  which most n e a r l y  i n t e r s e c t s  t h e  I n t e r m e d i a t e  Water 

is u T  = 125 c l / t o n  so  an  i d e a  o f  t h e  d i s t r i b u t i o n  and p r o p e r t i e s  of t h e  

I n t e r m e d i a t e  Water can be o b t a i n e d  from p l o t s  of s a l i n i t y ,  oxygen and o t h e r  

properties On the r T  = 125 c l / t o n  s u r f a c e .  F i g u r e s  1 and 2 ,  from Reid 

(1965) ,  show s a l i n i t y  and oxygen on t h i s  s u r f a c e .  The lowest  s a l i n i t y  i s  s e e n  

t o  occur  n e a r  t h e  Kamchatka Pen insu la  and c o i n c i d e s  w i t h  t h e  r e g i o n  of maximum 

oxygen. I f  t h e  tongue o f  low s a l i n i t y  and r e l a t i v e l y  h i g h  oxygen (4.0 m / l )  t o  

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

I n t e r m e d i a t e  Water i s  f a i r l y  w e l l  conf ined  t o  a  c y c l o n i c  gyre  n o r t h  of +40°N 

and does n o t  extend v e r y  f a r  t o  t h e  s o u t h .  It appears  t h a t  t h e  n e t  amount o f  

I n t e r m e d i a t e  Water i s  q u i t e  a  b i t  l e s s  t h a n  t h e  n e t  amount o f  A n t a r c t i c  I n t e r -  

mediate Water (AAIW) the T T  = 80 c l / t o n  s u r f a c e ,  n o t  shown h e r e )  j u d g i n g  

from t h e  v e r y  smal l  r e g i o n  i n  which oxygen has  i t s  h i g h e s t  v a l u e s ,  t h e  l i m i t e d  

e x t e n t  o f  t h e  I n t e r m e d i a t e  Water t o  t h e  s o u t h  and t h e  low v a l u e s  of oygen i n  

t h e  e a s t  and sou th .  

What a r e  o t h e r  s i m i l a r i t i e s  and d i f f e r e n c e s  between t h e  North P a c i f i c  

I n t e r m e d i a t e  Water and t h e  AAIW and LSW? A l l  t h r e e  wa te r  masses a r e  low 

s a l i n i t y  I n t e r m e d i a t e  Waters which seem t o  be formed i n  t h e  Subpola r  r e g i o n s  

and a r e  marked by h i g h  oxygen v a l u e  i n  t h e  assumed renewal  a r e a .  A l l  t h r e e  

wa te r  masses a r e  formed i n  c y c l o n i c  g y r e s ,  a s  may be expec ted  f o r  dense  w a t e r  

mass fo rmat ion  from o t h e r  d i s c u s s i o n s  i n  t h i s  s e r i e s ,  s i n c e  t h e  i n h i b i t i n g  

s t r a t i f i c a t i o n  i s  weakened i n  t h e  c e n t e r  o f  a  c y c l o n i c  gyre .  Both LSW and 



Fig. 1. S a l i n i t y  on sT = 125 c l / t on  i n  the  Pacific Ocean (from Reid, 1965). cl/ton 
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Fig. 3. Acceleration potential for ST=125 cl/ton relative to 2000 db 
(from Reid, 1965) .  

cl/ton 
1965). 



\ North P a c i f i c  In te rmedia te  Water a r e  formed i n  t h e  northwest corners  near  

c o n t i n e n t a l  land masses where hea t  f l u x  out  of t he  ocean due  t o  po la r  cont inen-  

t a l  a i r  may be very  l a r g e .  The Labrador Sea i s ,  however, a  much more conf ined  

b a s i n  than t h e  open ocean region where North P a c i f i c  In t e rmed ia t e  Water may be 

formed . 
The A A I W  and LSW a r e  wel l  def ined pycnostads a s  wel l  a s  s a l i n i t y  minima 

whereas t h e  North P a c i f i c  In te rmedia te  Water appears  t o  be on ly  a  s a l i n i t y  

minimum and not  a  t h i c k  l a y e r  of water .  Also, t h e  presence of a  sequence 

subpolar  s u r f a c e  Mode Waters around An ta rc t i ca  and i n  t h e  North A t l a n t i c  h a s  

suggested t h a t  the  A A I W  and LSW a r e  t h e  f i n a l  products  of a  sequence of 

cool ing  and homogenization processes .  There does not  appear t o  be a  w e l l  

def ined  sequence of subpolar  Mode Waters lead ing  i n t o  the  Kanchatka reg ion .  

The s u r f a c e  l aye r  i n  t h e  nor thern  North P a c i f i c  i s  wel l  s t r a t i f i e d  i n  

s a l i n i t y  and temperature  (but  not n e c e s s a r i l y  i n  d e n s i t y ) .  I t  has  been sug- 

ges ted  t h a t  t h i s  low s a l i n i t y  su r f ace  l aye r  may i n h i b i t  deep convect ion.  

The problem i s  then: a  p a r t i c u l a r  sequence of events  has  been sugges ted  

f o r  formation of a  low s a l i n i t y  Subpolar water mass which seems t o  account  f o r  

t he  s i t u a t i o n  i n  t h e  North A t l a n t i c  and Southern Ocean. What i s  happening i n  

t h e  North P a c i f i c ?  

Qne suggest ion i s  t h a t  renewal of North P a c i f i c  In t e rmed ia t e  Water simply 

does not occur s ince  t h e  small  pycnostad s t r e n g t h s  a t  t h e  s a l i n i t y  minimum and 

i n  the  Subpolar su r f ace  reg ion  suggest  t ha t  t he  Mode Water sequence does no t  

occur .  However, t h e r e  - i s  a  s a l i n i t y  minimum l aye r  wi th  high oxygen va lues  , i n  

a  small  reg ion  which sugges ts  t ha t  some renewal,  even i f  i n t e r m i t t e n t  and of 

low product ion r a t e ,  must occur .  



A second s u g g e s t i o n  i s  t h a t  s u r f a c e  renewal of t h e  s a l i n i t y  minimum does  

n o t  occur  b u t  t h a t  i t  i s  formed benea th  t h e  s u r f a c e  i n  some s o r t  of mixing 

p r o c e s s  from upper  l a y e r  wa te r  t h a t  i s  cooled and f reshened  a s  i t  moves west-  

ward i n  t h e  n o r t h e r n  s i d e  of t h e  gyre .  A t empera tu re  maximum benea th  t h e  s u r-  

f a c e  l a y e r ,  a t  i n t e r m e d i a t e  s a l i n i t y ,  mixes w i t h  c o l d  f r e s h  w a t e r  above and 

co ld  s a l i n e  w a t e r  beneath  and t h e  product  f i n a l l y  s i n k s  a s  a  r e l a t i v e  s a l i n i t y  

minimum benea th  t h e  warmer, more s a l i n e ,  s u r f a c e  w a t e r  t o  t h e  s o u t h  when i t  

t u r n s  t o  t h e  s o u t h  and e a s t  ( ~ e i d ,  1973) .  Reid proposes  t h i s  model because  of 

h i s  c o n c l u s i o n  t h a t  t h e  s a l i n i t y  minimum i s  no t  renewed a t  t h e  s u r f a c e ,  based 

on 1 )  t h e  absence of d i r e c t l y  observed renewal ,  2 )  t h e  f a c t  t h a t  t h e  v T  = 

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

h i s  o b s e r v a t i o n s  and 3 )  t h e  extremely low oxygen v a l u e s  found a t  t h e  s a l i n i t y  

minimum d u r i n g  t h e  w i n t e r  of o b s e r v a t i o n ,  i n  comparison w i t h  summer d a t a  which 

showed h i g h  oxygen v a l u e s  a t  t h e  s a l i n i t y  minimum. 

Drawing on t h e  second and t h i r d  p o i n t s  above,  t h e r e  could  be a  t h i r d  p o s s i-  

b i l i t y ,  namely, t h a t  s u r f a c e  renewal of t h e  wa te r  mass could o c c u r ,  b u t  a t  v e r y  

low r a t e s  ( s u g g e s t i o n  and fo l lowing  d e s c r i p t i o n  a r e  L .  ~ a 1 l e ~ ' s ) .  It i s  f a i r l y  

w e l l  known t h a t  convec t ive  renewal of I n t e r m e d i a t e  and Bottom Water masses i s  

an  ex t remely  l o c a l  even t  and t h a t  t h e  p r o b a b i l i t i e s  of a c t u a l l y  o b s e r v i n g  i t s  

occur rence  a r e  s l i g h t .  Secondly,  i t  i s  known from t h e  d e n s i t y  a t  t h e  a x i s  of 

t h e  Labrador Sea' Water t h a t  d e n s i t y  i s  p r o g r e s s i v e l y  h i g h e r  downstream t h a n  i n  

t h e  fo rmat ion  r e g i o n .  It t h e r e f o r e  may f o l l o w  t h a t  t h e  p roper  d e n s i t y  s u r-  

f a c e  t o  be o b s e r v i n g  i n  t h e  North P a c i f i c  I n t e r m e d i a t e  Water fo rmat ion  r e g i o n  

i s  n o t  n e c e s s a r i l y  t h e  same s u r f a c e  which i n t e r s e c t s  t h e  s a l i n i t y  minimum con- 

s i d e r a b l y  t o  t h e  sou th  and e a s t  ( a l o n g  1 5 5 ' ~ )  and t h a t ,  i n  f a c t ,  renewal ( o r  

fo rmat ion)  may occur  a t  lower d e n s i t y .  F i n a l l y ,  t h e  p r o g r e s s i o n  from h i g h  



oxygen v a l u e s  a t  t h e  s a l i n i t y  minimum i n  t h e  format ion r e g i o n  i n  t h e  summer t o  

low v a l u e s  i n  t h e  w i n t e r  (Re id ,  1973) may i n d i c a t e  fo rmat ion  of I n t e r m e d i a t e  

Water i n  t h e  l a t e  w i n t e r  ( g i v i n g  r i s e  t o  t h e  observed h igh  v a l u e s  i n  t h e  

summer). Subsequent a d v e c t i o n  away t o  t h e  s o u t h e a s t  of t h e  newly formed w a t e r  

and a d v e c t i o n  i n  from t h e  n o r t h e a s t  o l d  I n t e r m e d i a t e  Water w i t h  v e r y  low 

oxygen would g ive  r i s e  t o  t h e  low oxygen v a l u e s  observed i n  w i n t e r .  

I f  we t a k e  R e i d ' s  s u g g e s t i o n  of c o o l i n g  and f r e s h e n i n g  of t h e  s u r f a c e  l a y e r  

a l o n g  t h e  c y c l o n i c  gyre  u n t i l  some w i n t e r  when i t  reaches  t h e  Kamchatka r e g i o n ,  

coo l  i t  and mix i t ,  perhaps wi th  t h e  incoming o l d  ~ n t e r m e d i a t e  Water,  a l o n g  a  

s u r f a c e  ( T = 130-140 c l / t o n )  and t h e n  l e t  i t  flow o u t  of t h e  

r e g i o n ,  i n c r e a s i n g  i n  s a l i n i t y  a s  i t  goes ( ~ e r h a ~ s  by mixing w i t h  t h e  under-  

l y i n g  h i g h  s a l i n i t y  w a t e r )  u n t i l  i t  r e a c h e s  t h e  = 125 ,-l/ton s u r f a c e ,  we 

have a  mechanism f o r  d i r e c t  s u r f a c e  renewal  of North P a c i f i c  I n t e r m e d i a t e  

Water,  n o t  a t  a l l  u n l i k e  t h e  p rocess  which occurs  i n  t h e  North A t l a n t i c .  The 

main d i f f e r e n c e  may be i n  t h e  amount o f  I n t e r m e d i a t e  Water which i s  p roduced -  

C i r c u l a t i o n  r a t e s  f o r  t h e  North P a c i f i c  I n t e r m e d i a t e  Water can  be e s t i m a t e d  

from oxygen v a l u e s  a long  t h e  pa th  of t h e  g y r e ,  a g a i n  assuming t h a t  t h e  tongue  

of h i g h  oxygen i n  F i g .  2 i s  i n d i c a t i v e  o f  t h e  a x i s  of t h e  c u r r e n t .  I n  t h e  

absence of o t h e r  r e l i a b l e  e s t i m a t e s  of oxygen consumption r a t e s  we use  ~ e n k i n s  

(1979) consumption r a t e s  f o r  t h e  S a r g a s s o  S e a ,  based on t r i t i u m- h e l i u m  measure-  

ments.  The u t i l i z a t i o n  r a t e  d e c r e a s e s  e x p o n e n t i a l l y  from 15 m l / l / y e a r  n e a r  

t h e  s u r f a c e  t o  4 ~ 1 0 - 3 m l / l / ~ r  a t  1800 m.  A t  a  consumption r a t e  o f  .1 m l / l / y r ,  

t h e  NPIW r e q u i r e s  30 y e a r s  t o  go from an  oxygen c o n t e n t  of 6  m l / l  n e a r  

Kamchatka P e n i n s u l a  d e c r e a s i n g  t o  3 m l / l ,  a l o n g  a  pa th  of 5400 km l e n g t h  

eas tward  t o  140°W, approximately  d e l i n e a t e d  by t h e  a c c e l e r a t i o n  p o t e n t i a l  

( R e i d ,  1965) .  Th i s  i m p l i e s  an average v e l o c i t y  of .5 cm/sec which could  be  



h i g h e r  o r  lower depending on t h e  a c t u a l  c i r c u l a t i o n  r a t e  and p a t h  l e n g t h .  

Regular renewal  wi th  open ocean v e l o c i t i e s  of t h i s  o r d e r  cou ld  t h e r e f o r e  

produce t h e  observed p a t t e r n .  (Approximate v e l o c i t i e s  c a l c u l a t e d  from t h e  

a c c e l e r a t i o n  p o t e n t i a l  r e l a t i v e  t o  2000 db i n  t h e  open ocean,  f a r  from t h e  

boundary c u r r e n t ,  a r e  of o r d e r  1 cm/sec which compares f a v o r a b l y  w i t h  t h e  

rough e s t i m a t e  from oxygen consumption.)  

I f  t h e r e  i s  f a i r l y  r e g u l a r  renewal of t h e  North P a c i f i c  I n t e r m e d i a t e  

Water ,  why a r e  t h e  r a t e s  so  low? S e v e r a l  p o s s i b i l i t i e s  t o  be e x p l o r e d  a r e  a )  

t h e  geometry o f  t h e  fo rmat ion  r e g i o n  which i s  i t s e l f  i n  t h e  open ocean where a  

t i g h t  c y c l o n i c  c i r c u l a t i o n  may n o t  be p o s s i b l e  and which i n c l u d e s  a d j a c e n t  s e a s  

which may d i s s i p a t e  some of t h e  convec t ive  p o t e n t i a l  of t h e  winds b e f o r e  t h e y  

r e a c h  t h e  open North P a c i f i c  and b )  t h e  p resence  of a  low s a l i n i t y  s u r f a c e  

l a y e r  a r i s i n g  from t h e  Kamchatka c u r r e n t  from t h e  Ber ing  Sea. I t  may a l s o  be 

noted t h a t  no Bottom Water i s  produced i n  t h e  North P a c i f i c  a l t h o u g h  i t  i s  n o t  

c l e a r  what e f f e c t  t h i s  may have on t h e  I n t e r m e d i a t e  Water.  ( I t  may be t h a t  

t h e  low oxygen v a l u e s  i n  t h e  P a c i f i c  deep wate r  h e l p  t o  d e p l e t e  t h e  oxygen i n  

t h e  I n t e r m e d i a t e  Water through v e r t i c a l  a d v e c t i v e- d i f f u s i v e  p r o c e s s e s . )  

It has  a l r e a d y  been noted t h a t  t h e  LSW i s  formed i n  t h e  c e n t e r  of a  t i g h t  

c y c l o n i c  g y r e  whose t i g h t n e s s  i s  p o s s i b l y  a i d e d  by t h e  semi- confined Labrador  

Sea Basin .  No such t o p o g r a p h i c a l  a i d  i s  p r e s e n t  i n  t h e  North p a c i f i c ,  nor  does  

i t  occur  i n  t h e  AAIW fo rmat ion  r g i o n .  ( I t  a s  noted i n  S e c t i o n  I t h a t  t h e  n e t  

p roduc t ion  o f  AAIW may be s l i g h t l y  l e s s  t h a n  LSW.) Th is  a l o n e  cannot  e x p l a i n  

t h e  low produc t ion  r a t e  of c o u r s e  a l though  i t  may h e l p .  S i n c e  I n t e r m e d i a t e  

and Bottom Water mass renewal i n  t h e  North A t l a n t i c  seems t o  occur    red om in ant- 

l y  i n  t h e  a d j a c e n t  Labrador  and Norwegian-Greenland Seas r a t h e r  t h a n  i n  t h e  

open ocean,  we might ask  i f  t h e  same i s  t r u e  of t h e  North P a c i f i c .  c o n v e c t i v e  



renewal occurs  r e g u l a r l y  i n  t h e  Sea of Japan,  a  Mediterranean- type sea  wi th  

warm inflow a t  t h e  su r f ace  from the  south and product ion of dense deep w a t e r .  

The deep water  produced has very homogeneous c h a r a c t e r i s t i c s ,  most of i t  l y i n g  

wi th in  a  very  narrow range of temperature and s a l i n i t y  (34.05 - 34.09 0100 and 

0.0' - 0 . 4 ' ~ ) .  Because of extremely shallow s i l l s ,  t h e  deepest  of which 

i s  150 m (Sverdrup, Johnson and Fleming, 1942),  t h e  deep water i s  more o r  l e s s  

i s o l a t e d  i n  t h e  Sea of Japan and has  l i t t l e  i n f luence  on the  open ocean. A 

c o n t r a s t  t o  t h e  Sea of  Japan i s  t h e  Okhotsk Sea which has  a  very  we l l  s t r a t i -  

f i e d  s a l i n i t y  l a y e r  a t  the  su r f ace ,  in f low a t  depth and outf low i n  t h e  upper  

l a y e r s .  Because of t h e  presence of t h e  low s a l i n i t y  cap ,  win te r  convect ion 

does not p e n e t r a t e  very  deeply o r  produce a  deep water  mass. The same i s  t r u e  

of  Bering Sea i n  which low s a l i n i t y  water  introduced by the  c u r r e n t  f lowing 

around the  Aleu t ians  i s  cooled and f u r t h e r  d i l u t e d  by excess  p r e c i p i t a t i o n  and 

runoff  and r e t u r n s  t o  t h e  south a s  t he  cold Kamchatka c u r r e n t  ( i b i d ) .  Thus, 

i n  t h e  North P a c i f i c  t h e r e  i s  no source of Bottom Water f o r  the  open ocean and 

no ad jacent  sea  source  of  In te rmedia te  Water. I f  an In t e rmed ia t e  Water i s  t o  

be formed, i t  must be formed i n  t h e  open ocean, bu t  we may perhaps expect  i t  

t o  be weaker than dense water  masses formed i n  ad j acen t  s ea s .  Even s o ,  t h i s  

may not  be enough t o  exp la in  t h e  low product ion r a t e  s i n c e  t h e  boundaries  i n  

t h e  northwest P a c i f i c  may be s u f f i c i e n t  t o  he lp  cause dense water  p roduct ion .  

The extremely apparent  low s a l i n i t y  l a y e r  on t h e  s u r f a c e  almost everywhere 

i n  t he  northwest P a c i f i c  ( ~ e i d ,  1973) may be t h e  predominant reason  f o r  t h e  

low product ion r a t e  s i n c e  i t  would i n h i b i t  convect ion renewal t o  very g r e a t  

dep th .  Thus, no d i s t i n c t  p rogress ion  of s u r f a c e  Mode Water of g r e a t  t h i c k n e s s  

can occur wi th  subsequent l a r g e  product ion of In t e rmed ia t e  Water. Because t h e  

s t r a t i f i c a t i o n  i s  weakened i n  the  c e n t e r  of t he  cyc lonic  gyre nea r  Kamchatka, 



t h e r e  i s  a  p o s s i b i l i t y  f o r  some produc t ion  o f  I n t e r m e d i a t e  Water b u t  n o t  a t  

t h e  r a t e s  t h a t  would occur  i f  t h e r e  were s i g n i f i c a n t  Mode Water f e e d i n g  i n t o  

t h e  r e g i o n .  

Thus,  a  p o s s i b l e  conc lus ion  i s  t h a t  t h e r e  i s  a  low s a l i n i t y  North P a c i f i c  

I n t e r m e d i a t e  Water which may be renewed on a  f a i r l y  r e g u l a r  b a s i s  b u t  i n  v e r y  

iow amounts, p o s s i b l y  because o f  t h e  low s a l i n i t y  s u r f a c e  l a y e r  over  t h e  

Subpolar  North P a c i f i c  . 
111. Southern  Ocean C i r c u l a t i o n  

1. Topography 

There  i s  a  g r e a t  d e a l  o f  v a r i e t y  i n  t h e  topography of  t h e  Sou thern  

Ocean ( F i g .  4 ) .  One of t h e  most s t r i k i n g  f e a t u r e s  i s  t h e  c o n s t r i c t i o n  o f  t h e  

Drake Passage w i t h  maximum s i l l  dep th  o f  about  3000 m. Moving eatward from 

Drake Passage and on around A n t a r c t i c a ,  t h e r e  a r e  s e v e r a l  n o t a b l e  f e a t u r e s ,  

t h e  f i r s t  of  which is  t h e  complex S c o t i a  Ridge. Zonal f low t o  t h e  e a s t  o f  t h e  

Argen t ine  Basin  must then pass  over  t h e  Mid- Atlant ic  Ridge,  t h e  Crozet  P l a t e a u ,  

and t h e  mid-ocean r i d g e  i n  t h e  Ind ian  Ocean which i t  f i r s t  c r o s s e s  and t h e n  

p a r a l l e l s .  South o f  New Zealand,  t h e  Macquarie Ridge and Campbell P l a t e a u  

i n f l u e n c e  t h e  flow d i r e c t i o n .  I n  t h e  P a c i f i c  t h e  f low must c r o s s  y e t  a n o t h e r  

mid-ocean r i d g e  b e f o r e  c o n t i n u i n g  on t o  Drake Passage i n  a  wide b a s i n  which 

seems t o  d i f f u s e  t h e  flow. 

2. Nomenc l a t u r e  

We f i r s t  wish t o  d e f i n e  s e v e r a l  l a r g e- s c a l e  f e a t u r e s  o f  t h e  Southern 

Ocean c i r c u l a t i o n  i n  terms o f  i d e n t i f i a b l e  t e m p e r a t u r e ,  s a l i n i t y ,  oxygen and 

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

We proceed from n o r t h  t o  sou th  and u s e  F igs .  5-7. 



Fig .  4.  S o u t h e r n  Ocean b a t h y m e t r y .  The 4000 m c o n t o u r  i s  f r o m  Heezen  
e t .  a l .  ( 1 9 7 2 ) .  



Temperature 

Fig. 5. Temperatures at 200 m with the region of large temperature 
gradient shaded to mark the Polar Frontal Zone. The Sub- 
antarctic Front is the northern side of this region. 
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a) Subantarctic Zone: region north of the Subantarctic Front, as 

defined below. It is usually characterized (except in the S. E. pacific) by a 

salinity minimum near 1000 m (indicative of Antarctic Intermediate Water), 

temperature which decreases more or less monotonically with depth, a deep 

oxygen minimum, a deeper salinity maximum (both due to NADW influence), and 

the presence of a thermostad in or above the thermocline. 

b) Subantarctic Front: marked by the northernmost extent of intense 

meridional temperature gradients, as illustrated by temperature on the 200 m 

surface (Fig. 5). The front is well defined except in the eastern Pacific 

where the zonal flow is diffuse. No single isotherm can be used to trace the 

axis of the subantarctic Front but the gradient region is fairly continuous 

(shaded region in Fig. 5). A second definition in terms of vertical profiles 

is the northernmost occurrence of multiple inversions in temperature and 

salinity, characteristic of the polar frontal zone. These two definitions do 

not always select the same region for the Subantarctic Front since there may 

occasionally be a region of water of the sort that occurs in the Subantarctic 

Zone between the latitude of the most intense temperature gradients and the 

latitude of the onset of interleaving. 

c )  Polar Frontal Zone: between the Subantarctic and Polar Fronts. 

It is characterized in a vertical profile by multiple temperature and salinity 

inversions in the upper water columns which are density compensating for the 

most part. A vertical section taken across the PFZ shows isolated temperature 

and salinity maxima and minima. The multiple inversions are usually inter- 

preted as indications of interleaving of cold fresh water masses of southern 

origin with warmer, more saline water masses from the north.  he meridional 

motion which this implies is of course much slower than the zonal flow whose 



bifurcations may be the principal agent for interleaving.) The deep oxygen 

minimum and salinity maximum are shallower than in the Subantarctic Zone. 

d) Polar Front: the southern boundary of the PFZ. It is character- 

ized by the onset of a distinct temperature minimum in the upper water column 

and more precisely (and somewhat arbitrarily) defined as the northernmost 

extent of the 2'~ isotherm in the upper waters. (In Fig. 5 the 2OC 

isotherm seems to indicate the approximate southern extent of the large 

meridional temperature gradient discussed above the Subantarctic Front.) 

Ostapoff (1960) defines the polar front as the axis of the meridional salinity 

minimum at 200 m. 

e) Antarctic Zone: south of the Polar Front. It is characterized in 

austral summer by a distinct temperature minimum layer (which may reach the 

surface in winter) and an extremely sharp thermocline. The "deep" oxygen 

minimum and salinity maximum are shallowest in the Antarctic Zone. 

Figure 6 is a meridional temperature section along 115'~ (to a depth of 

500 m) crossing the fronts and zones defined above (Gordon, Taylor, and 

Georgi, 1977). The temperature minimum layer of the Antarctic Zone, multiple 

inversions of the PFZ and the sharp temperature gradients of the Subantarctic 

Front are readily observable. 

Figure 7a shows examples of vertical temperature, salinity, oxygen and 

density from the three zones and illustrates the more monotonic properties of 

the Subantarctic Zone, the jumbled inversions of the PFZ and the presence of a 

temperature minimum layer characteristic of the north Antarctic Zone. (This 

station is not far enough south to show the extremely sharp thermocline. ) 

Definition of the various zones can also be made in terms of 9-S  curves in 

the upper water column while definitions of the fronts can be made in terms of 



s h a r p e r  merodional  d e n s i t y  g r a d i e n t s  throughout  t h e  wa te r  column, marking geo- 

s t r o p h i c  c u r r e n t s .  (Note t h a t  t h i s  i s  t h e  on ly  d e f i n i t i o n  which i n v o l v e s  cur-  

r e n t s  d i r e c t l y  and which can be used i n  t h e  deep wate r . )  8-S c u r v e s  f o r  t h e  

upper wa te r  column p r o g r e s s  from warm f r e s h  s u r f a c e  wa te r  and c o l d e r  s a l t i e r  

deep wate r  ( w i t h  a  s a l i n i t y  minimum) t o  cold  f r e s h  s u r f a c e  w a t e r  and deep  s a l t y  

wa te r  (wi th  a s a l i n i t y  minimum) t o  c o l d  f r e s h  s u r f a c e  w a t e r  and deep s a l t y  

wa te r  ( w i t h  a  t empera tu re  minimum). F i g u r e  7b shows 8-S c u r v e s  f o r  t h e  CTD 

s t a t i o n s  used i n  F i g .  7a. F igure  8a  shows a  m e r i d i o n a l  d e n s i t y  s e c t i o n  a c r o s s  

Drake Passage w i t h  i d e n t i f i a b l e  bands of h i g h e r  d e n s i t y  g r a d i e n t s  marking 

s t r o n g e r  g e o s t r o p h i c  c u r r e n t s   owlin in, Whitworth and P i l l s b u r y ,  1977) .  With 

t h e  a i d  o f  8-S c u r v e s ,  i t  can be shown t h a t  t h e s e  bands mark t h e  f r o n t s  separa-  

t i n g  t h e  v a r i o u s  zones.  One a d d i t i o n a l  zone t o  t h e  s o u t h  i s  a l s o  p r e s e n t .  

It  i s  e v i d e n t  from t h e  above d i s c u s s i o n  t h a t  most of t h e  v a r i a t i o n  i n  

p r o p e r t i e s  seems t o  be r e s t r i c t e d  t o  t h e  upper 600 m.  Below 600-700 m t h e  

e n t i r e  Southern Ocean i s  f i l l e d  w i t h  Circumpolar Deep Water ,  c h a r a c t e r i z e d  by 

an oxygen minimum, d e c r e a s i n g  t empera tu re  and almost homogeneous s a l i n i t y ,  

w i t h  t h e  p o s s i b i l i t y  o f  a s a l i n i t y  maximum. The a x i s  of t h e  CDW, a s  marked by 

t h e  oxygen minimum o r  s a l i n i t y  maximum (which may n o t  c o i n c i d e ) ,  i s  s h a l l o w e r  

t o  t h e  s o u t h ,  a s  would be expec ted  of a  g e o s t r o p h i c  c u r r e n t .  

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

of t h e  term " S u b a n t a r c t i c  Front" .  Gordon (1975 and p e r s o n a l  communication) 

a l s o  d e f i n e s  an " A u s t r a l a s i a n  S u b a n t a r c t i c  Fron t"  n o r t h  of t h e  S u b a n t a r c t i c  

Fron t  i n  t h e  I n d i a n  Ocean. He d e f i n e s  t h e  S u b a n t a r c t i c  F r o n t  a s  t h e  n o r t h e r n  

e x t e n t  of m u l t i p l e  i n v e r s i o n s  i n  t empera tu re  and s a l i n i t y  and t h e  A u s t r a l a s i a n  

S u b a n t a r c t i c  F r o n t  a s  t h e  nor thernmost  l a r g e  t empera tu re  g r a d i e n t  i n  o r d e r  t o  

d i f f e r e n t i a t e  between flow which i s  a  zona l  e x t e n s i o n  of t h e  Agulhas Cur ren t  

and water  which flows eas tward from t h e  A t l a n t i c .  
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0 Fig. 8a. Meridional density section from 60-68 W across Drake Passage 
(Nowlin, Whitworth and Pillsbury, 1977) 

SUBANTARCTIC ZONE 

23.24.26.27 

A 
' 6 ' 2 ' 4 ' 6 ' ~  

T PC) 

ANTARCTIC  Z O N E  

3 5 0 L ' 6 ' 1 ' 4  ' i ' d  
T PC) 

POLAR FRONTAL ZONE 

33.5 m 

B 
' o ' i ' i ' k ' e  

T PC) 

33.5, ! . . . . . . . . # 

B E L L I N G S H A U S E N  SEA 

0 
Fig. 8b. 8-S curves from the various zones from 60-68 W across Drake 

Passage (ibid.). 



In  t h e  South A t l a n t i c  and Southwest Ind ian  Ocean, t he  f r o n t  def ined  above 

a s  t h e  Suban ta rc t i c  Front  has t r a d i t i o n a l l y  been c a l l e d  t h e  S u b t r o p i c a l  Conver- 

gence. 

3. Some Aspects of t h e  Circumpolar C i r c u l a t i o n  

Meanders of t h e  f r o n t s  may pinch o f f  t o  form r i n g s .  Formation of  a  

cyc lonic  co ld  core  r i n g  has  been observed i n  Drake Passage a s  a  r e s u l t  of mean- 

de r ing  of the  po la r  f r o n t ,  a s  def ined by t h e  p o s i t i o n  of t he  ZOc isotherm 

( ~ o ~ c e  and P a t t e r s o n ,  1977).  The observed r i n g  had a  d iameter  of 60-90 la and 

reached t o  t h e  bottom. (The r i n g  thus  was s eve ra l  t imes l a r g e r  than t h e  Rossby 

r a d i u s ,  which i s  10-20 km.) V e l o c i t i e s  were 30-40 cm/sec a s  monitored by neut-  

r a l l y  buoyant f l o a t s ,  four  of which were placed i n  t he  v i c i n i t y  of the r i n g .  

(Three f l o a t s  remained wi th  t h e  r i n g  and one f l o a t  was a p p a r e n t l y  una f f ec t ed  

by i t s  presence and moved o f f  t o  t he  n o r t h e a s t . )  

The A n t a r c t i c  Circumpolar Current i s  s t r o n g l y  a f f e c t e d  by topography, a s  

mentioned a t  t he  beginning of t h i s  s e c t i o n .  F igure  9  shows dynamic topogrzphy 

i n  t h e  Southern Ocean, r e l a t i v e  t o  1000 db (Gordon, M o l i n e l l i  and Baker, 1978).  

A few of the  apparent  e f f e c t s  of topography ( ~ i ~ .  4)  on t h e  dynamic topography 

a r e  : 

1 )  South of A u s t r a l i a ,  t h e  ACC p a r a l l e l s  the zonal mid-ocean r i dge  and 

appears  t o  be guided by i t .  

2) Eas t  of New Zealand the  c u r r e n t  s p l i t s  i n t o  two branches ,  one fo l lowing  

t h e  edge of t h e  Campbell p l a t eau  t o  t he  no r theas t  and t h e  o the r  pa ra l-  

l e l i n g  the zonal r i d g e  t o  the  south .  

3) The two branches t hus  formed a r e  forced t o  r e j o i n  where t h e  P a c i f i c  mid- 

ocean r i d g e  t u rns  t o  t he  no r th .  

4) The zonal c u r r e n t  i s  extremely d i f f u s e  over the  Southeas t  P a c i f i c  Basin.  
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Fig. 9. ~ynamic topography of the Southern Ocean relative to 1000db. 

Fig. 10. Distribution of T and S at the bottom around Antarctica. 
ABW is fresher and colder than surrounding water. 



5 )  The c u r r e n t  seems t o  be drawn i n  a t  Drake Pasage,  becoming narrower  and 

more i n t e n s e .  

6 )  The i s l a n d  a r c h i p e l a g o s  t o  t h e  e a s t  of Drake Pasage a p p a r e n t l y  f o r c e  a  

northward t u r n  of t h e  c u r r e n t .  

7 )  Bottom Water d i s t r i b u t i o n  around A n t a r c t i c a  i s  s t r o n g l y  i n f l u e n c e d  by 

topography (and t h e  p o s i t i o n  of t h e  A n t a r c t i c  Circumpolar c u r r e n t )  

( F i g .  1 0 ) .  

'Transport  c a l c u l a t i o n s  a c r o s s  Drake Passage have been c o l l e c t e d  by Nowlin, 

whitworth and P i l i s b u r y  (1977) .  The p r e s e n t  e s t i m a t e  o f  t h e  t r a n s p o r t  i s  abou t  

i40  Sv o f  which 100 Sv a r e  from t h e  a p p a r e n t l y  s t e a d y  b a r o c l i n i c  f i e l d  and 40 

Sv Irom t h e  b a r o t r o p i c  f i e l d .  
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Notes Submit ted  by 
Lynne T a l l e y  

L e c t u r e  $8. THEORIES OF THE ANTARCTIC CIRCUMPOLAR CURRENT (AcC) 

With t h e  t h e o r i e s  of Sverdrup,  Stomrnel, and Munk, by t h e  1 9 5 0 f s ,  t h e  c a u s e  

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

c l o s e d .  There  were some d i s c r e p a n c i e s  between observed t r a n s p o r t  e s t i m a t e s  

and t h e o r e t i c a l  wlnd d r i v e n  p r e d i c t i o n ,  b u t  t h e s e  were thought  t o  be due t o  

t h e  d i f f i c u l t i e s  i n  t h e  ass ignment  o f  l e v e l  of  no mot ion,  and m i s e s t i m a t i o n  o f  

wind s t r e s s .  These t h e o r i e s  were a b l e  t o  e x p l a i n  t h e  c i r c u l a t i o n  - i n  e n c l o s e d  

b a s i n s  ( such  a s  t o r  t h e  Gulf St ream g y r e ) ,  where t h e  mean c u r r e n t s  a r e  c i r c u l a r  

and flow i n  d i r e c t i o n  o b l i q u e  t o  t h e  winds and where t h e  mot ive  b a l a n c e  is  a n  

i n t e r i o r  Sverdrup b a l a n c e  o f  v o r t i c i t y  . 
The b a s i c  d i f f e r e n c e  f o r  t h e  Sou thern  Ocean i s  t h a t  i t  i s  z o n a l l y  un- 

bounded and shows an open b a s i n  regime.  The mean c u r r e n t s  i n  t h e  ACC, u n l i k e  

t h e  enc losed  b a s i n  regime,  may be r e c t i l i n e a r  and more d i r e c t l y  d r i v e n  by mo- 

mentum t r a n s f e r  from t h e  wind. S i n c e  t h e r e  a r e  no m e r i d i o n a l  b a r r i e r s ,  no 

Sverdrup  flow can deve lop  because  of  t h e  i m p o s s i b i l i t y  of an e a s t- w e s t  p r e s-  

s u r e  g r a d i e n t  t h a t  would be  suppor ted  by t h e  boundar ies  and would b a l a n c e  t h e  

wind f o r c e .  T h e r e f o r e  o t h e r  types  o f  b a l a n c e s  seemed needed.  The f i r s t  i d e a  

was t o  use  f r i c t i o n  t o  b a l a n c e  t h e  wind- suppl ied  momentum. 

Hldaka & Tsuchiya  (1953) c o n s i d e r  t h e  c a s e  o f  an ACC which i s  p u r e l y  

z o n a l ,  and where t h e  d i r e c t  wind d r i v i n g  i s  ba lanced  l o c a l l y  by eddy momentum 

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



needed a  l a t e r a l  d i f f u s i o n  c o e f f i c i e n t  A on t h e  o r d e r  of  1010cm2/sec com- 

pared  t o  t h e  107cm2/sec t h a t  had been found f o r  t h e  S u b t r o p i c a l  g y r e s .  

Bottom f r i c t i o n  models g i v e  a  s i m i l a r  d i s c r e p a n c y .  

Munk and Palmen (1951) i n v e s t i g a t e d  t h e  p o s s i b i l i t y  o f  a  p r e s s u r e  d r a g  on 

topograph ic  f e a t u r e s  t h a t  would r e s u l t  from a  s y s t e m a t i c  o f f s e t  between p r e s-  

s u r e  f i e l d  and topography. They f i n d  t h a t  a  p r e s s u r e  change o f  4 dyn. cm. a t  

t h e  l e e s l d e  of  a  topograph ic  i e a t u r e  ( such  a s  Kid Ocean Ridge o r  Drake Passage  

s i l l )  i s  s u r i i c i e n t  t o  dominate t h e  bot tom f r i c t i o n  and p i c k  up t h e  t o r q u e .  

Stommel (1957) ,  i n  a  s u r v e y  of  ocean c u r r e n t  t h e o r y ,  emphasized t h e  E- 

zona l  a s p e c t  o f  t h e  Sou thern  Ocean because  o f  t h e  e x i s t e n c e  o f  r i d g e s  and 

c o n s t r i c t i o n s  ( such  a s  Drake p a s s a g e )  which may p l a y  t h e  r o l e  o f  m e r i d i o n a l  

b a r r i e r s .  There  e x i s t s  no l a t i t u d i n a l  c i r c l e  i n  t h e  ACC w i t h  a  f r e e  passage  

below 1000 m.  He, t h e r e f o r e ,  s u g g e s t s  t h e  p o s s i b i l i t y  o f  c o n s t r u c t i n g  a  

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

Drake Passage .  Using p i a u s i b l e  w i n d- s t r e s s  f o r c i n g  a  s o l u t i o n  was s k e t c h e d  

w i t h  a  s p i r a l l i n g  tendency o f  t h e  ACC towards  A n t a r c t i c a  ( F i g .  l ) ,  and a  

m e r i d i o n a l  s h i f t  back n o r t h  a t  t h e  Passage .  

Schulmann's  (1970) n u m e r i c a l  model d e a l s  w i t h  a  b a r o t r o p i c ,  t ime  dependent  

ocean flow i n  t h e  Sou thern  hemisphere  t o  s t u d y  t h e  e f f e c t s  o f  bot tom topography 

and n o n- l i n e a r i t y  i n  t h e  ACC. He shows t h a t  topography ( ~ i g .  2 )  h a s  v e r y  

s t r o n g  e f r e c t s  on t h e  asymmetry and t r a n s p o r t  o f  c i r cumpola r  c u r r e n t  and i t s  

i n t e r a c t i o n  w i t h  t h e  major  ocean g y r e s .  A l a r g e  p o r t i o n  o f  t h e  c u r r e n t  i s  de-  

f l e c t e d  t o  t h e  North i n t o  t h e  Fa lk land  c u r r e n t .  The p r e s e n c e  o f  a  s i l l  a c r o s s  

b r a k e  Passage reduces  d r a s t i c a l l y  t h e  t r a n s p o r t  by a  f a c t o r  o f  5. I n c l u s i o n  

o i  topograph ic  f e a t u r e s  such a s  S c o t i a  Ridge shows t h e  impor tance  of topography 

I n  g u i d i n g  t h e  t r a n s p o r t  s t r e a m l i n e s  ( F i g .  2 ) .  I n e r t i a l  a c c e l e r a t i o n  c a u s e s  

an o v e r s h o o t i n g  of  South America upon p a s s i n g  th rough  t h e  Drake Passage  b e f o r e  

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



a. The rhernatic Southern Ocean. 
Antarctica is the solid. black circle. The 
meridional barrier extending northward from 
Antarctica is represented by the solid heavy 
black vertical line. The schematic wind system 
(purely zonal) is depicted by the heavy arrows 
on the lower left. The concentric circles are 
latitude circles. Latitudes of EWV conver- 
gence and sinking at the surface are indicated 
by minus signs, latitudes of ELUAV divergence 
and upwelling are indicated by plus signs. The 
direction of the required rneridional geostro- 
phic flow is, indicated by light radial arrows. 

C. Modification of the tnnspon field 
produced by intrclduction of orher.mrridiona1 
barrierscorrespon~ling to Africa A u ~ t d i a ,  and 
New Zealand, ant1 by breaking the American- 
Antarctic barrier so as to admit a very con- 

strictrd Dav~s Straits. 

b. Transport lines of the solution 
for the model depicted in (1. The 
western boundary currents are to be interprelcd 

schematically. 

d .  Hypothetical form of the solution 
that results from rupturing the American- 
Antarctic barrier in such a way as to pzrrnit 
water to flow through, but to obstruct all 

latitude circles. 

Fig. 1 



Scrcarnlines for Scotia Xidge topography, 
6 - 0 . 1 .  R, - 0 .  H - 3 for X r 3s0,  e - 

.-56.5O. -61°; 11 - 1 st A - 3.5'. - 6 1 . 0 ~  5 0 
-56 . s0 ;  11 - 5 c l s c v l ~ e r c .  Transport - 90 

Svcrdrups. 

Fig. 2 



Frarm~ 3.A schematic picture of the boundary layers that  exist mhcn the friction para- 
meter 6 is small. (a) ie the'case where the product 6f i s  also small, (b) the case where &Pis 
of order unit . The layers E and F are of thickness 6 rcMe A and C have nvernge ihichess  
of order The Svordrup (or in case ( b )  the modified Sverdn~p) solution is unlid in B 
while the zonal solution in valid in D. The western boundary current flows in E. The 
behnviour of the transport lines in F is sho\\n in f i L w o  4. 

F ~ Q W R E ~ .  Transport lines, as given by (5.28), near t,he tip of the peninsula which corm- 
ponds in t.ho model to Cnpe Horn. There is a trnnsport of ?a, a-llich goes into a 'westcn 
boundary current' seen hero to the right of the d i a g a ~ n .  There is no ernggcr~tion of 111s 
north-south wale. 



Bryan & Cox (1972) i n  t h e i r  numerical  model o f  a  homogeneous, f l a t  bot tom 

world ocean c i r c u l a t i o n ,  o b t a i n e d  a  t r a n s p o r t  f o r  t h e  ACC o f  600 Sv. The i n-  

c l u s i o n  o f  a  s c a l e d  down topography ( f o r  a  g r i d  s i z e  o f  2' l a t .  x 2' l a t )  

reduces  t h e  t r a n s p o r t  t o  45 Sv; t h e  i n t e r a c t i o n  o f  b r o a d s c a l e  wind f i e l d s  and 

smal l  s c a l e  r i d g e  sys tems i n c r e a s e  t h e  h o r i z o n t a l  g r a d i e n t s .  The s c a l e  con- 

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

raphy s c a l e ,  t h e r e f o r e  t h e  e f i e c t s  o f  l a t e r a l  f r i c t i o n  ( w i t h  A 

108crn2/sec) a r e  more i m p o r t a n t .  

G i l l  (1968) s t u d i e d  a  l i n e a r  model o f  t h e  ACC i n  which t h e  geometry i n-  

c l u d e s  m e r i d l o n a l  b a r r i e r s  and where bottom f r i c t i o n  i s  used t o  c o n t r o l  t h e  

model. For smal l  f r i c t i o n  and bo th  smal l  w e s t e r n  l a t e r a l  b o u n d a r i e s  e f f e c t s  

( 6 ) and s h o r t  z o n a l  l e n g t h  ( 1 )  o f  t h e  ocean ( s o  t h a t  E = 6 1  1/41 t h e  f low 

p a t t e r n  i s  g i v e n  by Fig .  3 .  North o f  t h e  Drake Passage t h e r e  i s  an i m p o r t a n t  

Sverdrup r e g l o n ,  and i n  t h e  Sou thern  Ocean t h e  flow i s  z o n a l  ( o t h e r  f r i c t i o n a l  

boundary l a y e r s  a r e  a l s o  p r e s e n t ) .  

The r e s u l t s  sugges t  v a l u e s  o f  t h e  f r i c t i o n a l  parameter  € between 4 and 6 .  

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

tudes  o c c u r s  ( F i g .  3b: b roaden ing  o f  t h e  boundary r e g i o n  c ) .  A  l a r g e  propor-  

t i o n  of t h e  wa te r  going through Drake Passage i s  d i r e c t e d  i n t o  t h e  w e s t e r n  

boundary and moves n o r t h  o f  t h e  l a t i t u d e  o f  Cape Horn ( F i g .  41,  and t h e  c u r-  

r e n t s  tend t o  c o n c e n t r a t e  a t  t h e  n o r t h  end o f  t h e  passage .  T h i s  f e a t u r e  

remains common t o  a l l  models r e l a t e d  t o  t h e  ACC. 

Large v a l u e s  o f  Fig .  5 ,  r e s u l t i n g  from l a r g e  v a l u e s  o f  t h e  zona l  l e n g t h ,  

i m p l i e s  t h a t  t h e  wes te rn  boundary c u r r e n t  goes w e l l  t o  t h e  North o f  t h e  pas-  

s a g e ,  r e s u l t i n g  i n  a  s t r o n g  eas t- wes t  asymmetry of t h e  m e r i d i o n a l  boundar ies  



(c) cb3.33 + , , / ~ - 1 a  ((3.2~1@ m3/s) (d)  a = 1.25 +,/(- 105 (31 x 108 m3/s) 

FIGGRE 5. Some numerical solutions shoxing the dependence on the friction parameter 
E [(a,), ( b ) ,  (c)] and  on  t h e  wind stress distribution X(y) [ ( b )  a n d  ( d ) ] .  X is given by (4.1) 
i n  cases (a) ,  ( b )  and  (c) and  b y  (4.2) in case ( d ) ,  Xo being zcro. The maximurn wind strese 
i~ fu r ther  nor th  in tho case ( d ) .  T h e  contour interval for + is  tfi,,. 

(c) 

Fig. 6. Mcridional circulation in the rnodcl ocean for c a x s  (a) 14-1 lcloscd basin), (b) 15-1 (dccp 
gap. linccrr surface-tcrnpcraturc distribution), (c) 16-1 (tlccp gap. curved surfacc-tcni~mturc dis- 
tribution), and (d) 18-I.(shallow gap, lincar surfacc-tcr~~pcraturc distribution). Contours of ttlc niass 
transport slrcirm function, $PJ, arc shown in non-dimensional units. p"' is  Zero vn thc boundaries. 



Fig. 7. Instantaneous streamfunction patterns on  selected days during the equilibrium periods for the different cases. Shown for  
each case are the upper and lower streamfunctions and their difference, which, when multiplied bv f /g = - 0.55 . s m-', 
yields the interfacial displacement. The contour intervals are 10' m Z  s-l lor and 0.6 . l o 3  m Z k P  for $, - $,; the labels are 
in units of l o 3  m Z  s-'. The range of !$ values in each of these figures (from left t o  right, top t o  bo t tom)  is 292, 165, 132, 199, 
105, 108, 205, 116, 103, 230, 126, 116, 117, 37, and 104 l o 3  mZ s-', respectively. 
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reg lme ,  i n  agreement wi th  Welander (1976)  who found,  f o r  c l o s e d  b a s i n s  c i r c u -  

l a t i o n s ,  t h a t  though l a r g e  zona l  e x t e n s i o n s  tend t o  g i v e  a  z o n a l l y  un i fo rm 

i n t e r i o r  r eg ime ,  t h e  E-W asymmetry n e a r  t h e  m e r i d i o n a l  b o u n d a r i e s  a lways  

p e r s i s t s ,  and on ly  d i s a p p e a r s  when p 4 0 .  

G i l l  and Bryan (19711, i n  a  t h e r m a l l y  and wind- driven model,  s t u d y  t h e  

e f t e c t s  01 a  S I L L  i n  t h e  gap of Drake Passage (no o t h e r  t o p o g r a p h i c  f e a t u r e ) .  

'l'he e f f e c t  o f  a  deep s i l l  i s  t o  e f f e c t i v e l y  emphasize t h e  i s o l a t i o n  o f  t h e  ACC 

irom t h e  r e s t  of  t h e  ocean ( v e r y  s m a l l  m e r i d i o n a l  t r a n s p o r t  a c r o s s  t h e  ACC; 

( ~ i g .  6 ) .  For a  s h a l l o w e r  s i l l ,  t h e  t r a n s p o r t  i n c r e a s e s  t h r e e  t imes  due t o  

t h e  f a c t  t h a t  t h e r e  e x i s t s  a  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  b a r r i e r  which a c t s  

i n  t h e  same d i r e c t i o n  a s  t h e  w i n d- s t r e s s  and which i s  of t h e r m a l  o r i g i n .  In  

h o l l a n d ' s  e t  a 1  (1978) p a p e r ,  t h e  a u t h o r s  i n v e s t i g a t e  a  q u a s i - g e o s t r o p h i c  

two- layer model I n  a  /3 - plane c h a n n e l ,  where t h e  g r i d  s i z e  i s  a c t u a l l y  eddy 

r e s o i v i n g .  Piesoscale e d d i e s  can deve lop  from f l u i d  i n s t a b i l i t i e s  o f  t h e  mean 

g e o s t r o p h i c  c u r r e n t s  and may, i n  t u r n ,  p rov ide  s i g n i f i c a n t  Reynolds s t r e s s e s  

upon t h e s e  c u r r e n t s .  It i s  assumed t h a t  s m a l l- s c a l e  (sub g r i d  s c a l e  p h y s i c s )  

d l t i u s i o n  1 s  weak. T h e i r  r e s u l t s  show t h e  p a r t i a l l y  b a r o t r o p i c  n a t u r e  o f  t h e  

HCC and a l s o  t h e  e x i s t e n c e  o f  i a r g e  v e r t i c a l  momentum t r a n s f e r  by i n t e r f a c i a l  

p r e s s u r e  d r a g  induced ~ y  t h e  e d d i e s .  The p r e s e n c e  of  a  p a r t i a l  m e r i d i o n a l  b a r -  

r l e r  and a  topograph ic  o b s t a c l e  a r e  found t o  s t r o n g l y  i n f l u e n c e  t h e  e q u i l i b r i u m  

s o i u t i o n ,  w h i l e  n e i t h e r  a  change i n  t h e  b a s i n  l e n g t h  nor  t h e  p r e s e n c e  o f  a  

t r a n s i e n t  wind component a p p e a r s  t o  i m p o r t a n t l y  a l t e r  t h e  s o l u t i o n .  I n  t h e  

gap l a t i t u d i n a l  b a r r i e r  t h e  p r e s s u r e  t o r q u e  i s  r e s i s t i v e  and i s  t h e  major  

r e s l s t l v e  term.  The topographic b a r r i e r  i n  t h e  gap c r e a t e s  t h e  a p p e a r a n c e  of  

s t a n d i n g  e d d i e s  ( F i g .  1 )  t h a t  dominate  t h e  z o n a l  mean flow and r e d u c e s  g r e a t l y  

t h e  t r a n s p o r t s  and e n e r g i e s .  No v e s t i g e  o f  z o n a l  symmetry remains  and t h e  

r e g i o n  downstream of  t h e  b a r r i e r  i s  much more e n e r g e t i c  t h a n  ups t ream.  

Weddell gyre and Fa lk land  c u r r e n t  a n a l o g s  a r e  p r e s e n t  i n  t h e  model r e s u l t s .  



A long  per iod  o f  o s c i l l a t i o n  of t h e  o r d e r  of t h r e e  y e a r s  o f  t h e  t r a n s p o r t  

i s  p r e s e n t  i n  t h e  run  i n c l u d i n g  a  topographic  b a r r i e r  (TB) and seems t o  o r i g i -  

n a t e  i n  an o s c i l l a t i o n  of s t r e n g t h  o f  t h e  s t a n d i n g  e d d i e s  downstream of  t h e  

Drake Passage s i i i  ( F i g .  8 ) ;  t h e  energy c y c l e  ( ~ i g .  9 )  invo lved  i s  t h e  b u i l d i n g  

o i  p o t e n t i a l  energy whi le  t h e  k i n e t i c  e n e r g i e s  decay and t h e  peak p o t e n t i a l  

energy i s  f o ~ ~ o w e d  by r a p i d  decay w i t h  r i s i n g  k i n e t i c  e n e r g i e s .  

I n  Bryan & Lewis ' s  (1978)  time-dependent model o f  t h e  w a t e r  masses o f  t h e  

wor l d  ocean,  c l i m a t o l o g i c a l  w i n d- s t r e s s ,  t empera tu re  and s a l i n i t y  f i e l d s  a r e  

imposed a s  s u r f a c e  boundary c o n d i t i o n s  and e q u i l i b r i u m  s t a t e  i s  reached  a f t e r  

a  p e r i o d  of 1000 y e a r s .  

The model i s  a b i e  t o  reproduce  t h e  major observed d i f f e r e n c e s  between 

wate r  mass f e a t u r e s  i n  t h e  A t l a n t i c  and t h e  P a c i f i c  and between t h e  n o r t h e r n  

and s o u t h e r n  oceans .  The e q u i v a l e n t  o f  A n t a r c t i c  I n t e r m e d i a t e  Water i s  formed 

northward of t h e  ACC i n  a  s m a l l  r e g i o n  o f  i n t e n s e  s a l i n i t y  o f f  C h i l e  i n  con- 

s i s t e n c y  wi th  t h e  mechanism proposed by McCartney (1977) .  The s o u r c e  i s  a  

mode type  water  which i s  formed by l a t e  w i n t e r  deep c o n v e c t i o n  i n  t h e  same way 

t h a t  180C wate r  forms i n  t h e  Sargasso Sea. This  w a t e r  c o o l s  a s  i t  moves 

a long  t h e  ACC and s i n k s  when i t  reaches  i t s  most poleward p o s i t i o n  n e a r  t h e  

Drake Passage o f f  C h i l e  and s p r e a d s  from t h a t  p o i n t  around t h e  g lobe .  I t s  

s a l i n i t y  minimum i s  due t o  t h e  e x c e s s  o f  p r e c i p i t a t i o n  i n  t h e  r e g i o n  n o r t h  of 

t h e  Subantarc  t i c  P o l a r  F r o n t .  

F igure  10 a-c i l l u s t r a t e  t h a t  mechanism. I n t e r m e d i a t e  l e v e l  v e l o c i t y  

v e c t o r s  show flow through t h e  Drake Passage  w i t h  a  branch c u r r e n t  f lowing t o  

t h e  North and West o f f  o f  C h i l e  and v e r t i c a l  downward v e l o c i t i e s  maximum i s  

p r e s e n t  o f f  Southern C h i l e .  The s a l i n i t y  p a t t e r n  i n d i c a t e s  a  tongue o f  f r e s h  

water  a t  the  lower l e v e l  o r i g i n a t i n g  n e a r  C h i l e  and e x t e n d i n g  westward i n  a  

coun te rc lockwise  a r c .  A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  renewal  of t h e  A I I W  i s  



Fig .  9. 

7W 

Fig. 8. The  time histories of  transport through the  gap (m3 s-l). The  three curves in each 
case are (a)  upper l a w  H1($1(0) - $ l (L , ) ) ,  (b) lower layer H3($3(0) - $3 (Ly ) ) ,  and ( c )  
total transport. F o r  T B  only days 482-4320 are shown,  since initial transients are off -  
scale fo r  this gra3h (n.b. t h e  scale fo r  T B  is different from the other  cases). 
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(left) Calculated thermocline depth (ii hectometers) in Atlantic Ocean. Lower layer 
of surfate in stippled regions. 

(right) Schematic of upper-layer transport for  Atlantic. 

Fig. 11 



t h a t  i t  i s  formed a l o n g  t h e  ACC and s i n k s  down t o  t h e  1000 m l e v e l  and s p r e a d s  

equatorward.  The a s s o c i a t e d  s a l i n i t y  minimum i s  p r e s e n t  i n  t h e  g l o b a l l y  a v e r-  

aged s a l i n i t y  p r o f i l e  of t h e  model. 

I n  a  model of world ocean c i r c u l a t i o n ,  Veronis  (1973, 1976, 1977) con- 

s i d e r e d  a  two- layer r e p r e s e n t a t i o n  of a  wind and t h e r m a l l y  d r i v e n  ocean .  

The S u b t r o p i c a l  g y r e  system of t h e  North  A t l a n t i c  ( F i g .  11)  i s  w e l l  

reproduced and t h e  main f e a t u r e s  of t h e  p o l a r  and s u b p o l a r  masses  a r e  a l s o  

p r e s e n t  i n  t h e  lower l a y e r  of t h e  model. McCartney s u g g e s t s  a  p o s s i b l e  

g e n e r a l i z a t i o n  of t h e  model t o  a  t h r e e- l a y e r  system t o  r e p r e s e n t  t h e  p o l a r ,  

s u b p o l a r  and s u b t r o p i c a l  l a y e r s  and t h e r e f o r e  a l low f o r  r e g i o n s  of downwelling 

where upper  l a y e r  is conver ted  t o  lower ( f o r m a t i o n  o f  S u b t r o p i c a l  and 

S u b a n t a r c t i c  Mode Water) .  
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THE NORTHERN SEA 

Knu t Aagard 

Bathymetry 

The n o r t h e r n  s e a  may be r e g a r d e d  a s  a Medi terranean Bas in .  I t s  comrnuni- 

c a t i o n s  w i t h  t h e  A t l a n t i c  a r e  f a i r l y  broad and deep,  > 2000 m between Green- 

land and S p i t s b e r g e n  and 400-500 m i n  Baren t s  Sea between S p i t s b e r g e n  and Franz  

J o s e f  s  l and .  The o u t e r  s i l l s ,  c o n n e c t i n g  Greenland,  I c e l a n d  and Faeroe  

I s l a n d s ,  t h e  Shet land I s l a n d s  and Sco t land  a r e  n o t  q u i t e  t h a t  deep A -600 - 

800 m. Th i s  i s  i n  s t a r k  c o n t r a s t  t o  t h e  narrow and sha l low 60 m c o n n e c t i o n  

w i t h  t h e  P a c i f i c  through Ber ings  S t r a i t .  The topography c o n t a i n s  a  few r i d g e s ,  

t h e  most conspicuous  be ing  t h e  Lomomosov Ridge running roughly  a l o n g  t h e  

1 4 0 ' ~  mer id ian  a c r o s s  t h e  n o r t h  p o l e ,  d i v i d i n g  t h e  deep 4000 - 5000 m p o l a r  

b a s i n .  



The s h e l v e s  a r e  ve ry  l a r g e  and sha l low;  e s p e c i a l l y  consp icuous  i s  t h e  40 - 

50 m deep s h e l f  a r e a  o f f  t h e  Eas t  S i b e r i a n  c o a s t ,  which i s  one o f  t h e  l a r g e s t  

i n  t h e  world .  

Water Masses 

The Northern Sea i s  c h a r a c t e r i z e d  by a  co ld  and low s a l i n e  homogeneous 

s u r f a c e  l a y e r  reach ing  a  dep th  o f  40-50 m. Underneath t h e  s u r f a c e  l a y e r  l i e s  

a  s t r o n g  250-300 m t h i c k  pycnocl ine .  The s t r a t i f i c a t i o n  i s  due t o  a  marked 

s a l i n i t y  i n c r e a s e .  Below t h e  pycnoc l ine  we can i d e n t i f y  t h e  i n f l o w  of  warm 

h l g h - s a l i n e  A t l a n t i c  Water. The s i g n a l  i s  s t r o n g  n o r t h  o f  S p i t s b e r g e n ,  b u t  i t  

i s  t ransiormed f a s t  a s  i t  moves towards t h e  e a s t  a l o n g  t h e  c o n t i n e n t a l  s l o p e .  

The d e n s i t y  a p p e a r s  t o  be conserved and t h e  l a y e r  can be t r a c e d  a s  a  tempera- 

t u r e  maximum a c r o s s  t h e  b a s i n .  The t h i c k n e s s  v a r i e s  between 400-750 m. 

A t  dep th  we have a  c o l d  h i g h  s a l i n i n i t y  d e e p w a t e r  mass.  The o r i g i n  o f  

t h l s  wa te r  has  traditionally been thought  t o  be t h e  Greenland Sea.  However, a  

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

be  a l t o g e t h e r  r u l e d  o u t .  The s o u r c e ,  however, must be on t h e  A t l a n t i c  s i d e  of 

t h e  b a s i n  a s  can be s e e n  from t h e  h i g h e r  bottom tempera tu re  on t h e  P a c i f i c  

s i d e  of t h e  Lornomosov Ridge. 

Freshwater  Discharge 

The s t r a n g e l y  e s t u a r i n e  appearance o f  t h e  A r c t i c  Sea i s  due t o  t h e  h i g h  

f r e s h w a t e r  d i s c h a r g e  from mainly  t h e  S i b e r i a n  r i v e r s .  The d i s c h a r g e  i s  abou t  

0 . 1  (Sverdrup)  b u t  i s  h i g h l y  v a r i a b l e  b o t h  s e a s o n a l l y  and o v e r  a  longer  t ime 

p e r i o d .  The s u r f a c e  s a l i n i t y  shows a  marked g r a d i e n t  from t h e  source  a r e a  o f f  

S l b e r i a  towards t h e  passage  between Greenland and S p i t s b e r g e n .  The h i g h  i n p u t  

of t r e s h w a t e r  probably  accounts  f o r  t h e  permanent t h r e e - m e t e r s  t h i c k  i c e  cover  

which c o v e r s  t h e  A r c t i c  Sea. The i c e ,  wnich is  most ly  formed over  t h e  s h e l f  

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



incoming s o l a r  r a d i a t i o n .  The appearance o f  r i f t s  and polynyas  i n  t h e  i c e  

cover  w i l l  enhance t h e  a b s o r p t i o n  of s o l a r  r a d i a t i o n ,  h e a t i n g  t h e  wa te r  n e a r  

t h e  i c e .  The m e l t i n g  i n c r e a s e s  and a  low s a l i n e  s u r f a c e  w a t e r  w i l l  form. 

This  l a y e r  does no t  communicate w i t h  t h e  w a t e r  below and i t s  t empera tu re  t e n d s  

t o  a  c l i m a t o l o g i c a l  l i m i t  b a l a n c i n g  r a d i a t i o n  and h e a t  r e q u i r e d  f o r  m e l t i n g .  

The i r e s h w a t e r  i n p u t ,  due t o  t h e  m e l t i n g  o f  i c e ,  i s  around 1 Sv. and i s  

c l e a r l y  t h e  s e a s o n a l l y  most impor tan t  f r e s h w a t e r  c o n t r i b u t i o n .  The o t h e r  

s o u r c e s ,  p r e c i p i t a t i o n- e v a p o r a t i o n  +0.01 Sv and n e t  i n f l o w  o f  f r e s h w a t e r  a s  

i c e ,  through t h e  Ber ing S t r a i t ,  +0.02 Sv a r e  c l e a r l y  n e g l i g i b l e .  

During I c e  fo rmat ion ,  t h e  c o n v i c t i o n  due t o  an o u t f r e e z i n g  o f  s a l t  w i l l  

homogenize t h e  upper l a y e r  c r e a t i n g  t h e  upper homogeneous l i d  mentioned above.  

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

y e a r s .  S i n c e  f l u c t u a t i o n  o f  r i v e r  d i s c h a r g e  o c c u r s  a t  t h e  same t ime s c a l e s ,  

t h e s e  might conce ivab ly  produce some t ime v a r i a t i o n  i n  t h e  d e p t h  and s t r u c t u r e  

of t h e  homogeneous l a y e r .  

C i r c u l a t i o n  

a )  S u r f a c e  Layer 

The c i r c u l a t i o n  i n  t h e  upper homogeneous l a y e r  may be  deduced from a  

s tudy  o f  i c e  d r i f t s  combined w i t h  t h e  dynamic topography. 

The p i c t u r e  t h a t  evo lves  c o n s i s t s  o f  a  s m a l l  in f low through t h e  

Ber ing  S t r a l t ,  a  d r i f t  a c r o s s  t h e  b a s i n  and a  l a r g e  o u t f l o w  between S p i t s b e r g e n  

and Greenland i n  t h e  E a s t  Greenland c u r r e n t .  There  a r e  a l s o  some s m a l l  o u t -  

i lows through t h e  Canadian Archipelago.  The mean c i r c u l a t i o n  i s  a n t i c y c l o n i c ,  

wi th  a  r a t h e r  t i g h t  gyre  formed n o r t h  o f  Alaska - t h e  Beaufor t  g y r e .  

b)  The pycnoc l ine  c i r c u l a t i o n  w i l l  n o t  be  c o n s i d e r e d  i n  any d e t a i l .  We 

on ly  n o t e  t h a t  o c c a s i o n a l l y  s t r o n g  eddy motion w i t h  v e l o c i t i e s  around 20-25 

cm/s o c c u r s  i n  t h e  pycnoc l ine  a t  a  dep th  o f  200 m. 



c )  The i n f l o w  of A t l a n t i c  Water t a k e s  p l a c e  i n  t h e  west  S p i t s b e r g e n  c u r-  

r e n t .  The c u r r e n t  i s  narrow, meandering and shows g r e a t  f l u c t u a t i o n  i n  t i m e ,  

both  i n  h e a t  and mass t r a n s p o r t s .  The mean t r a n s p o r t  i s  6 Sv w i t h  f l u c t u a-  

t i o n s  o f  40% a p a r t  trom t h e  even g r e a t e r  s e a s o n a l  v a r i a t i o n s .  The f low 

a p p e a r s  t o  be  t i g h t l y  t o p o g r a p h i c a l l y  c o n t r o l l e d ,  both  west  o f  S p i t s b e r g e n  and 

on i t s  way eas tward a long  t h e  c o n t i n e n t a l  s l o p e .  There i s  e v i d e n c e  o f  A t l a n t i c  

Water f lowing  i n t o  and o u t  of submarine canyons.  The A t l a n t i c  Water may b e  

followed eas tward by t r a c i n g  i t s  T-S c h a r a c t e r i s t i c s .  The c i r c u l a t i o n  i s  

c y c l o n i c  and c o v e r s  t h e  whole b a s i n .  P o s s i b l y  some of  t h e  w a t e r  makes a  

t i g h t e r  t u r n  fo l lowing  t h e  Lomomosov Ridge.  Based upon c a l c u l a t i o n  o f  t h e  

h e a t  c o n t e n t  o f  t h e  A t l a n t i c  Water and t h e  i n f l o w  of  h e a t  from t h e  wes t  

S p i t s b e r g e n  c u r r e n t  one g e t s  a  t ime e s t i m a t e  o f  6 y e a r s  f o r  t h e  f low t o  r e a c h  

t h e  B e a u f o r t  Sea. 

The T-S s i g n a t u r e  of t h e  A t l a n t i c  Water changes r a p i d l y  w h i l e  i t  

passes  a l o n g  t h e  s l o p e  between S p i t s b e r g e n  and Franz J o s e f s  Land soon showing 

on ly  a s  a  t empera tu re  maximum. V e r t i c a l  p r o f i l e s  t aken  n o r t h  o f  S p i t z b e r g e n  

show i n t e r e s t i n g  microstructure s u g g e s t i n g  t h e  e x i s t e n c e  o f  d o u b l e- d i f f u s i v e  

p r o c e s s e s .  A knowledge o f  t h e  o c c u r r e n c e  o f  t h e s e  p r o c e s s e s  and o t h e r  mechan- 

isms, by which t h e  h e a t  c a r r i e d  by t h e  i n f l o w i n g  A t l a n t i c  Water may be a v a i l -  

a b l e  t o  t h e  A r c t i c ,  i s  o f  prime importance;  e s p e c i a l l y  c o n s i d e r i n g  t h e  g r e a t  

h e a t  f l u x e s  invo lved .  We may n o t e  t h a t  i n  t h e  A t l a n t i c  l a y e r  t h e r e  i s  enough 

h e a t  t o  m e l t  an i c e  cover  o f  a  t h i c k n e s s  o f  20 m. 

The r e c e n t  e s t i m a t e s  o f  t h e  g l o b a l  h e a t  f l u x  a c r o s s  800N show t h a t  

t h e  oceans account  f o r  10-20%, even a t  t h i s  h i g h  l a t i t u d e .  The b u l k  o f  t h i s  

h e a t  i s  c a r r i e d  by t h e  A t l a n t i c  Water i n  t h e  west  S p i t s b e r g e n  c u r r e n t ,  t h e  

t r a n s p o r t  o f  l a t e n t  h e a t  i n  t h e  form of  i c e  by t h e  E a s t  Greenland c u r r e n t  ac-  

count ing  f o r  most o f  t h e  remaining ba lance .  



A t r a d i t i o n a l  way t o  approach t h e  problem of t h e  t r a n s f o r m a t i o n  o f  

t h e  A t l a n t i c  Water i s  t o  p l o t  t h e  i n f l o w i n g  and ou t f lowing  A t l a n t i c  Water o n  a  

'1'-S dlagram and look f o r  t h e  needed mixing " p a r t n e r"  f o r  s t r a i g h t  l i n e  m i x i n g .  

We f i n d  t h e n ,  assuming t h e  o t h e r  w a t e r  t o  be a t  i t s  f r e e z i n g  p o i n t ,  t h a t  w e  

need two p a r t s  of water  T = 1 .9 ,  S = 34.79 o/oo t o  3 p a r t s  o f  A t l a n t i c  Water .  

Any water  o f  t h e s e  p r o p e r t i e s  h a s  n o t  y e t  been found. We w i l l ,  t h e r e f o r e ,  

t u r n  t o  t h e  p o s s i b l e  mixing p r o c e s s e s  t h a t  may occur  i n  t h e  A r c t i c  Ocean t o  

s e e  i f  we can f i n d  any th ing  t h a t  may produce w a t e r  of t h i s  T-S s i g n a t u r e .  

Exchange P r o c e s s e s  

We f i n d  i n  Fig .  1 a  r a t h e r  complete  schemat ic  d e s c r i p t i o n  o f  v a r i o u s  mix- 

ing  mechanisms. Apart  from t h e  t r a n s f o r m a t i o n  of t h e  A t l a n t i c  l a y e r  we a r e  

i n t e r e s t e d  i n  t h e  maintenance o f  t h e  100 m deep c o l d  l a y e r  w i t h  t e m p e r a t u r e  

n e a r  t h e  f r e e z i n g  p o i n t  a s  w e l l  a s  t h e  maintenance o f  t h e  p y c n o c l i n e .  The 

s t i r r i n g  and t h e  convec t ion  i n  t h e  open s e a  does  n o t  r e a c h  t h a t  deep.  We need  

t o  t u r n  t o  t h e  s h e l v e s  t o  f i n d  a  mechanism t h a t  may produce t h e  w a t e r s  t h a t  

e r e q u i r e d .  

ATLAMTIC WATER 

Fig.  1. Exchange P r o c e s s e s  i n  t h e  A r c t i c  Sea.  



T r a d i t i o n a l l y ,  t h e  s h e l v e s  have been cons idered  t o  be a b l e  t o  produce a  

l a r g e  amount o f  i c e  and c o l d  dense w a t e r  due t o  t h e i r  h i g h  a r e a  t o  volume 

r a t i o .  Water moves over  t h e  s h e l v e s ,  c o o l s ,  f r e e z e s ,  and s i n k s ,  due t o  an  

i n c r e a s e  i n  s a l t  c o n t e n t .  Th i s  mechanism may be e f f e c t i v e  i n  producing t h e  

w a t e r s  i n  t h e  upper few 100 ms. To r e a c h  f u r t h e r  down we most probably  

r e q u i r e  a  h i g h e r  i n i t i a l  s a l i n i t y  v a l u e .  Th is  may be a f f e c t e d  by a  c i r c u l a -  

t i o n  i n  t h e  o p p o s i t e  s e n s e ,  where h i g h  s a l i n i t y  wa te r  i s  f o r c e d  up on t h e  

s h e l f  and mixes i t s  s a l t  upward. A subsequent  f r e e z i n g  may t h e n  produce c o l d ,  

h i g h  s a l i n e  wa te r  capab le  o f  s i n k i n g  t o  t h e  bottom. 

F i g .  2 .  S h e l f  C i r c u l a t i o n s  

One w i n t e r  s e c t i o n  t aken  a c r o s s  t h e  Chukchi Sea shows t h e  whole s h e l f  n e a r  

t h e  f r e e z i n g  p o i n t  and ex t remely  dense  s a l i n e  wa te r  a t  t h e  bottom. T h i s  w a t e r  

i s  denser  than  any observed o u t s i d e  i s o l a t e d  lagoons.  To produce t h e  amount 

of dense  wate r  observed i n  t h e  Chukchi Sea a  fo rmat ion  of 2 .4  m o f  i c e  should 

be  needed. Th is  i s  a  r a t h e r  h igh  f i g u r e  due t o  t h e  low h e a t  conduc t ion  

through t h e  i c e .  However, on a  s h e l f  w i t h  open w a t e r  and a  c i r c u l a t i o n  d r i v i n g  

t h e  i c e  o f f  t h e  c o a s t ,  t h i s  amount o f  i c e  may be  produced i n  l i t t l e  over  t h r e e  

weeks. Assuming a  r a t h e r  con t inuous  p r o d u c t i o n  o f  i c e  over  t h e  s h e l v e s  d u r i n g  

t h e  whole w i n t e r ,  one may, g i v e n  t h e  s h e l f  a r e a s  i n  t h e  r e g i o n ,  c o n s i d e r  i t  

p o s s i b l e  t o  produce t h e  observed amount o f  h i g h  s a l i n e  w a t e r  through t h e  mech- 

anism desc r ibed  above. The q u e s t i o n  remains ,  a s  t o  how t h e  Subsur face  Water 



i s  forced up the s h e l f .  One p o s s i b i l i t y  i s  long per iodic  topographica l ly  

trapped waves t r a v e l l i n g  along the  con t inen ta l  s lope .  Observations of t h e  

l i f t i n g  of r e l a t i v e l y  warm s a l i n e  water onto t h e  she l f  have been made i n  t h e  

Beaufort  Sea. 

Summary 

The key a r e a  t o  the  Arc t i c  bas in  seems t o  be the  c o n t i n e n t a l  s lope  e a s t  of 

Spi t sbergen  towards Franz Josef  Land and the Kara Sea. There the g r e a t  t r a n s-  

formation of A t l a n t i c  Water takes p l ace  and t h e r e  a r e  most probably the  miss ing  

water masses formed. 

This may a l s o  include deep water formation. The deep water i n  the  A r c t i c  

i s  u sua l ly  regarded a s  coming from t h e  Greenland Sea. The s a l i n i t y  of t he  

Arc t i c  deep water i s ,  however, a  b i t  higher  than the  water observed i n  t h e  

Greenland Sea. Tracer s t u d i e s  i n d i c a t e  an unexpectedly f a s t  v e r t i c a l  exchange 

r a t e  and some T-S curves taken northwest of Spi t sbergen  show inc reas ing  

s a l i n i t y  and decreas ing  temperature wi th  depth.  This. i s  a  T-S r e l a t i o n  r a r e l y  

found in  the  deep ocean. Such T-S curves have, however, been observed i n  t h e  

Koss Sea and have been taken a s  s igns  of deep water  formation. These thoughts  

on deep water formation i n  t he  Arc t i c  must, however, remain specu la t ions .  

Notes Submitted by 
Ber t  Rudels 
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THE AMPLITUDE OF CONVECTION 
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As t h e  u b i q u i t o u s  source  of mot ion,  b o t h  a s t r o p h y s i c a l  and g e o p h y s i c a l ,  

convec t ion  h a s  a t t r a c t e d  t h e o r e t i c a l  a t t e n t i o n  s i n c e  t h e  l a s t  c e n t u r y .  I n  t h e  

ocean ,  many d i f f e r e n t  s c a l e s  a r e  c a l l e d  convec t ion ;  from t h e  deep c i r c u l a t i o n  

due t o  s e a s o n a l  p roduc t ion  o f  A r c t i c  Bottom Water t o  t h e  mixing by s a l t  

f i n g e r s .  I n  t h e  atmosphere,  c o n v e c t i o n  dominates t h e  f low from sub-cloud 

l a y e r s  t o  Hadley " c e l l s " .  It i s  proposed t h a t  convec t ion  i n  t h e  e a r t h ' s  c o r e  

powers t h e  geomagnetic f i e l d .  The non- per iodic  r e v e r s a l s  of t h a t  f i e l d ,  

c a p t u r e d  i n  t h e  r o c k ,  d e f i n e  t h e  e v o l u t i o n  of t h e  ocean b a s i n .  Recent 

r e c o g n i t i o n  t h a t  t h i s  l a t t e r  p rocess  i s  caused by convec t ion  i n  t h e  mant le  h a s  

produced a  new geophys ics .  

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

from t h e  i s o l a t i o n  o f  " s imples t"  m e c h a n i s t i c  examples.  Although l a r g e  s c a l e  

g e o p h y s i c a l  c o n v e c t i o n  never  q u i t e  p rov ides  t h e  i d e a l i z e d  s i m p l e s t  problem, 

t h e s e  examples ( e . g . ,  Lord R a y l e i g h ' s  s t u d y  of t h e  Benard c e l l s )  have g e n e r a t e d  

much of  t h e  formal language o f  i n q u i r y  used i n  t h e  f i e l d .  I n  t h e  p a s t  i t  h a s  

se rved  t h e  dynamic oceanographer t o  f o l l o w  developments i n  u n d e r s t a n d i n g  of 

t h e s e  b i t s  of t h e  o v e r a l l  geophys ics .  

S p e c u l a t i o n s  beyond t h e s e  mathemat ica l ly  a c c e s s i b l e  problems t a k e  t h e  

form of hypotheses ,  exper iments  and numer ica l  exper iments  i n  which one s e e k s  

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

t i v e  f e a t u r e s  o f  f u l l y  evolved flow f i e l d s .  The maqy f a c e t s  of t u r b u l e n t  



convection represent the frontier. This talk will review only a narrow path 

towards that frontier. This path is aimed at an understanding of the elemen- 

tary processes responsible for the amplitude of convection, in the belief that 

quantitative theories permit the theorist the least self-deception. 

Of course the heat flux due to a prescribed thermal contrast, like the 

flow due to a given stress, has been observed for a century. The relationship 

between "force and flux" has been rationalized with models emerging largely 

from linear theory and kinetic theory - in  articular the use of observation- 

ally determined "eddy conductivities", (estimated for the oceans in Sverdrup, 

Johnson and Fleming, 1942). Early theoretical interpretations of oceanic 

transport processes which go beyond these simple beginnings were explored by 

Stommel (19491, while current usage and extensions of "mixing" theory are 

commonplace in the literature. 

Central to the most recent of such proposals is the idea that some 

large scale of the motion or density field is steady or statistically stable, 

while turbulent transport due to smaller scales can be parameterized. Changing 

the amplitude of the small scale transports is presumed to lead to a new equi- 

librium for the large scale, hence the statistical equilibrium is marginally 

stable. This view lurks behind most traditional oceanic model building and 

its quasi-linear form is used on small scale phenomena as well - from inviscid 

marginal stability to quantify aspects of the wind mixed layer (pollard, Rhines 

and Thompson, 1973) to viscous marginal stability to quantify double-diffusion 

 i in den and Shirtcliffe, 1978). 

It has not been possible yet to establish either the limits of validity 

or generalizability of this quasi-linear use of marginal stability in the geo- 

physical setting. There can be little doubt that it is "incorrect" - that 

"fluids typically are destabilized by the extreme fluctuations - yet it appears 



to be the only quantifying concept of sufficient generality to have been used 

in oceanic phenomena from the largest to the smallest scales. Of course, our 

idealizations in the realm of geophysics all are "incorrect". One returns to 

observation to establish in what sense and in what degree these idealizations 

are good "first-order" descriptions of reality. 

This talk explores the hierarchy of quantifying idealizations in convec- 

tion theory. The quasi-linear marginal stability problem is drawn from the 

full formal statement for stability of the flow. A theory of turbulent con- 

vection based on marginal stability is presented, incorporating both the 

qualitative features determined by inviscid processes and the quantitative 

aspects determined by dissipative processes. 

Observations provide better support for both the quantitative and 

qualitative results from quasi-linear marginal stability theory than might 

have been anticipated, encouraging its continued application in the oceanic 

setting. 
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OCEAN SIGNATURES OF DOUBLE-DIFFUSION 

Ray Schmitt  

Theory and labora tory  experiments a r e  reviewed t o  d e l i n e a t e  the condi- 

t i o n s  under which s a l t  f i nge r s  a r e  expected t o  be an important oceanic  mixing 

process .  The nondimensional dens i ty  r a t i o  Rp d b T / p a ~  , i s  the con- 

t r o l l i n g  parameter;  Schmitt (1979a) f i nds  t h a t  t he  f i nge r  e- fo ld ing  time 

becomes l e s s  than a  l o c a l  buoyancy period f o r  Rp < 2 . The theory i s  an 

exac t  Boussinesq so lu t ion  i n  a  region of cons tan t  g rad ien t s  of T and S ,  and 

assumes only Newtonian drag ,  Fourier  hea t  conduct ion,  and Fick ian  d i f f u s i o n .  

The hea t  t o  s a l t  dens i ty  f l u x  r a t i o  of t h e  f a s t e s t  growing f i n g e r  agrees  w e l l  

with d a t a  i n  both the h e a t- s a l t  and suga r- sa l t  systems; so t h e r e  i s  good 

reason t o  t r u s t  t he  model. The inc reas ing  f inge r  growth r a t e s  a s  

approaches the  s ingu la r  case of ep = 1 sugges ts  an inc reas ing  dominance of  

the  f ingers .The Laboratory experiments (Schmi t t ,  1979b) show a  s i m i l a r  t r e n d ;  

with the  c o e f f i c i e n t  of the 4 /3  power law f o r  the  s a l t  f l u x  i n c r e a s i n g  a s  R p - l .  

I n  rhe upper thermocline of t h e  'Cen t r a l  Waters', Ry tends t o  be con- 

s t a n t  and i s  about 2 f o r  the  A t l a n t i c ,  3 t o r  the  North P a c i f i c  and about 1.9 

f o r  t h e  Southern Oceans. These a r e  s u f f i c i e n t l y  low t h a t  we expect  s a l t  

f i n g e r s  may play a  s i g n i f i c a n t  r o l e  i n  the  mixing of the upper thermo-halo- 

c l i n e .  

Di rec t  observa t ions  of s a l t  f i n g e r i n g  i n  the  ocean have been by 

Williams (1975) and Magnell (1976) on t h e  high g rad ien t  s h e e t s  s e p a r a t i n g  

ad jacent  mixed l a y e r s  i n  the  s t a i r c a s e  reg ions  where Rp < 1 . 7 .  No c l e a r  

evidence f o r  f i nge r ing  has been found i n  t h e  i r r e g u l a r  s teppy Cen t r a l  Water 

when $ 7 ~  . I n d i r e c t  evidence of double d i f f u s i o n  has been found by Garge t t  

(1976) and Gregg (1975) i n  t he -inc reased  mic ros t ruc tu re  a c t i v i t y  where the  

l o c a l  g rad ien t s  a r e  i n  the  c o r r e c t  sense f o r  double- diffusion ( e s p e c i a l l y  a t  

the  edges of isopycnal  i n t r u s i o n s ) .  



Two c l a s s e s  of ocean ic  f i n e s t r u c t u r e  can be a t t r i b u t e d  t o  double-  

d i f f u s i o n .  One i s  t h e  thermo-haline s t a i r c a s e ,  which i s  found when T  and s 

d e c r e a s e  monoton ica l ly  w i t h  dep th .  A su rvey  of t h e  o b s e r v a t i o n s  shows t h a t  

s t r o n g  s t a i r c a s e s  a r e  found o n l y  when R < 1 .7 ;  i r r e g u l a r  s t e p p i n e s s  i s  found P 

f o r  R p  > 1.8.  The o t h e r  f i n e s t r u c t u r e  phenomena due t o  d o u b l e- d i f f u s i o n  

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

of l a t e r a l  i n t r u s i o n s  a c r o s s  d e n s i t y  s u r f a c e s .  T h i s  appears  t o  occur  a t  f r o n t s  

( J o y c e ,  Zenk and Toole ,  1978) and s u r f a c e  mixed l a y e r s  (Gregg, 1979) .  S t e r n  

(1967) s u g g e s t s  t h a t  the  r i s i n g  ( s i n k i n g )  o f  warm, s a l t y  ( c o l d ,  f r e s h )  i n t r u -  

s i o n s  a c r o s s  i s o p y c n a l s  p rov ides  a  mechanism f o r  keep ing  t h e  T-S r e l a t i o n s h i p  

t i g h t ;  any T-S anomaly w i l l  c r o s s  d e n s i t y  s u r f a c e s  u n t i l  r e a c h i n g  a  s u r f a c e  

w i t h  t h e  same T and S. 

Large s c a l e  s i g n a t u r e s  of s a l t  f i n g e r i n g  can be seen by t r a c i n g  t h e  c o r e  

p r o p e r t i e s  of w a t e r  masses.  The A n t a r c t i c  I n t e r m e d i a t e  Water g a i n s  more s a l t  

t h a n  h e a t  a s  i t  propagates  northward i n  t h e  A t l a n t i c .  The h e a t / s a l t  f l u x  r a t i o  

i s  i n  e x c e l l e n t  agreement w i t h  s a l t  f i n g e r  t h e o r y  and exper iment .  

Ingham (1966) found t h a t  most ' C e n t r a l  Water '  T-S p l o t s  f i t  a  curve  of 

c o n s t a n t  l? b e t t e r  than a  s t r a i g h t  l i n e .  Th i s  a rgues  a g a i n s t  t h e  t r a d i t i o n a l  P 

n o t i o n  of equa l  eddy d i f f u s i v i t i e s  f o r  h e a t  and s a l t  and s u g g e s t s  t h a t  a  

double- dif  f u s i v e  e x p l a n a t i o n  must be sought .  The t h e o r y  o f  Schmi t t  (1979a) 

and u s e  o f  l a b o r a t o r y  f l u x  laws w i t h  observed A S'S from ocean s t a i r c a s e s ,  

bo th  sugges t  t h a t  t h e  f i n g e r  mixing i n t e n s i t y  i s  a  s t r o n g  f u n c t i o n  of R~ * 

 he e f f e c t i v e  eddy d i f f u s i v i t y  f o r  s a l t  may drop  2 o r  3 o r d e r s  of magnitude 

a s  R v a r i e s  from 1 t o  2 ) .  Thus, any v a r i a t i o n  o f  R i n  t h e  v e r t i c a l  w i l l  P P 
be a  s i t e  f o r  s t r o n g  f l u x  d ivergence  o r  convergence t h a t  a c t s  t o  smooth t h e  

anomaly i n  R p  because  of t h e  d i f f e r e n c e  i n  t h e  h e a t  and s a l t  t r a n s p o r t  r a t e s .  



Thus, i t  i s  proposed t h a t  a c t i v e  double  d i f f u s i o n  i n  ( 1 )  r e g i o n s  where 

R < 1.7 ,  ( 2 )  on t h e  l a t e r a l  i n t r u s i o n s  a t  w a t e r  mass boundar ies  and ( 3 )  
P 

where R v a r i e s  w i t h  d e p t h ,  a l l  s e r v e  t o  keep t h e  T-S r e l a t i o n s h i p  t i g h t  and 
P 

g i v e  i t  a  pronounced shape (R = c o n s t a n t )  w i t h o u t  r e q u i r i n g  s t r o n g  mix ing  i n  P 

t h e  i n t e r i o r .  Th i s  i s  c o n s i s t e n t  w i t h  r e c e n t  t r a c e r  and m i c r o s t r u c t u r e  s t u d i e s  

which f i n d  t h a t  t h e  main the rmocl ine  i s  dominated by a d v e c t i o n  r a t h e r  t h a n  v e r-  

t i c a l  mixing.  
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CRITICAL CONTROL THROUGH OCEAN PASSAGES 

John A. Whitehead, Jr. 

The concept of the e f f e c t s  of r o t a t i o n  upon c r i t i c a l  f low i n  channels  

of var ious  geometr ies  i s  reviewed. For many geometries i t  i s  found t h a t  t h e  

upstream he igh t  h  of the f l u i d  a d j u s t s  i t s e l f  so  t h a t  h c ( P f ~ / 4  hr)' when 

r o t a t i o n  i s  impor tan t ,  where f  i s  two times the  angular  r o t a t i o n ,  Q i s  volu-  

me t r i c  f l u x ,  p i s  the dens i ty ,  and A p i s  the d e n s i t y  d i f f e r e n c e  between t h e  

flowing f l u i d  and any s t i l l  f l u i d  which might l i e  above i t .  

C r i t i c a l  c o n t r o l  w i l l  be discussed i n  conjunc t ion  wi th  two d i s t i n c t  

topographic r eg ions  i n  t h e  oceans.  

The f i r s t ,  which w i l l  be c a l l e d  a  s i l l  reg ion ,  has  u n i d i r e c t i o n a l  flow 

from one ben th i c  bas in  t o  t h e  next .  Fea tures  of w e l l  known c r i t i c a l  flows from 

s i l l  regions such as  the Denmark S t r a i t ,  Faeroe overflow reg ion ,  Anagada Jung- 

f e r n  Passage, S t r a i t  of S i c i l y ,  and Samoan Passage were given. Emphasis was 

made t o  recent  observa t ions  over the Ceara Abyssal P l a i n  (approximately 4 ' ~ )  

where water  of An ta rc t i c  o r i g i n  must move northward over an a b y s s a l  p l a i n  a t  

approximately 4400 meters  depth i f  i t  i s  t o  e n t e r  t he  western North A t l a n t i c .  

Currents  and p r o f i l e s  near t h e  c r i t i c a l  po in t  were shown. Evidence w i l l  be 

given t h a t  the  flows i n  such s i l l s  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  water mass 

which f i l l s  the  downstream b a s i n ,  and t h a t  theory  al lows one t o  o b t a i n  a  f a i r l y  

accu ra t e  e s t ima te  of the volumetr ic  f l u x  i n  such s i l l  reg ions .  

The second genera l  type  of reg ion  i n  which c r i t i c a l  flows occur w i l l  be 

c a l l e d  a  s t r a i t  region.  I t  has  a  flow and counterf low,  and occurs  when two 

l a r g e  seas  a r e  connected by a  r e l a t i v e l y  small  passage. The w e l l  known exam- 

p le s  of the S t r a i t  of G i b r a l t a r ,  o the r  connect ing passages t o  t h e  Mediterran-  

ean,  and t h e  Red Sea were reviewed. Genera l ly ,  one bas in  con ta in s  denser water  

than the  o ther  -- d i c t a t e d  by the  c l imate  over the  i nd iv idua l  ba s in s .  The 



w a t e r  t h a t  f lows o u t  of t h e  dense wate r  b a s i n  s i n k s  t o  some l e v e l ,  and forms 

an e a s i l y  i d e n t i f i e d  water  mass. Evidence t h a t  c r i t i c a l  c o n t r o l  a p p l i e s  a t  

t h e  mouth o f  l a r g e  g u l f s  and bays such a s  Spencer G u l f ,  South A u s t r a l i a ,  and 

Chesapeake Bay i n  North America was given.  F i n a l l y ,  ev idence  t h a t  one can 

e s t i m a t e  v o l u m e t r i c  f l u x e s  i n  s t r a i t s  through c r i t i c a l  c o n t r o l  p r i n c i p l e s  a s  

g iven  i n  Whitehead, Leetmaa and Knox (GFD 6 ,  101-125, 1974) w i l l  be given.  

LARGE SCALE STRUCTURE I N  THE TURBULENT M I X I N G  LAYER 

. 
Fred Browand 

Consider  t h e  t u r b u l e n t  r e g i o n  formed between p a r a l l e l  s t r eams  moving a t  

d i f f e r e n t  speeds .  Th is  mixing zone grows l i n e a r l y  w i t h  t h e  downstream d i s t a n c e  

( i n  t h e  mean) and i s  found t o  c o n t a i n  l a r g e  v o r t e x  s t r u c t u r e s  a l i g n e d  w i t h  a x e s  

p a r a l l e l  t o  t h e  a x i s  of the  mean v o r t i c i t y .  I n i t i a l l y  t h e  s t r u c t u r e s  a r i s e  

from an  i n s t a b i l i t y  which r e d i s t r i b u t e s  t h e  mean v o r t i c i t y  i n t o  a  s u c c e s s i o n  of 

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

downstream d i s t a n c e ,  and m a i n t a i n  i d e n t i t y  b y  merging o r  p a i r i n g  w i t h  n e i g h b o r-  

i n g  v o r t i c e s .  The i n t e r a c t i o n  i s  e s s e n t i a l l y  i n v i s c i d  and h a s  been observed  i n  

6 l a b o r a t o r y  f lows a t  Reynolds numbers above 10 , and a l s o  i n  computer ( p o i n t  

v o r t e x )  s i m u l a t i o n s .  It appears  t h a t  t h i s  c h a r a c t e r i s t i c  lumping t o g e t h e r  o f  

t h e  v o r t i c i t y  i s  fundamental  t o  t h e  dynamics of t h e  t u r b u l e n t  mixing l a y e r ,  

a l though  t h e  view i s  not  u n i v e r s a l l y  h e l d .  One p o i n t  o f  c o n t e n t i o n  c o n c e r n s  

t h e  " degree  of two- dimensionali ty ' '  d i s p l a y e d  by t h e s e  f e a t u r e s .  Some p l a t f o r m  

v i s u a l i z a t i o n s  show t h e  s t r u c t u r e  t o  be remarkably  two-dimensional w h i l e  o t h e r  

v i s u a l i z a t i o n s  i n d i c a t e  a  p r o g r e s s i v e  d e t e r i o r a t i o n  o f  spanwise coherence.  

We a r e  p r e s e n t l y  i n v e s t i g a t i n g  t h e  spanwise s t r u c t u r e  of t h e  l a r g e  f e a-  

t u r e s  q u a n t i t a t i v e l y  by means of h o t  w i r e  v e l o c i t y  measurements a t  many p o i n t s  

a c r o s s  t h e  span.  Two i n t e r e s t i n g  r e s u l t s  have been o b t a i n e d .  ~ i r s t ,  beyond 



an i n i t i a l  development d i s t a n c e ,  t h e  c o r r e l a t i o n  between two po in t s  a t  f i xed  

spanwise sepa ra t ion  a c t u a l l y  i nc reases  l i n e a r l y  wi th  inc reas ing  downstream 

d i s t ance .  Since the c h a r a c t e r i s t i c  s c a l e  ( t h i ckness )  of the mixing l a y e r  a l s o  

inc reases  l i n e a r l y  with downstream d i s t a n c e ,  the impl ica t ion  i s  t h a t  spanwise 

s t r u c t u r e  approaches an asymptotic s c a l e  when referenced wi th  the  l o c a l  mixing 

l a y e r  th ickness .  The establ ishment  of an asymptotic l i m i t  i s  s t rong  evidence 

f o r  the pe r s i s t ence  and importance of these  l a rge  s c a l e  vo r t ex  f e a t u r e s .  

When the  s t r u c t u r e  i s  "v isua l ized"  by observing t h e  ins tan taneous  ve- 

l o c i t i e s  a t  a l l  span loca t ions  s imultaneously,  i t  i s  poss ib l e  t o  conclude t h a t  

the  v o r t i c e s  a r e  very long i n  spanwise ex t en t  -- much longer on average than  

the  width of the wind tunnel .  The f e a t u r e s  a re  o f t e n  skewed o r  conta in  mul t i-  

p le  branches. These e f f e c t s  decrease the  time averaged c o r r e l a t i o n  between 

two spanwise s t a t i o n s ,  and give an u n r e a l i s t i c a l l y  low value f o r  the coher- 

ence. I f  t h e  spanwise skewness i s  not pena l ized ,  an e s t ima te  of t he  spanwise 

length  of the f ea tu re s  i s  twenty shear  l aye r  th icknesses .  

M I X I N G  PROCESSES I N  THE SURFACE LAYERS OF I C E  COVERED OCEANS 

J.  D .  Smith 

In an i n t e r m i t t e n t  manner, cons iderable  hea t  and momentum i s  exchanged 

between a  polar  atmosphere and the  ocean beneath. Two main oceanographic pro- 

cesses  con t ro l  the na ture  and e f f e c t i v e n e s s  of t h i s  t r a n s f e r .  They a r e  ( 1 )  

b r ine  dr iven  convection under leads  and polynya and ( 2 )  storm indiced  turbu-  

lence production i n  t he  mixed l aye r  of t he  ocean. In  order  t o  provide a s o l i d  

foundation f o r  t h e o r e t i c a l  models of these  two processes a  s e r i e s  of d e t a i l e d  

f i e l d  experiments was undertaken i n  va r ious  p a r t s  of t he  Beaufort  Sea between 

February 1970 and May 1976. Resu l t s  from these  i n v e s t i g a t i o n s  comprise one of 

t he  most comprehensive s e t s  of ocean boundary layer  d a t a  p r e s e n t l y  a v a i l a b l e  

and provide an oppor tuni ty  t o  t e s t  var ious  convection and mixed l aye r  models. 



Rapid h e a t  l o s s  under extended a r e a s  of open wate r  o r  t h i n  i c e  produces  

a  b r i n e  plume t h a t  s i n k s  t o  t h e  pycnocl ine  t h e n  r u n s  o u t  h o r i z o n a l l y .  T h i s  

c a r r i e s  t h e  most s a l i n e  w a t e r  t o  t h e  base  o f  t h e  mixed l a y e r  and m a i n t a i n s  t h e  

t empera tu re  a t  t h i s  l e v e l  a t  t h e  ze ro  p r e s s u r e  f r e e z i n g  p o i n t .  As a  s t a b l e  

s t r a t i f i c a t i o n  i s  main ta ined ,  r ep len i shment  of wa te r  i n  t h e  l e a d  i s  accomp- 

l i s h e d  by s e l e c t i v e  wi thdrawal  a t  t h e  b a s e  of t h e  i c e .  The r e s u l t i n g  convec-  

t i o n  c e l l  h a s  a  ve ry  l a r g e  a s p e c t  r a t i o ,  t h u s  mixing due t o  t h e  down f l o w i n g  

plume i s  l o c a l i z e d  and l i m i t e d .  The s p r e a d i n g  f l u i d  a t  t h e  b a s e  o f  t h e  mixed 

i a y e r  and t h e  in f low j e t  under t h e  i c e  q u i c k l y  r e a c h  an e q u i l i b r i u m  t h i c k n e s s  

governed by t h e  c r i t i c a l  Richardson number. Th i s  l e a v e s  t h e  i n t e r i o r  of t h e  

mixed l a y e r  away from t h e  open wate r  u n a f f e c t e d  excep t  f o r  t h e  slow v e r t i c a l  

mot ion imparted t o  i t .  I n  l e a d s ,  r a p i d  b r i n e  p roduc t ion  u s u a l l y  c e a s e s  b e f o r e  

r o t a t i o n a l  e f f e c t s  need t o  be cons idered ;  however, a  weak l a t e r a l  d e n s i t y  g r a-  

d i e n t  p e r s i s t s  f o r  a  s u b s t a n t i a l l y  longer  p e r i o d  of t ime i n d u c i n g  weak baro-  

c l i n i c  f lows.  These a r e  c l e a r l y  s e e n  i n  t h e  a v a i l a b l e  d a t a .  

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

a f f e c t  t h e  v e l o c i t y  and s t r e s s  f i e l d s  t h a t  a r i s e  d u r i n g  s to rms .  However, t h e  

observed response  of t h e  Beaufor t  Sea i s  n o t  s l a b- l i k e  i n  c h a r a c t e r  and t h e  

s imple  eddy v i s c o s i t y  model of Long and Smith (1979) g i v e s  good agreement w i t h  

measured v e l o c i t y ,  s t r e s s  and eddy c o e f f i c i e n t  p r o f i l e s .  For  t h e  s t a b l y  

s t r a t i f i e d  c a s e  t h i s  model employs a  nondimensional eddy c o e f f i c i e n t  of t h e  

form 5 ~ ' ( i  - p ~ l )  where i s  t h e  nondimensional v e r t i c a l  c o o r d i n a t e ,  P i s  

a  c o e f f i c i e n t  found i n  a tmospher ic  boundary l a y e r  exper iments  t o  have a  v a l u e  

4 .7  and K f  i s  the  l o c a l  f l u x  Richardson number, o b t a i n e d  from a  measured 

o r  c a l c u l a t e d  d e n s i t y  p r o f i l e .  The r a t i o  o f  mass t o  momentum d i f f u s i o n  

c o e f f i c i e n t s  i s  a s  measured i n  t h e  a tmospher ic  s u r f a c e  l a y e r  m u l t i p l i e d  by t h e  

nondimensional s t r e s s  p r o f i l e .  Long and Smith show t h a t  a  t ime independen t  



eddy c o e f f i c i e n t  i s  n o t  only  j u s t i f i e d  bu t  p r e f e r a b l e  f o r  an uns teady  f low of 

i n f i n i t e  dep th  t h u s ,  t h e i r  approach i s  s u f f i c i e n t l y  a c c u r a t e  f o r  a  z e r o  o r d e r  

model of i c e  covered mixed l a y e r  response  t o  a  s torm induced s u r f a c e  s t r e s s  

f i e l d .  

I n  o r d e r  t o  o b t a i n  the  complete response  of a  mixed l a y e r  t o  t h e  passage  

o f  a  s to rm,  t h e  f o r c e d  i n t e r n a l  wave f i e l d  d r i v e n  by bo th  s u r f a c e  s t r e s s  and 

s u r f a c e  p r e s s u r e  must be c a l c u l a t e d .  Morison and Smith (unpubl i shed)  have 

done t h i s  and shown t h a t  such c a l c u l a t i o n s  a c c u r a t e l y  p r e d i c t  t h e  response  o f  

t h e  A r c t i c  mixed l a y e r  t o  a smal l  s torm on ly  when t h e  buoyant c o n v e c t i o n  in-  

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

I n  t h i s  c a s e  t h e  l e a d  r e l a t e d  p r e s s u r e  f i e l d  accounted f o r  over  50% o f  t h e  ob- 

served pycnoc l ine  d e p r e s s i o n .  

A CLIMATE OSCILLATOR INVOLVING SEA ICE EXTENT 

Barry Saltzman and Richard Mor i t z  

An i d e a l i z e d ,  t ime  and l a t i t u d e  dependent ,  n o n l i n e a r ,  b a s i c a l l y  thermo- 

dynamic model i s  developed f o r  an  e q u i n o c t i a l ,  a l l- ocean  p l a n e t  t o  i l l u s t r a t e  

t h e  p o s s i b l e  r o l e s  o f  a number of p o s i t i v e  and n e g a t i v e  feedbacks  t h a t  a r e  

p r e s e n t  i n  t h e  e a r t h ' s  c l i m a t i c  sys tem.  The mean a tmospher ic  p r o p e r t i e s  ( e . g . ,  

t empera tu re  and c loud cover )  and t h e  sea- sur face  t empera tu re  a r e  t r e a t e d  a s  

f a s t  r esponse  p a r t s  o f  t h e  t o t a l  system t h a t  a r e  c o h e r e n t  w i t h  t h e  s e a  i c e  

e x t e n t  measured by t h e  s i n e  of t h e  i c e  edge l a t i t u d e ,  q . The mean depth-  

and l a t i t u d e- a v e r a g e  ocean t empera tu re ,  @ , i s  t h e  o t h e r  ~ r o g n o s t i c  v a r i a b l e  

t h a t  can v a r y  a long  w i t h  2 over  long t ime p e r i o d s .  

The model i s  based on a  s e t  o f  p a r a m e t e r i z a t i o n s  f o r  a l l  t h e  modes o f  

h e a t  t r a n s f e r  a c r o s s  t h e  top  o f  t h e  s e a  w a t e r ,  some of  which r e p r e s e n t  con- 



s i d e r a b l e  improvements over  t h o s e  i n c o r p o r a t e d  i n  p r e v i o u s  s t a t i s t i c a l  dynami- 

c a l  c l i m a t e  models. I n  p a r t i c u l a r ,  t h e  s e n s i b l e  h e a t  f l u x  now i n c l u d e s  t h e  

' r e c t i f i e r '  e f f e c t s  a s s o c i a t e d  w i t h  s y n o p t i c  a i r  mass exchanges t h a t  a r i s e  a s  

a  consequence o f  t h e  b a r o c l i n i c i t y  o f  t h e  atmosphere.  Th is  i n t r o d u c e s  a  s t r o n g  

p o s i t i v e  feedback l e a d i n g  t o  i n s t a b i l i t y  o f  t h e  sys tem,  t h a t  can be  viewed a s  

t h e  p h y s i c a l  m a n i f e s t a t i o n  o f  t h e  more f a m i l i a r  " ice- albedo" feedback.  Another  

p o s i t i v e  feedback inc luded  i s  due t o  longwave emiss i v i t y  changes a s s o c i a t e d  

with changes t h a t ,  i n  t u r n ,  a r e  p o s t u l a t e d  t o  a r i s e  i n  r e s p o n s e  t o  t h e  

v a r i a t i o n s  o f  mean ocean t empera tu re  8 . Among t h e  n e g a t i v e  feedbacks  i s  one 

due t o  t h e  i n s u l a t i n g  e f f e c t  o f  s e a  i c e  on 8 (which,  i n  t u r n ,  i n f l u e n c e s  t h e  

i c e  edge e x t e n t  through an upward s u b s u r f a c e  h e a t  f l u x  a t  t h e  i c e  e d g e ) ,  and  

a n o t h e r  due t o  t h e  changes o f  t h e  amount and path  l e n g t h  o f  s o l a r  r a d i a t i o n  a t  

t h e  i c e  edge. 

The model i s  expressed  mathemat ica l ly  a s  a  coupled autonomous po lynomia l  

sys tem of  6 t h  degree  governing t h e  two s t a t e  v a r i a b l e s  and 8 . Analyses  

a r e  made o f  t h e  e q u i l i b r i a ,  s e n s i t i v i t y  o f  t h e  e q u i l i b r i a  t o  changes  i n  a l l  t h e  

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

f o r  changes  i n  s e l e c t e d  paramete rs  o f  s p e c i a l  i n t e r e s t  ( e . g . ,  t h e  s o l a r  cons-  

t a n t  and C 0 2  l e v e l )  c o n s t i t u t i n g  c l i m a t i c  p r e d i c t i o n  o f  t h e  "second kind" .  

F i n a l l y ,  some phase p lane  p o r t r a i t s  f o r  s p e c i f i e d  v a l u e s  o f  pa ramete rs  a r e  

p r e s e n t e d  showing t h e  e v o l u t i o n  of t h e  sys tem from a r b i t r a r y  i n i t i a l  c o n d i t i o n s  

 r re diction of t h e  " f i r s t  k ind" )  and i l l u s t r a t i n g  t h e  t ime dependent    roper ties 

of t h e  system. For one r e a s o n a b l e  s e t  o f  pa ramete rs ,  damped o s c i l l a t i o n s  o f  a  

p e r i o d  on t h e  o r d e r  o f  a  thousand y e a r s  a r e  o b t a i n e d ,  w h i l e  f o r  o t h e r  p o s s i b l e  

parameter  v a l u e s  u n s t a b l e  behav ior  i s  m a n i f e s t .  Because o f  t h e  i n s t a b i l i t i e s  

f o r  l a r g e  d e p a r t u r e s  from e q u i l i b r i u m ,  t h i s  sys  tem cannot  e x h i b i t  s t a b l e  l i m i t  

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

s t e d  t h a t  o f f e r  t h e  p o s s i b i l i t i e s  of such b e h a v i o r .  



COUPLED AIR-WATER LOOPS 

P i e r r e  Welander 

A s i n g l e  f l u i d  loop  c o n s i s t i n g  of two well-mixed r e s e r v o i r s  connec ted  

by two h o r i z o n t a l  t u b e s ,  d i f f e r e n t i a l l y  h e a t e d  and a l s o  s u b j e c t e d  t o  a  g i v e n  

s t r e s s ,  e x h i b i t s  m u l t i p l e  s t e a d y  s t a t e s  i n  t h e  c a s e  t h e  buoyancy t o r q u e  opposes 

t h e  g iven  s t r e s s ,  a s  shown by H.  Stommel and Claes  Rooth, 1968. It always 

r e a c h e s  a  s t a b l e  s t eady  s t a t e  when i n e r t i a l  e f f e c t s  a r e  excluded.  

It i s  of i n t e r e s t  t o  l e a r n  i f  s e l f - s u s t a i n e d  o s c i l l a t i o n s  can  occur  when 

t h e  s t r e s s  i s  n o t  p r e s c r i b e d  but  determined by a  second ( a i r )  l o o p ,  which h a s  

h e a t  and momentum exchange w i t h  t h e  f i r s t .  Two c a s e s  a r e  c o n s i d e r e d  and dep ic-  

t e d  below. The symbol- means h e a t  t r a n s f e r  by a  conduc t ion  law, I+ means 

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

occur  when t h e  s t r e s s  i s  l a r g e r  t h a n  t h e  buoyancy e f f e c t  f low o p p o s i t e  t o  t h e  

buoyancy t o r q u e  i n  t h e  s t e a d y  s t a t e .  I n  t h e  c a s e  b )  t h e  f l u i d  sys tem i s  h e a t e d  

from t h e  top  and coo led  from t h e  bottom; s t i l l  i t  i s  c o n v e c t i v e l y  u n s t a b l e .  

I n  t h e  c a s e  shown, t h e  sys tem o s c i l l a t e s ,  i f  t h e  a i r  loop  i s  t w i s t e d  t o  

r e v e r s e  t h e  d i r e c t i o n  of t h e  s t r e s s ,  s t e a d y  convec t ion  r e s u l t s  ( t h e  d i r e c t i o n  

dec ided  by an i n i t i a l  d i s t u r b a n c e ) .  The r e a d e r  has  t o  f i g u r e  t h i s  one o u t  

h i m s e l f .  Remember t h a t  t h e  f l u i d  h a s  low thermal  expans ion ,  t h e  g a s  h i g h  

thermal  expansion (= l a r g e  v e l o c i t y  and l a r g e  s t r e s s  a c t i o n  from s m a l l  

t empera tu re  e f f e c t s ) .  The e q u a t i o n s  d e s c r i b i n g  t h e  systems a r e  s i m p l e ,  

n o n l i n e a r  o r d i n a r y  e q u a t i o n s  which can be d i s c u s s e d  by phase- plane methods. 

Examples of o s c i l l a t i o n s  were c a l c u l a t e d  u s i n g  an HP 97. 
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THE ASYMMETRIC SOUTHERN OCEAN 

Arnold L .  Gordon 

Two types of zonal ly averaged meridional  c i r c u l a t i o n  p a t t e r n s  a r e  pro- 

posed. There i s  a  Deacon advect ive model i n  which southward and upward advec- 

t i o n  of the  r e l a t i v e l y  warm-saline circumpolar deep water mass supp l i e s  hea t  

and s a l i n i t y  t o  balance sea  a i r  hea t  and water f l u x .  The deep water i s  con- 

ver ted  i n t o  A n t a r c t i c  Surface Water and Cont inenta l  Shelf  Water, which con t r ib-  

u t e s  t o  northward and downward motion of water across  t he  po la r  f r o n t  and a t  

the  c o n t i n e n t a l  s lope .  Another model i s  based on isopycnal  mixing. The sha l-  

lowing of isopycnals  on approach t o  A n t a r c t i c a ,  allows cold-low s a l i n i t y  An- 

t a r c t i c  Surface and Slope Water t o  be exchanged i sopycnal ly  w i th  r e l a t i v e l y  

warm-saline nor thern  waters .  In  t h i s  way, t he  thermohaline a l t e r e d  water near  

t he  sea  su r f ace  may inf luence  the e n t i r e  water column r a t h e r  than only the  

An ta rc t i c  In te rmedia te  Bottom Water masses. 

While p a t t e r n s  of the average meridional  exchange p a t t e r n s  a r e  i m-  

por tan t  t o  s tudy ,  we should not  l o s e  s i g h t  of t h e  asymmetric na tu re  of t h e  

Southern Ocean. The asymmetry begins with An ta rc t i ca  i t s e l f ,  which i s  s ig-  

n i f i c a n t l y  s h i f t e d  i n t o  the  e a s t e r n  hemisphere. The coas t  l i n e  of Eas t  Ant- 

a r c t i c a  l i e s  c l o s e  t o  the An ta rc t i c  c i r c l e .  About 15% of the  g l a c i a l  i c e  

cap i s  f l o a t i n g  above sea  water ;  t h e s e  i c e  she lves  comprise about 45% of t h e  

coas t  l i n e .  The i c e  she lves  o f f e r  a  unique s i t u a t i o n  i n  t h a t  the  sea  water  - 

g l a c i a l  i c e  contac t  occurs a t  many hundreds of meters  where t h e  i n  s i t u  

f r eez ing  poin t  i s  a  few t en ths  of degrees below the f r eez ing  point  a t  the  sea 

su r f ace .  Hence, t h e  i c e  she lves  o f f e r  an oppor tuni ty  t o  depress  ocean tem- 

pe ra tu re s  below the sea su r f ace  f r eez ing  po in t .  This i n f luence  has been ob- 

served ad jacent  t o  t h e  i c e  she lves  of the  Weddell and Ross Seas.  



The c h a r a c t e r i s t i c  of  the con t inen ta l  she1 f  water has important v a r i a -  

t ions  wi th  longi tude .  In many sec t ions  the  s h e l f  water i s  dense ( s a l t y )  enough 

t o  al low f o r  deep con t inen ta l  s lope  convection and An ta rc t i c  Bottom Water f o r-  

mation. The most s a l i n e  s h e l f  water occurs i n  t h e  Ross Sea, which a l s o  a c t s  a s  

the  source of the most s a l i n e  v a r i e t y  of Bottom Water. It i s  i n t e r e s t i n g  t o  

poin t  o u t ,  however, t h a t  while  s a l i n e  s lope  plumes a r e  observed i n  t he  wes t e rn  

Ross Sea, low s a l i n e  slope plumes a r e  found i n  t he  e a s t e r n  Ross Sea. The c o l-  

des t  v a r i e t y  of An ta rc t i c  Bottom Water found of f  the e a s t e r n  coas t  of t h e  Ant- 

a r c t i c  Peninsula  i s  suppl ied from the southwestern Weddell Sea, though c o n t r i -  

but ions  from the e a s t  coas t  of the  peninsula ,  even a t  i t s  nor thern  t i p ,  i s  

expected . 
The wind f i e l d  over the Southern Ocean i s  predominately from west t o  

e a s t ,  wi th  a  maximum near 50's. Only i n  t he  regions of the A n t a r c t i c a  con- 

t i n e n t a l  margins do e a s t e r l y  winds dominate. 

The wind f i e l d  induces a  northward d i r e c t e d  Ekman d r i f t  i n  t he  ocean 

s u r f a c e  l aye r .  The Ekman d r i f t  i s  d ivergent  between An ta rc t i ca  and t h e  max- 

imum w e s t e r l i e s .  The divergence r e s u l t s  i n  s i g n i f i c a n t  upwelling v e l o c i t i e s ,  

up t o  2.5 x  cmlsec near 60°s. The Ekman d r i f t  i s  most i n t e n s e  i n  t he  

e a s t e r n  hemisphere. Poss ib ly  the  nor thern  p o s i t i o n  of An ta rc t i ca  on the  eas-  

t e r n  hemisphere i n t e n s i f i e s  the g rad ien t s  i n  t he  thermal wind and t h e  ocean. 

The Southern Ocean sea  i c e  undergoes very l a rge  seasonal  v a r i a t i o n s ,  

6  2 amounting t o  near ly  20 x 10 Km . The g r e a t e s t  degree of s e a s o n a l i t y  occurs  

i n  the  western hemisphere, notably the  Weddell Sea region.  Sea i c e  i s  impor- 

t a n t  t o  the sea a i r  heat  f l u x ,  due t o  the i n s u l a t i n g  e f f e c t  of sea  i c e ,  and t o  

t h e  s a l i n i t y  budget,  s ince  sea  i c e  s a l i n i t y  amounts t o  only 20% of t h e  ocean 

water s a l i n i t y .  For each meter of sea i c e  formation 3 grams of s a l t  i s  i n j e c-  

ted i n t o  the remaining sea water .  



The s e a s o n a l i t y  of t h e  Southern Ocean s e a  i c e  may be a  wind e f f e c t  o r  a  

c r o s s  pycnocl ine  h e a t  f l u x  e f f e c t .  The wind e f f e c t  i s  a s s o c i a t e d  w i t h  t h e  

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

which f i i l  w i t h  new i c e  i n  w i n t e r ,  b u t  which a c t  a s  h e a t  c o l l e c t o r s  (due t o  

low a l b e d o )  i n  t h e  summer per iod .  

The c r o s s  pycnoc l ine  h e a t  f l u x  would be most impor tan t  n e a r  t h e  end of 

w i n t e r  when t h e  s u r f a c e  wa te r  i s  d e n s e s t  and t h e  pycnoc l ine  weakes t .  The 

i n t r o d u c t i o n  of deep wate r  h e a t  i n t o  t h e  s u r f a c e  l a y e r  removes t h e  i c e ,  accoun- 

t i n g  f o r  t h e  widespread waning of t h e  w i n t e r  i c e  c o v e r .  

The P o l a r  F r o n t  Zone s e p a r a t i n g  t h e  A n t a r c t i c  from S u b a n t a r c t i c  zones ,  

v a r i e s  i t s  l a t i t u d i n a l  p o s i t i o n  w i t h  l o n g i t u d e .  I n  t h e  A t l a n t i c  Ocean i t  i s  

n e a r  5o0s,  but  drops  t o  near  60's i n  s e c t i o n s  of t h e  P a c i f i c  Ocean. I n  

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

meanders and s p i n  o f f  e d d i e s  i n  t h e  P o l a r  F r o n t  Zone. 

The P o l a r  F r o n t  Zone (PFZ)  i s  found i n  c l o s e  p rox imi ty  t o  t h e  a x i s  of 

t h e  A n t a r c t i c  Circumpolar Cur ren t  (ACC);  bo th  t h e  PFZ and ACC occur  n e a r  t h e  

maximum w e s t e r l y  wind. The ACC i s  no t  composed of a s imple  w e l l  d e f i n e d  c i r -  

cumpolar j e t ;  r a t h e r ,  i t  i s  composed o f  two o r  more axes  of f low i n  some 

a r e a s ,  broad d i f f u s e  d r i f t  i n  o t h e r  a r e a s .  The ACC i s  w e l l  d e f i n e d  i n  t h e  

I n d i a n  Ocean, over  the  n o r t h e r n  s i d e  o f  t h e  mid-ocean r i d g e  s o u t h  o f  Au- 

s t r a l i a ,  and near  145OW a t  a  F r a c t u r e  Zone. The d i f f u s e  c u r r e n t  of t h e  

S o u t h e a s t  P a c i f i c  Basin becomes a  w e l l  d e f i n e d  a x i s  i n  t h e  Drake Passage and 

wes te rn  S c o t i a  Sea b e f o r e  a  major  northward ACC s h i f t ,  amounting t o  600 - 1000 

k m ,  t a k e s  p lace  a s  t h e  ACC e n t e r s  t h e  Argen t ine  Basin .  Impor tan t  b i f u r c a t i o n  

occurs  sou th  of New Zealand as  a  w e l l  d e f i n e d  a x i s  of f low f o l l o w s  t h e  edge of 

t h e  Campbell P l a t e a u  whi le  ano ther  c o n t i n u e s  t o  f o l l o w  t h e  n o r t h e r n  s i d e  of 

t h e  mid ocean r i d g e .  



The geos t rophic  ACC flow r e l a t i v e  t o  t he  s ea  f l o o r  a t t a i n s  va lues  of 

130-180 x l o 6  m3/sec. Often counter flows a r e  found near t he  ACC a x i s .  

These may be man i f e s t a t i ons  of mesoscale edd ie s .  

Coas ta l  flow i s  d i r e c t e d  t o  the  west .  Measurement i s  mostly conf ined  

t o  iceberg  and i c e  locked sh ip  d r i f t .  Northward d e f l e c t i o n  of t h e  c o a s t a l  

flow i n t o  t he  general  ACC d r i f t  occurs t o  the e a s t  of A n t a r c t i c  Peninsula  and 

over  the  e a s t e r n  s i d e  of t h e  submarine Kerguelan P la teau .  

The deep water i s  advected eastward wi th  t h e  ACC. The warm-saline 

s i g n a l  of t h e  deep water i s  a t tenua ted  on eastward pa th  from t h e  A t l a n t i c  

Ocean. The a t t e n u a t i o n ,  induced by i n t r o d u c t i n  of co ld ,  r e l a t i v e l y  low 

s a l i n i t y  water from the  su r f ace  and s lope  water t o  t h e  sou th ,  i s  o f f s e t  by t h e  

input  of North A t l a n t i c  deep water .  

The deep water s i g n a l  i s  a l s o  a t t enua t ed  a s  An ta rc t i c  i s  approached. 

Only remnants reach the  c o n t i n e n t a l  margins; t he se  remnants appa ren t ly  supply  

t h e  s a l t  which i n i t i a t e s  the convection a s soc i a t ed  with A n t a r c t i c  Bottom Water 

formation.  

A t  depths  above the  s a l i n i t y  maximum l e v e l  of the  deep water  i n  t h e  

A t l a n t i c  Ocean s e c t o r  of the  Southern Ocean i s  a  t h i c k  ~ O C  l a y e r .  This  

2 ' ~  thermostad may be produced i n  t he  Argent ine Basin where t he  P a c i f i c  

Water may mix wi th  the  upper components of  North A t l a n t i c  deep water .  The 

2 ' ~  thermostad i s  advected eastward, where t r a c e s  can be seen i n  t he  P a c i f i c  

Ocean. The base i s  o f t e n  marked by an abrupt  g r ad i en t  change i n  the v e r t i c a l  

temperature p r o f i l e .  The cause of t h i s  abrupt  g r ad i en t  change i s  not c l e a r .  



MEDITERRANEAN DEEP WATER FORMATION BAROCLINIC 
INSTABILITY AND OCEANIC EDDIES 

Since 1969 in studying formation of deep water in the North Western 

Mediterranean Sea in winter, we discovered frequent cyclonic and anticyclonic 

eddies genesis associated with processes of deep water formation. We are now 

presenting such typical eddies observed in February-March 1975, during the 

Medoc 75 cruise (Medoc area: 3O3OtE-6O~, and 41°~-430~). Vertical 

speed has also been measured in this area. Since several orders of magnitude 

appear from these measurements, it may be supposed that several dynamical 

processes are present in deep water formation. We will show that baroclinic 

instability, which is one of these processes, is responsible for that part of 

the slow (1 mrn.s-') and aperiodic vertical motions, and corresponds to 

meanders, eddies and fronts on the horizontal plane. Considering the 

observations which allow us to use a quasi-geostrophic approximation, we will 

propose a baroclinic instability model in order to explain the features of 

these three-dimensional motions. We will evaluate the importance of the mixing 

induced by this mechanism in the process of deep water formation between sur- 

face and subsurface waters under the meteorological forcing. 

MAINTENANCE OF ARCTIC T-S STRUCTURE AND ROLE OF SHELVES 

Knut Aagaard 

The classic water mass classification for the Arctic Ocean is surface, 

Atlantic, and Bottom Water. A different taxonomy proves useful, one based on 

the role of the various layers as transfer or reservoir fluids. 

The polar mixed layer (PML) is a thin (50 m or less) layer of enhanced 

vertical fluxes of buoyancy and momentum. Its overall importance lies in its 

cumulative effect on the heat, mass, and momentum budgets of the Arctic Ocean. 

Key questions relate to the dynamics of convective mixing. 



The pynocline i s  a  reg ion  of reduced v e r t i c a l  f luxes  some 3-4 t imes t h e  

th ickness  of t he  PML. I t s  s t a b i l i t y  i s  due t o  a  s t rong  s a l i n i t y  g rad ien t .  It 

i s ,  i n  e f f e c t ,  an i n s u l a t i n g  l i d  of reduced permeabil i ty .  

The A t l a n t i c  Water (Aw) i s  a  very  l a rge  r e s e r v o i r  of s e n s i b l e  heat  and 

s a l t  maintained by advect ion from the Norwegian Sea. I t  i s  i s o l a t e d  from 

e f f e c t i v e  atmospheric i n t e r a c t i o n  by t h e  pycnocline. 

The r o l e  of the near ly  homogeneous deep water ,  i t s  c i r c u l a t i o n ,  and i t s  

res idence  time a r e  e s s e n t i a l l y  unknown. Presumably i t  i s  t o  some ex ten t  a  h e a t  

s ink  f o r  the AW. 

An a d d i t i o n a l  important f ac to r  i n  the maintenance of t he  PML i s  the  

cyc l ing  of f r e s h  water .  Tota l  runoff  i n t o  the  A r c t i c  Ocean i s  about 0 . 1  Sv, 

with an a d d i t i o n a l  0.05 Sv en te r ing  through Bering S t r a i t  a s  a  s a l t  d e f i c i t .  

The maximum input  from p r e c i p i t a t i o n  l e s s  evaporat ion i s  0.02 Sv. An o v e r a l l  

f r e s h  water residence time f o r  the Po la r   asi in i s  about 10 y e a r s .  The runof f  

i s  h ighly  seasonal ,  producing l o c a l  e f f e c t s ,  but t he re  a r e  a l s o  v a r i a t i o n s  w i t h  

time s c a l e s  comparable t o  r eg iona l  res idence  times. The f r e s h  water i s  impor- 

t a n t  both t o  the  growth and the  decay of the  i c e  cover ,  and t h e r e  a r e  s e v e r a l  

d i f f e r e n t  kinds of feedback loops.  Seasonal ly,  t h e  f r a c t i o n a t i o n  of f r e s h  

water by f r eez ing  and mel t ing  i c e ,  cyc l e s  f r e sh  water a t  a  very  l a rge  r a t e ,  of 

order  1 Sv. As the c h a r a c t e r i s t i c  v e r t i c a l  mixing lengths  of the  f r eez ing  and 

mel t ing  processes d i f f e r s ,  i t  i s  conceivable t h a t  the  s t r a t i f i c a t i o n  can be 

maintained by these  processes alone.  

The advect ive input  of AW i s  h igh ly  v a r i a b l e  i n  both mass and h e a t  f l u x  

on very long time s c a l e s  (of order  50% year- to-year and much g r e a t e r  f o r  a  few 

months o r  l e s s ) .  Very l a r g e  temperature and s a l t  g r a d i e n t s ,  n e a r l y  compensa- 

t i n g  each o ther  i n  d e n s i t y ,  have been observed i n  win ter  i n  a  reg ion  of a c t i v e  



convec t ion  n o r t h  of S p i t s b e r g e n ,  where t h e  AW e n t e r s  t h e  A r c t i c  Ocean, s u g g e s t-  

i n g  p o s s i b l e  d o u b l e- d i f f u s i v e  e f f e c t s .  The c o r e  of t h e  AW a p p e a r s  bathymet- 

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

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

t h e  t empera tu re  and s a l i n i t y  changes occur r e l a t i v e l y  soon a f t e r  t h e  e n t r y  o f  

t h e  AW i n t o  t h e  P o l a r  Basin .  

The T-S s t r u c t u r e  of the  pycnoc l ine  p o i n t s  t o  a d v e c t i v e  renewal  of 

abou t  a  100 m- thick l a y e r  below t h e  PML, by water  cond i t ioned  by t h e  f r e e z i n g  

p r o c e s s ;  c e r t a i n  s h e l v e s  a r e  t h e  i n d i c a t e d  s o u r c e s .  Var ious  c o n s i d e r a t i o n s  

i n d i c a t e  a  renewal r a t e  of 2-3 Sv, t h e  feed wate r  b e i n g  r e l a t i v e l y  s a l t y  

(S > 34 0100) and near  t h e  f r e e z i n g  p o i n t .  One mechanism by which such 

wate r  may be formed i s  b r i n e  enr ichment  through i c e  fo rmat ion  on c e r t a i n  

s h e l v e s ,  n o t a b l y  t h e  Bering-Chukchi and t h e  Barents-Kara.  The mechanical  

removal of i c e  n e a r  b o u n d a r i e s ,  which a l lows  l a r g e  i c e  fo rmat ion  r a t e s ,  

appears  t o  be an impor tan t  f a c t o r  i n  t h e s e  c o n s i d e r a t i o n s .  

A second mechanism by which t h e  c o l d ,  s a l i n e  pycnoc l ine  feed  wate r  may 

be produced i s  t h e  upwel l ing  of s a l i n e  wa te r  on to  t h e  s h e l v e s ,  s u b s e q u e n t l y  t o  

be coo led .  O b s e r v a t i o n a l  ev idence  of such e v e n t s  e x i s t s  f o r  t h e  Kara ,  t h e  

Chukchi, and t h e  sou thwes te rn  Beaufor t .  

Summary 

The c l a s s i c  wa te r  mass c l a s s i f i c a t i o n  f o r  t h e  A r c t i c  Ocean i s  s u r f a c e ,  

A t l a n t i c ,  and Bottom Water. A  d i f f e r e n t  taxonomy proves  u s e f u l ,  one based on 

t h e  r o l e  of t h e  v a r i o u s  l a y e r s  as  t r a n s f e r  o r  r e s e r v o i r  f l u i d s .  

The p o l a r  mixed l a y e r  (PML) i s  a  t h i n  ( 5 0  m o r  l e s s )  l a y e r  of enhanced 

v e r t i c a l  f l u x e s  of buoyancy and momentum. I t s  o v e r a l l  importance l i e s  i n  i t s  

cumulat ive  e f f e c t  on t h e  h e a t ,  mass,  and momentum budge t s  of t h e  A r c t i c  Ocean. 

Key q u e s t i o n s  r e l a t e  t o  t h e  dynamics of c o n v e c t i v e  mixing.  



EDDIES I N  THE ARCTIC OCEAN 

Kenneth Hunkins 

Observations i n  t h e  Beaufort  Sea (western Arc t i c  ocean) show a mean 

clockwise gyre with a diameter of about 2000 km and su r f ace  speeds of l e s s  

than 5 cm/s. These mean speeds a r e  geos t rophic ,  based on hydrographic c a s t s ,  

and decrease with depth. During the  Arc t i c  I c e  ~ ~ n a m i c s  J o i n t  ~ x ~ e r i m e n t  

(AIDJEX) i n  1972 and again i n  1975-76, observa t ions  with c u r r e n t  meters showed 
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t h a t  s w i f t  t r a n s i e n t  u n d e r c u r r e n t s  a r e  superimposed on t h i s  s low mean f low 

(Hunkins, 1974; Newton e t  a l . ,  1974) .  These u n d e r c u r r e n t s  a r e  mesosca le  e d d i e s  

w i t h  d i a m e t e r s  of 1 0  t o  20 km and maximum speeds  of up t o  60 cm/s a t  d e p t h s  of 

100 t o  150 m .  The pycnoc l ine  ex tends  from the  base  of t h e  mixed l a y e r  a t  5 0  m 

t o  t h e  t o p  of t h e  n e a r l y  i s o h a l i n e  deep l a y e r  a t  400 m ( ~ i g .  1 ) .  It i s  t h e  

r e g i o n  i n  which t h e  flow i n  t h e s e  edd ies  i s  concen t ra ted  a s  i l l u s t r a t e d  i n  

( F i g .  2 )  where c u r r e n t  speeds a r e  r e p r e s e n t e d  by a  s o l i d  l i n e  and d i r e c t i o n s  

I by a  dashed l i n e .  These e d d i e s  appear t o  be decoupled from t h e  wind d r i f t  of  

t h e  i c e  and of t h e  wa te r  i n  t h e  s u r f a c e  mixed l a y e r .  Th e d d i e s  t r a n s l a t e  

1 s lowly ,  probably  b e i n g  advected by t h e  mean c u r r e n t .  On o c c a s i o n ,  t h e  wind- 

d r i v e n  i c e  moves over  an eddy, g i v i n g  a  c r o s s- s e c t i o n  a s  c u r r e n t  and hydro-  

g r a p h i c  p r o f i l e s  a r e  t aken  from the  i c e .  An example i s  shown i n  F i g .  3 .  

I n  1975-76, STD p r o f i l e s  t o  750 m and c u r r e n t  p r o f i l e s  t o  200 m were  

taken on a  d a i l y  b a s i s  from an a r r a y  of f o u r  d r i f t i n g  i c e  camps i n  t h e  

Beaufor t  Sea wi th  h o r i z o n t a l  s p a c i n g  o f  abou t  100 km. A t o t a l  o f  55 e d d i e s  

was observed from t h e s e  camps over  the  c o u r s e  of one y e a r .  A predominant 

number o f  t h e s e ,  53, showed c lockwise  r o t a t i o n  w i t h  a  lens- shaped d i s p l a c e m e n t  

of t h e  i sopycna l  s u r f a c e s .  Note t h a t  i s o h a l i n e  s u r f a c e s  m i r r o r  i s o p y c n a l  

s u r f a c e s  i n  t h e  A r c t i c  Ocean. Above t h e  l e v e l  of maximum v e l o c i t y ,  t h e  

s u r f a c e s  a r e  d i s p l a c e d  upward w h i l e  below t h e  maximum-speed l e v e l  t h e  s u r f a c e s  

a r e  d i s p l a c e d  downward. S u r f a c e s  a r e  n e a r l y  l e v e l  a g a i n  a t  t h e  b a s e  of t h e  

mixed l a y e r  and f o r  l e v e l s  below about 400 m.  These f e a t u r e s  were encounte red  

bo th  i n  summer and w i n t e r .  No c l e a r  c o r r e l a t i o n  was seen between wind o r  pack  

i c e  movement and t h e s e  e d d i e s .  The T-S c h a r a c t e r i s t i c s  of wa te r  w i t h i n  t h e  

edd ies  d i f f e r s  from t h e  l o c a l  wa te r  masses and s u g g e s t s  a  s o u r c e  i n  Alaskan 

s h e l f  w a t e r s .  



Within  t h e  wa te r  column i n  t h i s  p a r t  of the  A r c t i c  Ocean, k i n e t i c  energy  

was £ound t o  r e s i d e  i n  t h e  f l u c t u a t i n g  o r  eddy mot ions .  An averaged k i n e t i c  

energy p r o f i l e  based on one year  of d a t a  from a l l  four  camps shows a  maximum 

of  60 ergs /cm3 a t  110 m dep th  which i s  a s s o c i a t e d  w i t h  t h e  s u b s u r f a c e  e d d i e s .  

There i s  a  secondary maximum of 45 ergs/cm3 a t  t h e  t o p  o f  t h e  w a t e r  column 

j u s t  below t h e  i c e  which i s  a s s o c i a t e d  wi th  t h e  wind and i c e  d r i v e n  c u r r e n t s .  

The k i n e t i c  energy c o n t r i b u t e d  by t h e  mean flow i s  only  a  few p e r c e n t  of t h e  

t o t a l .  

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

wind- generated Ekman d ivergence ,  f r e e z i n g  p r o c e s s e s  i n  l e a d s  and b a r o c l i n i c  

i n s t a b i l i t y .  Of t h e s e  b a r o c l i n i c  i n s t a b i l i t y  seems t o  be t h e  most a t t r a c t i v e .  

A  g e n e r a l  s u r v e y  of b a r o c l i n i c  i n s t a b i l i t y  t h e o r y  i s  g iven by Kuo ( 1 9 7 3 ) .  It 

could  occur  e i t h e r  l o c a l l y  i n  t h e  c e n t r a l  A r c t i c  Ocean where t h e  e d d i e s  were 

found o r  i n  ano ther  d i s t a n t  r e g i o n .  The T-S c h a r a c t e r i s t i c s  s u g g e s t  a  d i s t a n t  

o r i g i n .  

An a n a l y t i c a l  b a r o c l i n i c  i n s t a b i l i t y  model was fo rmula ted  w i t h  b o t h  mean 

s h e a r  and mean s t a b i l i t y  v a r y i n g  e x p o n e n t i a l l y  w i t h  d e p t h ,  somewhat resembl ing  

a c t u a l  A r c t i c  Ocean c o n d i t i o n s .  The growth r a t e  and wavelengths  of s m a l l  per-  

t u r b a t i o n s  were examined f o r  t h i s  g e n e r a l i z e d  Eady- type model. Ekman pumping 

boundary c o n d i t i o n s  were in t roduced  f o r  a  r i g i d  bottom and f o r  b o t h  r i g i d  and 

f r e e  upper s u r f a c e s .  No growth was found i n  t h e  c e n t r a l  A r c t i c  Ocean i n  t h e  

o b s e r v a t i o n .  However, i n  t h e  r e g i o n  n o r t h  o f  P o i n t  Barrow, Alaska ,  t h e r e  i s  

s u f f i c i e n t  s h e a r  n e a r  t h e  s h e l f  b r e a k  under summer open-ocean c o n d i t i o n s  f o r  

smal l  d i s t u r b a n c e s  t o  grow, i n c r e a s i n g  by a  f a c t o r  of e  e v e r y  28 d a y s .  The 

h a l f  wavelength of t h i s  f a s t e s t- g r o w i n g  wave i s  64 km, somewhat l a r g e r  t h a n  

t h e  observed eddy s i z e .  



Although t h i s  t h e o r y  p r e d i c t s  maximum growth a t  t h e  s u r f a c e ,  t h e  a c t u a l  

e d d i e s  have t h e i r  s w i f t e s t  c u r r e n t s  a t  dep th .  It  i s  p o s s i b l e  t h a t  t h e  e d d i e s  

g e n e r a t e d  by t h e  p rocess  o u t l i n e d  above i n  i c e- f r e e  wa te r s  a r e  advected n o r t h-  

ward under t h e  i c e  by mean c u r r e n t s .  There  f r i c t i o n a l  d i s s i p a t i o n  a g a i n s t  t h e  

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

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

i c e .  The i n i t i a l  v o r t i c i t y  p r o f i l e  d e c r e a s e s  e x p o n e n t i a l l y  w i t h  d e p t h ,  resem- 

b l i n g  t h e  p r o f i l e s  of t h e  growing waves r e s u l t i n g  from t h e  b a r o c l i n i c  i n s t a -  

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

develops  which s t i m u l a t e s  t h e  observed c u r r e n t  p r o f i l e s .  The t h e o r y  p r e d i c t s  

t h a t  a  pe r iod  of t ime between 1 and 6 months would be r e q u i r e d  f o r  t h e  e d d i e s  

t o  develop t h e i r  observed c u r r e n t  p r o f i l e  a f t e r  be ing  c a r r i e d  under an  i c e  

cover .  
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ROTATING ANNULUS CONVECTION AND F-PLANE THERMOCLINES 

P e t e r  D. K i l l w o r t h  

The a r c h e t y p a l  t h e r m a l l y  d r i v e n  ocean c i r c u l a t i o n  problem, s t u d i e d  

e x p e r i m e n t a l l y  by Rossby, i s  d i s c u s s e d  i n  b o t h  n o n r o t a t i n g  and r o t a t i n g  

regimes.  The c o n f i g u r a t i o n  c o n s i s t s  of a  r e c t a n g u l a r  box ( o r  an  annu lus  w i t h  

r e c t a n g u l a r  c r o s s- s e c t i o n )  which h a s  i n s u l a t i n g  top  and s i d e s ,  and i s  h e a t e d  

and cooled a long  i t s  lower s u r f a c e .  It i s  found e x p e r i m e n t a l l y  t h a t  a l l  t h e  

h e a t  exchange o f  t h e  f l u i d  w i t h  t h i s  lower boundary t a k e s  p l a c e  i n  a  t h i n  



boundary l a y e r ,  t h e  f low i n  which was d i r e c t e d  toward t h e  h o t t e r  end o f  t h e  

c e l l .  There i t  r i s e s  a g a i n s t  t h e  w a l l ,  flows a long  t h e  upper s u r f a c e  i n  a  

t h i c k e r  l a y e r  and r e t u r n s  i n  a broad i n t e r i o r  r e g i o n  toward t h e  lower boundary.  

The i n t e r i o r ,  i n  t h e  n o n r o t a t i n g  reg ime ,  i s  q u i e s c e n t  and homogeneous, w i t h  a  

t empera tu re  excess  about 70% of t h e  maximum tempera tu re  d i f f e r e n c e  imposed a t  

t h e  bottom. 

A n a l y s i s  (wi th  P. C .   ani ins) r e v e a l s  t h a t  t h e  t h i n  t h e r m o c l i n e- l i k e  

l a y e r  i s  r e a l l y  two l a y e r s  when t h e  P r a n d t l  number u i s  l a r g e .  The t h i n n e r ,  

buoyancy l a y e r ,  h a s  t h i c k n e s s  L g a - l I 5 ;  t h e  f l u i d  i s  homogeneous, and v i s c o u s  

and n o n l i n e a r  terms ba lance  i n  t h e  v o r t i c i t y  e q u a t i o n .  

The s o l u t i o n  does no t  depend on t h e  d e t a i l s  of the  s i d e w a l l  boundary 

l a y e r s ,  a l though  i n  g e n e r a l  r emain ing  h i g h l y  n o n l i n e a r .  A s i m i l a r i t y  s o l u t i o n  

i s  employed t o  y i e l d  s p e c i f i c  s o l u t i o n s ;  t h e  i n t e r i o r  t empera tu re  and N u s s e l t  

number ( a  measure of h e a t  t r a n s p o r t )  depend on ly  weakly on P r a n d t l  number b u t  

a r e  s t r o n g  f u n c t i o n s  of Rayleigh number. 

The problem i s  extended t o  r o t a t i n g  a n n u l i  (wi th  P .  H. ~ i ~ n e t t ) .  S i x  

d i f f e r e n t  regimes occur ,  depending on t h e  magnitude of a  q u a n t i t y  Q (=  

~ a - ~ / ~ ~ - l ) ,  where E i s  t h e  Ekman number. Q can be thought of a s  a  l i n e a r  

measure of r o t a t i o n  r a t e .  The s i m i l a r i t y  s o l u t i o n  may be extended t o  t h i s  

c a s e ,  and comparison made w i t h  t h e  exper imenta l  r e s u l t s  of H i g n e t t .  Only one 

major d i s c r e p a n c y  e x i s t s :  t h e  o b s e r v a t i o n s  show t h e  N u s s e l t  number i n i t i a l l y  

i n c r e a s i n g  w i t h  (weak) r o t a t i o n ,  whereas  t h e o r y  p r e d i c t s  a  d e c r e a s e .  T h i s  

anomaly i s  c u r r e n t l y  under i n v e s t i g a t i o n .  



BAROCLINIC INSTABILITY AND HEAT,.SALT AND BUOYANCY 
FLUX IN THE DRAKE PASSAGE 

Roland A. deSzoeke 

The "footprints" of baroclinically unstable eddies were reviewed: (1) 

the spatial scale, namely, the baroclinic Rossby radius of deformation; ( 2 )  the 

instability of the basic potential vorticity distribution vis-a-vis the Ray- 

leigh-Charney-Stern criterion; ( 3 )  the downgradient buoyancy flux necessary for 

I available potential energy conversion; ( 4 )  the retrograde phase lag (relative 
, 

to the direction of shear) in the vertical of the fluctuating velocity. 
1 - 

The implications of directly-measured eddy heat flux vlT' in Drake 

Passage were discussed. Eddy salt flux is inferred from the consistency of 

the T-S relationship. The contribution of this inferred eddy salt flux to 

I total buoyancy flux is 6 to 8 times that of the eddy heat flux above the Cir- 

cumpolar Deep Water salinity maximum and is down-gradient. 

The inferred eddy salt flux below the salinity maximum is small but 

countergradient. A "caricatured" model of the thermocline structure in the 

I Drake Passage made to resemble the Eady model was discussed. The thermohaline 

x structure implies a convergence of heat (lost to the atmosphere?) in the neigh- 

borhood of the Polar Front. 

A model of the basic potential vorticity structure in the Drake Passage 

was proposed. The internal p.v. gradient is modelled as concentrated in an 

interface. A new kind of instability emerges at higher wave-number than the 

Eady instability representing a vorticity interaction between the concentrated 

p.v. gradient interface and the bottom. The implications of the model to buoy- 

ancy flux distribution were discussed. 



THE OCEANIC T-S CURVE RELATED TO 
GLOBAL HEAT AND WATER TRANSPORT 

Henry M .  Stommel 

From h i s t o r i c a l  d a t a  on t h e  d i s t r i b u t i o n  of t empera tu re  and s a l i n i t y  on 

v e r t i c a l  s e c t i o n s  a c r o s s  t h e  oceans over complete l a t i t u d e  c i r c l e s  i t  i s  p o s s i -  

b l e  t o  t e s t  t h e  c o m p a t i b i l i t y  of c e r t a i n  m e t e o r o l o g i c a l l y  determined m e r i d i o n a l  

f l u x e s  i n  t h e  ocean of s e n s i b l e  h e a t  and f r e s h  w a t e r ,  a s  f u n c t i o n s  of l a t i t u d e .  

It i s  a l s o  p o s s i b l e  t o  check t h e  p r o p o r t i o n  of t h i s  f l u x  t h a t  each ocean b a s i n  

c a r r i e s  s e p a r a t e l y .  

The i n f o r m a t i o n  from b o t h  t h e s e  s o u r c e s  l e a d s  t o  e s t i m a t e s  of t h e  magni- 

tudes  and d i s t r i b u t i o n  of t h e  m e r i d i o n a l  o c e a n i c  mass f l u x  over  t h e  s a l i n i t y -  

t empera tu re  p lane ,  and y i e l d s  some i n d i c a t i o n  of t h e  probably  p h y s i c a l  pro- 

c e s s e s  o p e r a t i n g  ( e  .g.  i s o p y c n a l  mixing v s .  l a r g e- s c a l e  a d v e c t i v e  c u r r e n t s ) .  

NORTHERN CONTRIBUTIONS TO THE DEEP CIRCULATION 

Knut Aagaard 

The on ly  w a t e r  mass of n o r t h e r n  hemisphere  o r i g i n  which l i e s  w i t h i n  t h e  

50% f requency  l i m i t  on t h e  v o l u m e t r i c  T-S ,diagram of t h e  world ocean i s  t h e  

North A t l a n t i c  Deep Water (NADW). The deep w a t e r  of t h e  A r c t i c  Ocean and t h e  

Greenland-Norwegian Sea appears  a s  a  t e r t i a r y  mode i s o l a t e d  b o t h  i n  T-S space  

and i n  f requency space .  There i s  no deep- reaching v e n t i l a t i o n  on t h e  P a c i f i c  

s i d e ,  a s  convec t ion  i n  t h e  Ber ing  Sea does n o t  extend below 150-200 m. 

Fo l lowing  Lee and E l l e t t  (1967) t h e  NADW appears  t o  be formed by a  mix- 

t u r e  of Nor theas t  A t l a n t i c  Deep Water (NEADW) and Northwest A t l a n t i c  Bottom 

Water (NWABW). The former i s  d e r i v e d  from over f low of t h e  Ice land- Scot land  

Ridge by Norwegian Sea Deep Water (NSDW) and t h e  l a t t e r  from over f low th rough  

Denmark S t r a i t .  



About 2.5 Sv NSDW pours  over t h e  Ice land- Scot land  Ridge and a n o t h e r  2 .5  

Sv o f  somewhat warmer and s l i g h t l y  l e s s  s a l i n e  wa te r  f lows o u t  t h r o u g h  Denmark 

S t r a i t .  

Deep wate r  i s  n o t  formed i n  t h e  Norwegian Sea,  but  i s  p robab ly  i n s t e a d  

s u p p l i e d  from t h e  Greenland Sea. The NSDW i s  s l i g h t l y  s a l t i e r  and warmer t h a n  

t h e  Greenland Sea deep w a t e r ;  i t s  r e s i d e n c e  t ime i s  probably  i n  t h e  v i c i n i t y  

of 100 y e a r s .  

Deep wate r  i s  formed i n  t h e  Greenland Sea a t  an  apparen t  r a t e  of abou t  

3 Sv. I t s  t u r n o v e r  time i s  a  few decades .  The e a r l i e r  i d e a s  of a  l a r g e- s c a l e  

deep- reaching o v e r t u r n  i n  t h e  c e n t r a l  Greenland Sea do n o t  appear  t o  be a p p l i c -  

a b l e .  A l t e r n a t e  e x p l a n a t i o n s  have been sought t o  d o u b l e- d i f f u s i v e  mechanisms 

and i n  smal l  p recondi t ioned  chimneys g e n e r a t e d  by a  b a r o c l i n i c  i n s t a b i l i t y .  

E s s e n t i a l l y  n o t h i n g  i s  known about  t h e  v e n t i l a t i o n  of t h e  P o l a r  B a s i n .  

Loca l  convec t ion  i s  conf ined t o  a  t h i n  upper l a y e r ,  and t h e  b a s i n  i s  p robab ly  

p r i m a r i l y  s u p p l i e d  from t h e  NSDW r e s e r v o i r  t o  t h e  sou th .  

An I n t e r m e d i a t e  Water mass i s  formed i n  t h e  I c e l a n d  Sea d u r i n g  w i n t e r .  

S u r f a c e  c o o l i n g  produces a  low- temperature l a y e r  which s u b s e q u e n t l y  mixes w i t h  

w a t e r  of A t l a n t i c  o r i g i n  found a t  i n t e r m e d i a t e  dep ths .  I t  i s  t h i s  m i x t u r e  

which forms t h e  p r i n c i p a l  dense  component of t h e  Denmark S t r a i t  over f low;  i t s  

c h a r a c t e r i s t i c s  a r e  a  t y p i c a l  s a l i n i t y  of 34.8 0100 and r e c e n t  t r i t i u m  v a l u e s  

3 o f  4-5 TU. The fo rmat ion  r a t e  i s  probably  over  30,000 km p e r  y e a r ,  g i v i n g  

a  r e s i d e n c e  time of about two y e a r s .  

Downstream from t h e  s i l l ,  t h e  Denmark S t r a i t  overf low i s  composed of a  

s t r o n g  mean f low of abou t  1 k n o t ,  upon which a r e  superimposed v a r i o u s  low- 

f requency v a r i a t i o n s .  The mean f low i s  d r i v e n  from an upst ream r e s e r v o i r  o f  

a p p a r e n t l y  n e a r l y  c o n s t a n t  d e n s i t y  and p r e s s u r e  head.  Th is  f low i s  b a r o c l i n i c  



and i n c r e a s e s  w i t h  dep th ;  i t  i s  d i r e c t e d  n e a r l y  a l o n g  t h e  i s o b a t h s .  F r i c t i o n a l  

e f f e c t s  a r e  apparen t  a t  l e a s t  25 m from t h e  bottom. Modulations of t h e  mean 

flow on t ime s c a l e s  of weeks t o  months a r e  random and do n o t  exceed abou t  20%; 

t h e r e  i s ,  f o r  example,  no s e a s o n a l  modulat ion.  By f a r ,  t h e  l a r g e s t  of t h e  low- 

frequency v a r i a t i o n s  i s  a  p e r s i s t e n t  s i g n a l  w i t h  a  t ime s c a l e  o f  1 .5  - 2 .5  days  

and ampl i tude comparable t o  t h e  mean f low,  probably r e p r e s e n t i n g  a  b a r o c l i n i c  

i n s t a b i l i t y .  The s t a t i s t i c s  of t h i s  band a r e  n o n- s t a t i o n a r y .  

BAROCLINIC INSTABILITY I N  DRAKE PASSAGE 

Harry Bryden 

P r e d i c t i o n s  of b a r o c l i n i c  i n s t a b i l i t y  t h e o r y  a r e  compared w i t h  observa-  

t i o n s  of c u r r e n t  and t empera tu re  i n  t h e  A n t a r c t i c  Circumpolar Cur ren t  i n  Drake 

Passage.  Observed v e r t i c a l  p r o f i l e s  of c u r r e n t  s h e a r  and Brunt  ~ g i s z l :  f r e -  

quency s a t i s f y  t h e  n e c e s s a r y  c o n d i t i o n  f o r  i n s t a b i l i t y  because  o f  t h e  p resence  

of c u r r e n t  shear  a t  t h e  bot tom boundary which has t h e  same s i g n  a s  t h e  m e r i d i -  

o n a l  g r a d i e n t  of p o t e n t i a l  v o r t i c i t y  i n  t h e  i n t e r i o r  wa te r  column. Poleward 

eddy h e a t  f l u x ,  which i s  d i r e c t e d  down t h e  mean h o r i z o n t a l  t e m p e r a t u r e  g r a d i-  

e n t ,  i s  observed f o r  a l l  c u r r e n t  and t empera tu re  r e c o r d s  and p rov ides  t h e  pre-  

d i c t e d  convers ion of a v a i l a b l e  p o t e n t i a l  energy i n t o  eddy k i n e t i c  and p o t e n t i a l  

e n e r g i e s .  V e r t i c a l  phase l a g s  such t h a t  deeper  e v e n t s  l ead  s h a l l o w e r  e v e n t s ,  

which have been proposed a s  s i g n a t u r e s  of t h e  i n s t a b i l i t y  p r o c e s s ,  a r e  observed 

f o r  v e l o c i t y  components b u t  no t  g e n e r a l l y  f o r  t empera tu re .  F i n a l l y ,  t h e  ob- 

s e r v e d  f requency ,  phase speed (and hence h o r i z o n t a l  wave number) and d e r i v e d  

c r i t i c a l  l e v e l  f o r  observed e d d i e s  a r e  i n  good agreement w i t h  t h o s e  p r e d i c t e d  

by i n f i n i t e s i m a l  ampl i tude i n s t a b i l i t y  t h e o r y .  



MERIDIONAL HEAT FLUX I N  THE SOUTHERN OCEAN 

ARNOLD L. GORDON 

The Ekman divergence sou th  of t h e  P o l a r  F r o n t  Zone induces  upwel l ing  o f  

abou t  40 Sv i n t o  t h e  s u r f a c e  Ekman l a y e r .  I n  t h e  sou thern  h a l f  of t h e  Anta rc-  

t i c  zone t h e  pycnoc l ine  i s  sha l low and may be cons idered  t o  form t h e  b a s e  o f  

t h e  Ekman l a y e r .  I n  a  s t e a d y  s t a t e  s i t u a t i o n ,  t h e  mean Ekman upwel l ing  of t h e  

2  pycnoc l ine  of 1.2 x  cm/sec,  would i n t r o d u c e  about 11 kca l lcm / y r  i n t o  

t h e  s u r f a c e  l a y e r ,  which would be s u b s e q u e n t l y  l o s t  t o  t h e  a tmosphere .   his 

prov ides  an e s t i m a t e  of s e a- a i r  h e a t  f l u x .  An independent e s t i m a t e  may be made 

u s i n g  r a d i a t i o n  'balance and bu lk  aerodynamic e q u a t i o n s .  Values  of t o t a l  sea -  

a i r  h e a t  f l u x  f o r  t h e  zone 60°- 70's f o r  i c e  f r e e ,  complete i c e  cover and 

r e a l i s t i c  i c e  cover c o n c e n t r a t i o n s  a r e  provided i n  Tab le  I .  An average a n n u a l  

va lue  of sea  t o  a i r  h e a t  f l u x  of 27 kcal /cm21yr  f o r  t h e  60' - 70's i s  

sugges ted .  

The i n f l u e n c e  of s e a  i c e  cover t o  t h e  a t t e n u a t i o n  of s e a- a i r  h e a t  f l u x  

i s  v e r y  a p p a r e n t .  U n c e r t a i n t y  i n  i c e  cover  e x t e n t  and c o n c e n t r a t i o n  a r e  v e r y  

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

A t  60°s e s t i m a t e  of s e a  a i r  h e a t  f l u x  f o r  i c e  f r e e  and complete s e a  

i c e  cover have been made by F l e t c h e r  (1969) .  Using r e a l i s t i c  v a l u e s  o f  i c e  

cover c o n c e n t r a t i o n s ,  a n  average  annual  s e a  t o  a i r  h e a t  f l u x  o f  6 .4  k c a l l  

cm21yr f o r  60°s i s  determined.  Between t h e  p o l a r  f r o n t  zone (average  pos i-  

t i o n  of 53's) and 60's t h e  h e a t  f l u x  i s  i n t o  t h e  ocean a t  a  r a t e  of 10 

k c a l ~ c m ~ / ~ r ,  w h i l e  j u s t  n o r t h  of t h e  f r o n t  an equa l  h e a t  f l u x  i n t o  t h e  atmos- 

phere  i s  determined  illma man, 1972, f o r  t h e  a r e a  South of A u s t r a l i a  and Bunker 

p.c.  f o r  t h e  South A t l a n t i c ) .  



The anomaly t o  the  l a rge  s c a l e  l a t i t u d e  p a t t e r n  of s ea- a i r  h e a t  f l u x  i s  

t he  oceanic  h e a t  l o s s  nor th  of t h e  f r o n t .  This  may be a  product of  t he  h igh  

s e n s i b l e  and l a t e n t  hea t  f l u x  occur r ing  dur ing  cold a i r  ou tbreaks ,  a c ros s  t h e  

po l a r  f r o n t ,  over t he  r e l a t i v e l y  warm Suban ta rc t i c  Surface Water. 

TABLE I.  To ta l  Sea- air  Heat Flux 600-700S, QT 

(va lues  i n  cal/cm2. day, p o s i t i v e  i n d i c a t e s  

atmosphere t o  ocean hea t  t r a n s f e r )  

Month 
Jan  
Feb 
Mar 

A P ~  
May 
Jun 
J u l  
Aug 
S ~ P  
Oct 
Nov 
Dec 

No-Ice 
+I77 
+ 66 
-128 
-201 
-329 
-449 
-45 2 
-377 
-297 
-130 
- 84 
+ 55 

Average -179 
- 65 

100% I c e  Cover 
+64 
+ 18 
-26 
-46 
-56 
- 54 
-54 
- 34 
-21 
- 20 
-12 
+15 

R e a l i s t i c  
Ice-Ocean Rat io  

+ 132 
+ 56 
-108 
-139 
-193 
-212 
-173 
-120 
- 76 
- 53 
- 41 
+ 35 

Same a s  c  bu t  
w i th  30% Leads 

+I45 
+ 59 
-1 14 
-158 
-233 
-283 
-257 
-195 
-142 
- 76 
- 54 
+ 41 



= Radiat ion balance + evaporat ion + s e n s i b l e  h e a t  l o s s  

Qs from Sasamori e t  a l . ,  1972. An albedo of 4 i s  used f o r  t he  d i r e c t  

beam and 6.6% fo r  t he  i n d i r e c t  s h o r t  wave r a d i a t i o n .  

wind speed: 5 m/sec 

r e l a t i v e  hun id i ty  85% 

50% middle cloud cover 

T'C sea:  -2OC May - November 

O°C May, October - November 

+Z°C January - March 

TOc a i r  : - 1 3 ' ~  June - September 

- 8 ' ~  May, October - November 

- 5 ' ~  A p r i l ,  December 

- 3*c March 

+ 1°c January - February 

* Estimate of  percent  i c e  cover taken from i c e  c h a r t s .  

** Percentage of l e ads  v a r i e s  g r e a t l y ;  30% may be upper l i m i t .  The 

Weddell Polynya not  e x p l i c i t l y  included i n  t he se  c a l c u l a t i o n s .  



Table  I1 g i v e s  t h e  t o t a l  average  annua l  s e a- a i r  h e a t  f l u x  s o u t h  o f  t h e  

p o l a r  f r o n t  and s o u t h  o f  60°s which r e p r e s e n t s  t h e  a r e a  covered a t  l e a s t  f o r  

some t ime by s e a  i c e .  The a r e a  sou th  o f  t h e  p o l a r  f r o n t ,  bu t  n o r t h  o f  t h e  s e a  

i c e  f i e l d ,  does  n o t  e x t r a c t  ocean ic  h e a t ;  t h e  t o t a l  h e a t  l o s s  i s  s o u t h  o f  

60°s. 

The m e r i d i o n a l  exchange o f  h e a t  must s a t i s f y  t h e  s e a- a i r  h e a t  f l u x .  The 

two p a t t e r n s  o f  m e r i d i o n a l  exchange a r e  t h e  a d v e c t i v e  model and t h e  i s o p y c n a l  

s p r e a d i n g  model ( d i s c u s s e d  i n  A. Gordon's p r e v i o u s  l e c t u r e ) .  I n  a d d i t i o n ,  a  

s imple  l a t e r a l  t u r b u l e n t  h e a t  f l u x  model can be p r e s e n t e d  i n  which Ky - dT a c r o s s  

40° - 60°S (where s e a- a i r  h e a t  f l u x  averages  n e a r  z e r o )  of t h e  w a t e r  column 

above t h e  c r e s t  of t h e  mid-ocean r i d g e  n e a r  2.5 km t r a n s f e r s  t h e  n e c e s s a r y  h e a t  

f l u x .  

2 A KY o f  2  x  l o 7  cm /set* i s  determined ( u s i n g  a  mean t e m p e r a t u r e  

d i f f e r e n c e  between 400 - 60°s f o r  t h e  upper 2.5 km o f  ~ O C ) .  I f  t h e  term 

" l a t e r a l "  i s  t aken  a s  i sopycna l  t h e  m e r i d i o n a l  g r a d i e n t  i s  much reduced ( c l o s e  

t o  1°c) r e q u i r i n g  a  Ky v a l u e  o f  6 x  l o 7  cm2/sec. These v a l u e s  a r e  i n  t h e  

' ' accep tab le"  range.  

Should t h e  Deacon a d v e c t i v e  model be  a c c e p t e d ,  it i s  p o s s i b l e  t o  c a l c u-  

l a t e  t h e  amount o f  deep wate r  r e q u i r e d  t o  supply t h e  n e c e s s a r y  h e a t  i n t o  t h e  

s u r f a c e  wa te r  s o u t h  o f  t h e  p o l a r  f r o n t  zone ( a  v a l u e  o f  32 S v  i s  s u g g e s t e d ;  

a l s o  s e e  Gordon, 1975) ,  w i t h  about  h a l f  go ing  i n t o  c r o s s  p o l a r  f r o n t  f l u x  o f  

s u r f a c e  wa te r  and t h e  o t h e r  h a l f  going i n t o  A n t a r c t i c  bottom w a t e r .  The deep 

wate r  h e a t  i s  d e r i v e d  mainly  from downward h e a t  f l u x  a c r o s s  t h e  main thermo- 

c l i n e  o f  t h e  world ocean.  

*In the l e c t u r e  a  KY v a l u e  o f  1O1O cm2/sec was p r e s e n t e d .  The c o r r e c t  
v a l u e  g iven  above a g r e e s  w i t h  t h e  v a l u e  determined by Bryden and Joyce 
( p e r s o n a l  c o m u n i c a t i o n )  f o r  t h e  Drake Passage m e r i d i o n a l  t e m p e r a t u r e  
g r a d i e n t s .  



TABLE 11. Net Sea-Air Heat F lux  
( P o s i t i v e  Values Represen t  Heat from Atmosphere t o  ocean)  

Zone L a t i t u d e  Area 106km2 QT k c a l / ~ m ~ / ~ r  

Sea I c e  Zone 600-700s 16 -27  able I ,  C a l c u l a-  
t i o n s )  

Northern  I c e  F r i n g e  600s -- -6.4 ( F l e t c h e r ,  1969)  

South of  PFZ 530-6005 20 + l o  ( ~ i l l r n a n ,  1972; 
Bunker,  p.  c  . ) 

North of  PFZ 450-530s 

SUMMARY OF TOTAL HEAT FLUX: 

-15 (Z i l lman ,  1972; 
Bunker,  p . c . )  

1. South  o f  P o l a r  F ron t  Zone: -7.4 x  1013 c a l / s e c  

2. South  of  600s:  -13.0 x  l 0 l 3  

South  of 6O0s w i t h  30% l e s s  i c e :  -20 x  1013 c a l / s e c  

( a  n e a r l y  50% i n c r e a s e  i n  ocean h e a t  l o s s ) .  

A t t e n u a t i o n  of  t h e  warm-saline North  A t l a n t i c  Deep w a t e r  w i t h  i n c r e a s i n g  

eas tward  d i s t a n c e  from t h e  A t l a n t i c  Ocean a long  t h e  p o l a r  f r o n t  and a s  Anta rc-  

t i c a  i s  approached a l o n g  n e a r l y  a l l  l o n g i t u d e s  s u g g e s t s  t h e  advec t i v e  mode 1 

cannot  be comple te ly  c o r r e c t ;  m e r i d i o n a l  d i f f u s i o n  has  some impact .  

An i n t e r e s t i n g  and p o s s i b l y  impor tan t  a s p e c t  of s e a- a i r  h e a t  f l u x  i s  

t h e  l a r g e  ( - 5  t o  .8x106 Km2) i c e  f r e e  r e g i o n  which occurs  i n  some w i n t e r  

n e a r  t h e  Greenwich mer id ian  and 660s  : t h e  Wedde 11 Polynya.  

It i s  unreasonab le  t o  c o n s i d e r  t h e  polynya a s  s o l e l y  a  wind induced 

f e a t u r e ,  s i n c e  t h e  wind could n o t  remove newly formed i c e  f a s t  enough t o  keep  

a  0 .5  t o  0 . 8 ~ 1 0 ~  Km2 a r e a  i c e  f r e e .  Upward Flux of  deep w a t e r  h e a t  ( t h e  

deep wa te r  i s  n e a r l y  2 . 5 ° ~  above f r e e z i n g )  i s  r e q u i r e d .  A p y c n o c l i n e  

2  c h a r a c t e r i s t i c  v a l u e  of K o f  20 cm / s e c  i s  needed t o  match t h e  w i n t e r  sea -  z 
a i r  h e a t  f l u x  f o r  i c e  f r e e  c o n d i t i o n .  However, t h e  a s s o c i a t e d  s a l t  f l u x  i s  



s t r o n g l y  d e s t a b i l i z i n g  and convec t ion  would qu ick ly  ensue.  S a l t  f l u x  would be  

g r e a t l y  reduced i f  t h e  c r o s s  pycnoc l ine  h e a t  t r a n s f e r  i s  c a r r i e d  o u t  by double  

d i f f u s i v e  means ( p o i n t e d  o u t  by S.  Turner a f t e r  t h e  GFD p r e s e n t a t i o n ) .  

Evidence of convec t ion  i s  p r e s e n t e d  by Gordon (1978) and d i s c u s s e d  

f u r t h e r  by K i l l w o r t h  (1979) .  

The w i n t e r  ( June  - September ) h e a t  l o s s  i n  t h e  polynya amounts t o  

2 .64 x 1020 c a l ,  which i s  enough t o  c o o l  t h e  3000 m e t e r s  of Weddell deep  

w a t e r  i n  t h e  e n t i r e  Weddell gyre  by 0.020C. S i n c e  t h e  h i s t o r i c a l  d a t a  does  

n o t  i n d i c a t e  s i g n i f i c a n t  v a r i a t i o n s  i n  deep wate r  t empera tu re  t h e  polynya must 

r e o c c u r  wi th  a  t ime s c a l e  of l e s s  than  5 t o  10 y e a r s .  Perhaps  t h e  bui ld- up of  

deep wate r  h e a t  d u r i n g  non-polynya y e a r s  i n c r e a s e s  t h e  p o t e n t i a l  f o r  polynya 

occur rence  i n  t h e  fo l lowing  y e a r .  Cooled deep w a t e r ,  a f t e r  a  polynya occur-  

r e n c e ,  would d e c r e a s e  t h e  p o t e n t i a l .  I n  t h i s  way an o s c i l l a t i n g  polynya may 

o c c u r .  

The p o s i t i o n  of t h e  polynya and perhaps  i t s  o s c i l l a t o r y  n a t u r e  may be 

r e l a t e d  t o  l a r g e  s c a l e  c y c l o n i c  Weddell gyre  c i r c u l a t i o n .  It i s  proposed t h a t  

Weddell c i r c u l a t i o n  i s  a  combinat ion o f  a  n e a r l y  b a r o t r o p i c  Sverdrup  t r a n s p o r t  

and a  b a r o c l i n i c  the rmocl ine  c y c l o n i c  gyre  west  of Maud R i s e .  

FINESTRUCTURE I N  THE ANTARCTIC POLAR FRONT 

Ter rence  Joyce  

The A n t a r c t i c  P o l a r  F r o n t  r e p r e s e n t s  t h e  n o r t h e r n  boundary o f  s u r f a c e  

and n e a r  s u r f a c e  w a t e r s  o f  A n t a r c t i c  o r i g i n .  To t h e  s o u t h  of t h e  f r o n t  w a t e r s  

a r e  c o l d e r  and f r e s h e r  due t o  a i r - s e a  exchanges around t h e  c o n t i n e n t .  Wi th in  

t h e  upper 800 m e t e r s  of t h e  P o l a r  F r o n t  v e r t i c a l  p r o f i l e s  of t e m p e r a t u r e  and 

s a l i n i t y  w i l l  c o n t a i n  numerous i n v e r s i o n s  of v e r t i c a l  s c a l e  100 m e t e r s  and l e s s  
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in which warm, salty water found to the north is interleaved with the colder, 

fresher Antarctic Waters. A closely spaced section across the front confirms 

that the water mass boundary is highly convoluted with these medium scale 

interleaving layers produced by cross-frontal mixing processes. The "energy" 

N 

source for the medium scale layers y N O(L), is the lateral variation of the 

temperature/salinity field associated with the overall water mass transition, 

J 

y - O(L), across the front. Small-scale transfers, predominantly in the verti- 

cal, act to attenuate the characteristics of the intrusions. A steady state 

model, Joyce (1977), invoking a balance between the above two processes pro- 

duces the £01 lowing relation 

between the rate of production of medium scale variability (1.h.s.) and its 

rate of dissipation. If the small scale fluxes of temperature and salinity 

/V H 
W I T ' ,  w'S' are known over the interleaving layer region, then the cross frontal 

fluxes of heat and salt can be estimated. 

An intensive three dimensional survey of the Antarctic Polar Front was 

made in the Drake Passage as part of the International Southern Ocean Studies 

(1505) program in March 1976. The front was imbedded within one of the high 

velocity cores of the circumpolar current. The spatial and temporal persis- 

tence of the variability was studied by analysis of continuous vertical pro- 

files of horizontal velocity, temperature, salinity, and dissolved oxygen. 

Results from a paper by Joyce, Zenk, and Toole (1978) show that the thermo- 

haline variability was not internal wave induced but was associated with nearly 

isotropic advection of different water masses across the front. Cold, fresh 



and warm, s a l t y  i n t r u s i o n s  d id  not conserve p o t e n t i a l  d e n s i t y ,  however, and 

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

Labora to ry  s t u d i e s  have not y e t  provided q u a n t i t a t i v e  e s t i m a t e s  on 

smal l  s c a l e  f l u x e s  of h e a t  and s a l t  due t o  s a l t  f i n g e r i n g  and c o n v e c t i v e  

i n s t a b i l i t i e s  s imul taneous ly  a c t i n g  on both  s i d e s  of i n t r u s i o n s .  I n  o r d e r  t o  

o b t a i n  e s t i m a t e s  of the  e f f e c t  of t h e  i n t e r l e a v i n g  upon t h e  l a r g e  s c a l e  f i e l d  

u s i n g  t h e  above e q u a t i o n ,  t h e  assumption i s  made t h a t  

2 
where AV is a  c o n s t a n t  e q u a l  t o  1 cm / s e c .  Using t h e  observed v a r i a n c e  of 

t h e  i n t r u s i o n s  w i t h  wavelengths  i n  excess  o f  3 m e t e r s ,  and e s t i m a t i n g  l a r g e -  

s c a l e  g r a d i e n t s  a long  d e n s i t y  s u r f a c e s ,  poleward h e a t  and s a l i n i t y  f l u x e s  a r e  

o b t a i n e d  o f  

Combining t h e  h e a t  and s a l t  f l u x e s  an up g r a d i e n t  buoyance f l u x  i s  

o b t a i n e d .  The l o w e s t ,  o r  most c o n s e r v a t i v e  e s t i m a t e  i s  

Th is  e s t i m a t e  i s  most s e n s i t i v e  t o  i n s t r u m e n t a l  problems and t h e r e f o r e  

somewhat s u s p e c t .  

The o v e r a l l  e f f e c t  upon t h e  l a r g e  s c a l e  f i e l d  i s  t o  r u n  down t h e  e x i s-  

t i n g  h o r i z o n t a l  t empera tu re  and s a l i n i t y  d i f f e r e n c e s  w h i l e  i n c r e a s i n g  t h e  e x i s -  

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



Zealand i n  December 1978 h a s  y e t  t o  be comple te ly  d i g e s t e d  t h e  above f l u x e s  

a r e  judged t o  be s i g n i f i c a n t  when compared t o  Sou thern  Ocean wide s a l t  and t o  

a  l e s s e r  e x t e n t  h e a t  budge t s .  The up g r a d i e n t  buoyancy f l u x  cou ld  accoun t  f o r  

t h e  i n c r e a s e d  v e r t i c a l  shea r  w i t h i n  t h e  r e g i o n  of  the  p o l a r  f r o n t .  
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DOUBLE DIFFUSIVE INTRUSIONS AND M I X I N G  ACROSS FRONTS 

J .  S t e w a r t  T u r n e r  

Over t h e  p a s t  twenty y e a r s ,  t h e r e  has  been a  c l o s e  i n t e r a c t i o n  between 

t h e o r e t i c i a n s ,  l a b o r a t o r y  exper imente r s  and o b s e r v e r s  i n v e s t i g a t i n g  double-  

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

p a r a l l e l  t o  t h e  development of i n s t r u m e n t s  c a p a b l e  of measur ing  f i n e -  and 

m i c r o s t r u c t u r e ,  and t h e r e  i s  now a  wide accep tance  t h a t  phenomena obse rved  i n  

t h e  l a b o r a t o r y  a c t u a l l y  occur  and can be found i n  t h e  ocean.  Most of t h e  work 

t o  d a t e ,  however, h a s  c o n c e n t r a t e d  on c a s e s  where t h e  f low i s  h o r i z o n t a l l y  

uniform.  There a r e  s t i l l  impor tan t  one- dimensional  p r o c e s s e s  t o  be  s t u d i e d  

more c l o s e l y ,  p a r t i c u l a r l y  t h e  t r a n s p o r t  of m u l t i p l e  components through double-  

d i f f u s i v e  i n t e r f a c e s .  

The l e c t u r e  emphasized r e c e n t  l a b o r a t o r y  exper iments  which have con- 

s i d e r e d  two- dimensional  e f f e c t s ,  and f i l m s  o f  t h r e e  of them were shown. The 

f i r s t  was t h e  e f f e c t  of m e l t i n g  i c e  i n  a  s a l i n i t y  g r a d i e n t ,  i n v e s t i g a t e d  w i t h  

H e r b e r t  Huppert  i n  Canberra  and Cambridge. Sugges t ions  have been made t h a t  

t h e  plume of mel t  water  a l o n g  t h e  s i d e s  of m e l t i n g  i c e b e r g s  could  be  



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

A n t a r c t i c  Waters .  I t  h a s ,  on the  c o n t r a r y ,  been sugges ted  by t h o s e  p ropos ing  

towing i c e b e r g s  t h a t  f r e s h  w a t e r  w i l l  c o l l e c t  a t  t h e  s u r f a c e  when i c e b e r g s  

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

w a t e r .  Our exper iments  have shown t h a t  i n  t h e  p resence  of a  s a l i n i t y  g r a d i e n t  

i n  t h e  environment n e i t h e r  p i c t u r e  i s  c o r r e c t .  Convection o c c u r s  i n  n e a r l y  

h o r i z o n t a l  l a y e r s ,  d r i v e n  by t h e  buoyancy a s s o c i a t e d  w i t h  t h e  h o r i z o n t a l  tem- 

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

r eaches  t h e  s u r f a c e .  

The second type of experiment d i s c u s s e d  was t h e  i n t r u s i o n  of one f l u i d  

i n t o  a  g r a d i e n t  of a n o t h e r .  A source  of s a l t  s o l u t i o n  i n  a  s a l i n i t y  g r a d i e n t  

j u s t  sp reads  ou t  i n  a  t h i n  l a y e r  a t  i t s  l e v e l  of n e u t r a l  buoyancy. Sugar 

s o l u t i o n  ( t h e  analogue of h o t ,  s a l t y  w a t e r )  r e l e a s e d  i n t o  a  s a l i n i t y  g r a d i e n t  

( c o l d e r ,  f r e s h e r  w a t e r )  behaves v e r y  d i f f e r e n t l y .  There i s  r a p i d  v e r t i c a l  con- 

v e c t i o n  produced by double  d i f f u s i o n ,  followed by e x t e n s i o n  i n  many l a y e r s ,  

w i t h  " d i f f u s i v e"  i n t e r f a c e s  above, and f i n g e r s  below. The l a y e r s  t i l t  upwards 

a c r o s s  i sopycna l s  a s  t h e y  e x t e n d ,  due t o  t h e  more r a p i d  buoyancy f l u x  i n  t h e  

f i n g e r s .  A source  of s a l t  s o l u t i o n  i n  a  sugar  g r a d i e n t  produces l a y e r s  w i t h  

p r o p e r t i e s  i n  t h e  i n v e r s e  s e n s e  - d i f f u s i v e  i n t e r f a c e s  below and f i n g e r s  

above,  and t i l t e d  downwards. 

The u n c o n t r o l l e d  mixing i n  t h i s  type of experiment has  been e l i m i n a t e d  

by t h e  t echn ique  adopted by Barry  Ruddick a t  ANU. He h a s  f i l l e d  two s i d e s  o f  

a  t a n k ,  s e p a r a t e d  by a  dam, w i t h  i d e n t i c a l  s t a b l e  d e n s i t y  g r a d i e n t s ,  b u t  u s i n g  

s a l t  s o l u t i o n  on one s i d e  and s u g a r  s o l u t i o n  on t h e  o t h e r .  When t h e  b a r r i e r  

i s  removed, t h e r e  i s  a  r a p i d  wave- like adjus tment  of any s m a l l  d e n s i t y  anoma- 

l i e s .  When t h e s e  mot ions  d i e  away, a  n e a r l y  v e r t i c a l  f r o n t  r e m a i n s ,  a c r o s s  



which t h e r e  a r e  l a r g e  anomalies of T  and S b u t  no h o r i z o n t a l  d e n s i t y  g r a d i e n t .  

I n t r u d i n g  l a y e r s  spontaneously  develop and p ropaga te ,  d r i v e n  by t h e  quas i -  

v e r t i c a l  f l u x e s  through t h e  i n t e r f a c e s  which form above and below. Both t h e  

l e n g t h  s c a l e  and v e l o c i t y  of t h e s e  l a y e r s  a r e  p ropor t ioned  t o  d e p t h ,  and t h u s  

t o  t h e  h o r i z o n t a l  p r o p e r t y  anomal ies .  T h i s  mechanism prov ides  a  means whereby 

molecu la r  e f f e c t s  cannot o n l y  i n f l u e n c e  t h e  f i n e  s t r u c t u r e  ( i . e . ,  l a y e r  s c a l e s )  

bu t  l a r g e r  s c a l e  motion as  w e l l ,  through t h e  changes they  produce i n  t h e  prop- 

e r t i e s  of t h e  wa te r  masses on e i t h e r  s i d e  o f  a  f r o n t a l  s u r f a c e .  

F i n a l l y ,  some c u r r e n t  experiments on i n t r u s i o n s  i n  a  r o t a t i n g  sys tem 

were d i s c u s s e d  b r i e f l y .  It has  been demonstra ted t h a t  s t e a d y  d o u b l e- d i f f u s i v e  

i n t r u s i o n s  can p e r s i s t  a t  a  g e o s t r o p h i c a l l y  balanced f r o n t  a c r o s s  which t h e r e  

i s  a  s h e a r ,  i n  a  geometry which remains a x i s m e t r i c .  I n  a  d i f f e r e n t  pa ramete r  

range ,  i n s t a b i l i t i e s  have a l s o  been observed which a r e  r e l a t e d  t o ,  b u t  seem 

d i f f e r e n t  i n  d e t a i l  from, a  b a r o c l i n i c  i n s t a b i l i t y .  I n d i v i d u a l  l a y e r s  move 

s p i r a l l y  o u t  i n  p e r s i s t e n t  conf ined "noses" ,  and we have s p e c u l a t e d  t h a t  t h i s  

behav ior  i s  i n f l u e n c e d  by t h e  c o n t i n u i n g  d e n s i t y  changes a s s o c i a t e d  w i t h  

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

THEORETICAL MODELS OF DEEP WATER FORMATION 

P e t e r  D .  K i l l w o r t h  

I n  t h i s  t a l k ,  o b s e r v a t i o n s  of bottom water  fo rmat ion  were d i s c u s s e d  i n  

an area- by- area f a s h i o n ,  and t h e o r e t i c a l  models t h e n  p r e s e n t e d  which each 

focussed on some p h y s i c a l  p o i n t  o r  p o i n t s .  

The survey  began w i t h  t h e  " c o n t i n e n t a l  margin" format  i o n  r e g i o n s .  I n  

such a r e a s  ( a s  t y p i f i e d  by t h e  A n t a r c t i c ,  i n  t h e  Weddell and Ross S e a s ,  and o f f  

A d e l i e  Land) t h e r e  i s  a  c o n t i n e n t a l  s h e l f- s l o p e  system. Dense w a t e r  i s  formed 



on the shelf by saline rejection from freezing sea ice. This water falls down- 

slope, mixing with the surrounding water as it goes, producing dense bottom 

water at the foot of the slope. This water then moves slowly away from the 

coast and into the world ' s ocean. 

Such an observational description raises several important theoretical 

questions, namely: 

(a) What is the source for the several million cubic meters of water 

which are involved in this motion downslope? 

(b )  Why does Bottom Water occur preferentially in such a few areas in 

the Antarctic, even with an enclosed area like the Weddell Sea, 

where production is confined to the western side? 

(c) What controls how the dense water falls down the slope - a simple 

balance between buoyant and Coriolis forces would imply horizontal 

motion? and 

(dl What happens to the water thereafter; specifically, can the dense 

water affect its own environment? 

Problem (a) was examined by a two-dimensional (north and vertical) 

stratified model. The effects of both southward Ekman flux at the surface, 

due to westward winds near the coast and a southward Ekman flux due to vertical 

shear produced by thermal effects were discussed. Both fluxes impinge on the 

shelf and are returned downslope as a descending bottom flow. However, the 

magnitude of the wind-driven flux is order of magnitude larger than the 

thermally-driven flux, even with nonlinearity included. Hence wind driving 

appears to be responsible for the flux of dense water, but not its properties. 



A two- level  model o f  a  c o n t i n e n t a l  s h e l f  was used t o  examine problem 

( b ) .  G r e a t e r  s e a- i c e  p r o d u c t i o n  c l o s e  t o  t h e  edge o f  t h e  i c e  s h e l v e s ,  and 

reduced p r o d u c t i o n  f u r t h e r  n o r t h ,  was used t o  d r i v e  t h e  mot ion v i a  a  s u r f a c e  

buoyancy i n p u t .  Th i s  y i e l d s  a  nor th- sou th  p r e s s u r e  g r a d i e n t ,  and a  r e s u l t i n g  

g e o s t r o p h i c  c i r c u l a t i o n  which i s  eas tward  a t  t h e  s u r f a c e  and westward a t  

d e p t h .  When t h i s  f low impinges on t h e  c o a s t  l i n e s  t h e r e  i s  downwelling on t h e  

e a s t e r n  c o a s t l i n e  and upwel l ing  a t  t h e  wes t .  T h i s  induces  a n  eas t- to- wes t  den-  

s i t y  g r a d i e n t  ( a s  o b s e r v e d ) ,  and t h e r e f o r e  a  northward flow o f  d e e p e r  ( d e n s e )  

w a t e r  o u t  o f  t h e  s h e l f  r e g i o n  on t h e  wes te rn  s i d e .  Wind e f f e c t s ,  n e g l e c t e d  

h e r e ,  may w e l l  add t o  t h i s  e f f e c t .  

A v a r i e t y  o f  models f o r  problem ( c )  were d i s c u s s e d .  A l l  a r e  o f  t h e  t u r -  , 

b u l e n t  piume o r  t h e r m a l  v a r i e t y ,  w i t h  e f f e c t s  of  r o t a t i o n  added.  It t u r n s  o u t  

t o  be i m p o s s i b l e  t o  b r i n g  dense  w a t e r  t o  t h e  bottom w i t h  a  f l u x  o f  t h e  o b s e r v e d  

magni tude.  ( T h i s  i n v o l v e s  i n c r e a s i n g  f r i c t i o n a l  d r a g  t o  combat C o r i o l i s  f o r c e ,  

and i n c r e a s i n g  e n t r a i n m e n t ;  b u t  t h i s  c a u s e s  t h e  plume o r  t h e r m a l  t o  a sympto te  

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

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

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

i t s  su r round ings  a s  i t  s i n k s  i n  a  s t a b l y  s t r a t i f i e d  f l u i d  ( a  s o u r c e  o f  i n t e r n a l  

e n e r g y )  .* With t h i s  m o d i f i c a t i o n ,  t h e  two d i s p o s a b l e  p a r a m e t e r s  ( e n t r a i n m e n t  

and f r i c t i o n )  can b e  tuned t o  reproduce  t h e  observed s i t u a t i o n .  

A c r i t i c a l  t e s t  o f  such a  model was p rov ided  by o b s e r v a t i o n s  o f  anoma- 

l o u s  l e n s e s  of  wa te r  a t  2000 m o f f  Wilkes Land. A p p l i c a t i o n  o f  t h e  model,  w i t h  

pa ramete r s  s e t  by t h e  p r e v i o u s  c a l c u l a t i o n ,  does  indeed y i e l d  an  a s y m p t o t i c  

plume dep th  of  2000 m. Th i s  s u g g e s t s  t h a t  t h e  l e n s e s  may be  a  v a r i e t y  o f  "not-  

q u i t e- b o t  tom-water" which was i n s u f f i c i e n t l y  dense  t o  r e a c h  t h e  bot tom.  

*This e f f e c t  i s  unnecessa ry  and n e g l i g i b l e  i n  t h e  Norwegian and M e d i t e r r a n e a n  
o u t f l o w s .  



These r e s u l t s  apply  t o  problem ( d l .  The sideways o u t f l o w  of  w a t e r  

s i n k i n g  around A n t a r c t i c a  w i l l  t end ,  i n  t i m e ,  t o  s e t  up a  s t r a t i f i e d  ocean 

around t h e  c o a s t l i n e .  S i n c e  t h e  buoyancy o f  t h e  plumes v a r i e s  s e a s o n a l l y ,  a t  

t imes  t h e  plumes w i l l  sp read  near  t h e  s u r f a c e  and a t  t imes  a t  d e p t h .  The 

r e s u l t a n t  s t r a t i f i c a t i o n  h a s  been produced i n  a  l a b o r a t o r y  model,  and 

reproduced on a  computer- generated f i l m  from e q u a t i o n s  f o r  a  f i l l i n g- b o x  model. 

Time d i d  n o t  a l low a  d i s c u s s i o n  o f  open-ocean c o n v e c t i o n ,  a s  observed i n  

t h e  Medi te r ranean ,  Labrador and Weddell Seas and assumed t o  occur  i n  t h e  Green- 

land Sea,  a l t h o u g h  s e v e r a l  models of t h e s e  p r o c e s s e s  a l s o  e x i s t .  The models 

d i s c u s s e d  h e r e  i n c l u d e  work by E .  C.  Carmack, P .  Smith,  J .  S .  T u r n e r ,  J. M. 

Smith and J .  Venn, i n  a d d i t i o n  t o  t h e  a u t h o r .  

TRANSPORT CALCULATIONS I N  THE TASMAN AND CORAL SEAS 

George Veronis 

The i n v e r s e  method (Wunsch, 1978) h a s  been used t o  d e t e r m i n e  t h e  f low 

f o r  a  closed- box r e g i o n  i n  t h e  Tasman and Cora l  s e a s .  The o b j e c t  o f  t h e  s t u d y  

was t o  de te rmine  t h e  l a r g e  s c a l e  t r a n s p o r t  through t h e  r e g i o n ,  and i n  p a r t i c u-  

l a r ,  t o  o b t a i n  a n  updated e s t i m a t e  o f  t h e  amount o f  w a t e r  c a r r i e d  by t h e  E a s t  

A u s t r a l i a n  C u r r e n t .  We conclude t h a t  t h e r e  was no ev idence  o f  an E a s t  A u s t r a l-  

i a n  Cur ren t  i n  l a t e  March, 1960. During t h e  l a t t e r  pe r iod  t h e  o n l y  s t r o n g ,  

i d e n t i f i a b l e  f e a t u r e  was a  c y c l o n i c  gyre  i n  t h e  Coral  Sea.  S i n c e  an E a s t  

A u s t r a l i a n  Cur ren t  h a s  been i d e n t i f i e d  a t  o t h e r  t i m e s ,  t h e  f low a p p e a r s  t o  b e  

t r a n s i e n t .  A s e r i e s  o f  exper iments  t e s t i n g  v a r i o u s  a s p e c t s  o f  t h e  u s e  o f  t h e  

i n v e r s e  method i n  such problems i s  a l s o  r e p o r t e d .  T r a n s p o r t s  i n  t h e  bot tom 



l a y e r  a r e  shown t o  be s e n s i t i v e  t o  n o i s e  and t o  t h e  procedure  adopted f o r  

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

topograph ic  v a r i a t i o n s .  The importance o f  working w i t h  s y n o p t i c ,  a s  opposed 

t o  c l i m a t o l o g i c a l ,  d a t a  i s  demonstrated by t h e  exper iments .  It i s  a l s o  shown 

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

ICE I N  THE MARGINAL SEAS: FIELD OBSERVATIONS I N  THE BERING SEA 

See lye  M a r t i n  

During w i n t e r ,  s t r o n g  n o r t h e a s t  winds dominate t h e  Ber ing  Sea i c e  

motion.  Two kinds  of i c e  form i n  t h i s  a i r  flow. The f i r s t  forms i n  t h e  l e e  

s h o r e  r e g i o n s  around t h e  Ber ing such a s  t h e  wa te r s  s o u t h  o f  Cape P r i n c e  o f  

Wales, and S t .  Lawrence and S t .  Matthews I s l a n d s ;  t h e  second forms a t  t h e  i c e  

edge . 
I n  t h e  l e e  s h o r e  r e g i o n s ,  t h e  winds sweep t h e  o ld  i c e  s e v e r a l  k i l o m e t e r s  

away from t h e  s h o r e ,  s e v e r a l  t imes  d u r i n g  t h e  w i n t e r ,  so  t h a t  seawate r  a t  i t s  

f r e e z i n g  p o i n t  i s  exposed t o  co ld  winds.  On t h e  open w a t e r ,  t h e  winds g e n e r a t e  

waves and t h e  co ld  a i r  c r e a t e s  f r e e z i n g ,  s o  t h a t  because  of t h e  a g i t a t e d  w a t e r ,  

t h e  i c e  grows a s  smal l  p l a t e l e t s ,  measur ing about 1 nnn i n  d iamete r  and 10- 

100 um i n  t h i c k n e s s .  These c r y s t a l s ,  which form on t h e  w a t e r  s u r f a c e  and a r e  

a l s o  observed a t  dep ths  up t o  8 m ,  a r e  herded i n t o  Langmuir s t r e a k s  p a r a l l e l  

t o  t h e  wind. Re la ted  l a b o r a t o r y  exper iments  on t h i s  i c e ,  termed " g r e a s e  i c e "  

by t h e  World Meteoro log ica l  O r g a n i z a t i o n ,  show t h a t  i t  forms an  i c e- s e a w a t e r  

s l u r r y  c o n s i s t i n g  of approximately  40% i c e  c r y s t a l s  and 60% s e a w a t e r .  Because  

t h e  c r y s t a l s  tend t o  s i n t e r  t o g e t h e r  a t  low r a t e s- o f- s h e a r ,  t h e  g r e a s e  i c e  h a s  

a  non-Newtonian v i s c o s i t y ,  where t h e  v i s c o s i t y  i n c r e a s e s  w i t h  d e c r e a s i n g  r a t e s -  

o f- s h e a r .  Th i s  l e a d s  t o  a  v e r y  e f f i c i e n t  wave damping, which may i n t e n s i f y  t h e  



Langmuir c i r c u l a t i o n  observed i n  t h e  Ber ing Sea.  F i n a l l y ,  because  of t h e  wave 

a g i t a t i o n ,  t h e  g r e a s e  i c e  i n i t i a l l y  grows i n  t h i c k n e s s  ve ry  r a p i d l y ;  i n  our  

t a n k  a t  -200C, t h e  e q u i v a l e n t  of 10 cm of s o l i d  grows i n  1 h o u r ;  i n  s t i l l  

w a t e r ,  t h i s  growth t a k e s  24 hours .  The g r e a s e  i c e  i n  t h e  l ee- shore  r e g i o n s ,  

t h e n ,  i s  a s s o c i a t e d  w i t h  h i g h  r a t e s  of i c e  growth and an i n t e n s e  Langmuir c i r -  

c u l a t i o n ,  t h e  combinat ion of which l e a d s  t o  flows of s a l i n e  bottom w a t e r  from 

t h e s e  r e g i o n s .  

The n a t u r e  of the  Ber ing Sea i c e  edge was i n v e s t i g a t e d  from t h e  NOAA 

s h i p  SURVEYOR i n  March 1979. One purpose of t h e  c r u i s e  was t o  s rudy  b o t h  t h e  

i n t e r a c t i o n  o f  ocean s w e l l  wi th  t h e  i c e  edge,  and t h e  fo rmat ion  o f  t h e  i c e  

bands which a r e  n e a r l y  p e r p e n d i c u l a r  t o  t h e  wind,  measure abou t  1 km i n  w i d t h  

and 10-20 km i n  l e n g t h ,  and a r e  l o c a t e d  ahead of t h e  main pack. The r e s u l t s  of 

t h e  c r u i s e  showed t h a t  t h e  s w e l l  caused t h e  pack i c e  t o  be d i v i d e d  i n t o  t h r e e  

zones .  The f i r s t ,  which measured 5-10 km i n  wid th  from t h e  i c e  edge ,  c o n s i s t e d  

of h e a v i l y  r a t e d  and r i d g e d  f l o e s  of 20 m d i a m e t e r ,  wi th  s a i l  h e i g h t s  o f  1 m ,  

and k e e l  d e p t h s  of 4-5 m. These f l o e s  were h e a v i l y  worked by t h e  p redominan t ly  

8 seconds s w e l l .  Adjacent  t o  t h i s  f i r s t  r e g i o n ,  t h e r e  was a  5  km wide zone of 

r e c e n t l y  broken i c e  c o n s i s t i n g  of n e a r- r e c t a n g u l a r  f l o e s ,  measur ing  20x40 m2 

and about  0.6 m deep. These f l o e s  were o rgan ized  i n  a  r e g u l a r  t i l e d  o r  

"checkerboard" p a t t e r n  w i t h  t h e i r  long  a x i s  p a r a l l e l  t o  t h e  c r e s t s  o f  t h e  

s w e l l .  F i n a l l y ,  t h e  i c e  a d j a c e n t  t o  t h i s  second r e g i o n  c o n s i s t e d  of l a r g e  

f l o e s  of kms i n  e x t e n t  and w i t h  t h i c k n e s s e s  of 0.3 m through which t h e  s w e l l  

propagated w i t h o u t  b reak ing  t h e  i c e .  

We a l s o  observed from t h e  placement and t r a c k i n g  of t a r g e t s  i n  t h e  f i r s t  

zone when t h e  wind blew o f f  t h e  i c e ,  because  of t h e  extreme aerodynamic rough- 

n e s s  of t h e s e  f l o e s ,  t h e y  moved o u t  ahead of t h e  r e s t  of t h e  pack t o  form t h e  



observed bands .  Over a  24-hour t r a c k i n g  p e r i o d ,  i n  a  10 m/s-I wind,  a  band 

formed from t h e  o u t e r  r e g i o n  and moved about  15 km s o u t h  of t h e  pack i n t o  

warmer w a t e r ,  where i t  began t o  d i s i n t e g r a t e .  Th i s  s u g g e s t s  t h a t  one mechanism 

f o r  c o n t r o l ,  of  t h e  i c e  edge p o s i t i o n  i s  t h e  cont inuous  wave- induced r a f t i n g  

and r i d g i n g  o f  t h e  i c e  a t  t h e  edge,  i t s  removal by t h e  winds i n t o  warmer w a t e r ,  

and t h e  subsequent  exposure  of t h e  i n n e r  r e g i o n  t o  i n t e n s e  r a f t i n g  and r i d g i n g ,  

wherein  t h e  p rocess  beg ins  aga in .  

BOTTOM WATER FORMATION I N  THE WEDDELL SEA 

Theodore D .  F o s t e r  

Surrounding A n t a r c t i c a  a r e  t h r e e  l a r g e  ocean b a s i n s ;  t h e  l a r g e s t  of 

t h e s e ,  t h e  A t l a n t i c- I n d i a n  Bas in ,  ex tends  from t h e  A n t a r c t i c  P e n i n s u l a  a t  a b o u t  

60°W t o  t h e  Kerguelen P l a t e a u  a t  about  80°E. The p resence  of a  n e a r l y  per-  

manent band o f  low atmospher ic  p r e s s u r e  around A n t a r c t i c a  r e s u l t s  i n  an a v e r a g e  

s u r f a c e  wind p a t t e r n  o f  e a s t e r n  winds a long  t h e  c o a s t ,  i n t e n s i f i e d  by t h e  k a t a -  

b a t i c  e f f e c t  of t h e  c o l d ,  h i g h  c o n t i n e n t ,  and w e s t e r l y  winds n o r t h  o f  about  

60's. I n  t h e  A t l a n t i c  s e c t o r  t h e  A n t a r c t i c  Pen insu la  has  a  b l o c k i n g  e f f e c t  

t h a t  causes  s t r o n g  s o u t h e r l y  winds i n  t h e  e a s t e r n  Weddell Sea .  The o c e a n i c  

s u r f a c e  c u r r e n t s  a r e  l a r g e l y  wind d r i v e n  and qhus we have t h e  A n t a r c t i c  Circum- 

p o l a r  Cur ren t  n o r t h  o f  about  60's and t h e  A n t a r c t i c  C o a s t a l  Cur ren t  a long  

t h e  c o a s t .  I n  between t h e r e  a r e  a  s e r i e s  of e d d i e s .  Most o f  t h e s e  a r e  ill 

d e f i n e d  w i t h  t h e  e x c e p t i o n  of t h e  l a r g e  c y c l o n i c  gyre  over  t h e  Weddell Sea 

which i s  s t a b i l i z e d  by t h e  p resence  of t h e  A n t a r c t i c  P e n i n s u l a  a s  i t s  w e s t e r n  

boundary.  The Weddell Gyre i s  t h e  on ly  gyre  around A n t a r c t i c a  t h a t  shows up 

s t r o n g l y  i n  t h e  long term averaged s u r f a c e  t empera tu re  f i e l d .  F u r t h e r  e f f e c t s  

of t h e  Weddell Gyre may be seen  i n  t h e  g r e a t  n o r t h e r n  e x t e n t  of s e a  i c e  i n  t h e  



A t l a n t l c  s e c t o r  and i n  i t s  be ing  t h e  c h i e f  source  r e g i o n  f o r  A n t a r c t i c  Bottom 

Water. The p r i n c i p a l  evidence f o r  t h i s  l a t t e r  a s s e r t i o n  i s  t h e  p a t t e r n  o f  

bottom p o t e n t i a l  t empera tu re  ( lowes t  v a l u e s  a r e  found i n  t h e  n o r t h w e s t e r n  

Weddell Sea)  and t h e  p a t t e r n  o f  bottom oxygen ( h i g h e s t  v a l u e s  a r e  found i n  t h e  

nor thwes te rn  Weddell s e a ) .  

The I n t e r n a t i o n a l  Weddell Sea Oceanographic Exped i t ion  (IwSOE) was 

o rgan ized  t o  i n v e s t i g a t e  t h e  fo rmat ion  o f  A n t a r c t i c  Bottom Water i n  t h e  

Weddell Sea i n  1968 and has  cont inued t o  t h i s  day.  A f t e r  an i n i t i a l  g e n e r a l  

survey by i c e b r e a k e r s  from t h e  United S t a t e s  and Argen t ina  from 1968 t o  1971, 

t h e  second phase of IWSOE from 1973-1976 c o n c e n t r a t e d  on making c lose ly- spaced  

s e c t i o n s  of hydrograph ic  s t a t i o n s  o r thogona l  t o  t h e  g e n e r a l  f low around t h e  

Weddell Sea .  Th is  work showed t h a t  Bottom Water forms near  t h e  s h e l f  b r e a k  i n  

t h e  Weddell Sea west  of about  35OW up t o  n e a r l y  t h e  t i p  of t h e  A n t a r c t i c  

P e n i n s u l a .  I n  a d d i t i o n ,  i t  was found t h a t  a  modi f i ed  form of  Warm Deep Water ,  

which had mixed w i t h  t h e  o v e r l y i n g  Winter Water,  i n t r u d e d  o n t o  t h e  s h e l f  and 

t h e n  mixed w i t h  h i g h  s a l i n i t y  She i f  Water t o  form bottom w a t e r .  T h i s  newly- 

formed Bottom Water f lows down s l o p e  a t  a  s m a l l  a n g l e  t o  t h e  s l o p e  mixing w i t h  

t h e  o v e r l y i n g  Warm Deep Water and t h e n  flows o u t  of t h e  Weddell Sea a s  a  con- 

t o u r  c u r r e n t .  E v e n t u a l l y  t h e  newly-formed Bottom Water a t t a i n s  c h a r a c t e r i s t i c s  

y p i c a l  of t h e  c l a s s i c a l l y  d e f i n e d  A n t a r c t i c  Bottom Water. F i g u r e  1 shows a  

p o t e n t i a l  t e m p e r a t u r e- s a l i n i t y  diagram which d e p i c t s  t h i s  t h r e e- s t e p  mixing 

p r o c e s s .  

I n  o r d e r  t o  look a t  t h e  v a r i a b i l i t y  o f  t h e  fo rmat ion  of Bottom Water we 

repea ted  a  s e c t i o n  i n  t h e  n o r t h e r n  Weddell Sea a c r o s s  t h e  o u t f l o w  o f  Bottom 

Water i n  1975 and 1976. Large d i f f e r e n c e s  i n  t h e  c h a r a c t e r i s t i c s  i n  t h e  

Bottom Water were found which were c o n s i s t e n t  w i t h  a  h i g h e r  p r o p o r t i o n  o f  



s h e l f  water  t a k i n g  p a r t  i n  t h e  mixing p rocess  i n  1976 t h a n  i n  1975. A 

year- long r e c o r d  of c u r r e n t  v e l o c i t y  and wate r  t empera tu re  was o b t a i n e d  from a 

meter  moored n e a r  t h e  bottom a long  t h i s  s e c t i o n  between 1975 and 1976. B e s i d e s  

t i d a l  mot ion ,  energy was found i n  motions wi th  p e r i o d s  n e a r  20 d a y s .  Both tem- 

p e r a t u r e  and v e l o c i t y  showed much l e s s  a c t i v i t y  i n  w i n t e r  t h a n  i n  summer. 

D e t a i l e d  examinat ion of t h e  1976 s e c t i o n  from t h e  c e n t e r  o f  t h e  Weddell  

Sea up o n t o  t h e  s h e l f  j u s t  e a s t  of t h e  t i p  o f  t h e  A n t a r c t i c  P e n i n s u l a  shows 

t h a t  t h e r e  i s  probably  fo rmat ion  of wa te r  n e a r  t h e  s h e l f  b r e a k  t h a t  does n o t  

have s u f f i c i e n t  d e n s i t y  t o  s i n k  a l l  the  way t o  t h e  bottom and t h u s  i n t r u d e s  

above t h e  bottom a s  deep w a t e r .  S i n c e  t h i s  deep wate r  i s  somewhat l e s s  s a l t y  

t h a n  t h e  Bottom Water, i t  probably  formed from l e s s  s a l t y  s h e l f  w a t e r .  T h i s  

v a r i a t i o n  i s  a l s o  c o n s i s t e n t  w i t h  t h e  model shown i n  F i g .  1. 

F i g .  1. Mixing Processes  Leading t o  A n t a r c t i c  Bottom Water (AABW), WW = 

Winter Water,  WDW = Warm Deep Water,  WSW = Western S h e l f  Water ,  MWDW = 

Modified Warm Deep Water,  WSBW = Weddell Sea Bottom Water.  



BOUNDARY LAYERS BENEATH ARCTIC SEA ICE 

Kenneth Hunkins 

Although t h e  t h e o r y  of t h e  Ekman s p i r a l  has e x i s t e d  f o r  t h r e e- q u a r t e r s  

of a c e n t u r y ,  r e l a t i v e l y  few o b s e r v a t i o n s  of s p i r a l s  have been made i n  t h e  

ocean.  Perhaps  t h e  m a j o r i t y  of observed s p i r a l s  have been s e e n  i n  t h e  A r c t i c  

Ocean beneath  d r i f t i n g  s e a  i c e .  The f i r s t  a r c t i c  s p i r a l  appeared i n  a s e t  of 

averaged c u r r e n t  measurements t aken  d u r i n g  summer s t r a t i f i e d  c o n d i t i o n s .  A 

model w i t h  an Ekman l a y e r  of c o n s t a n t  eddy v i s c o s i t y  surmounted by a s u r f a c e  

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

The Ekman l a y e r  was 16 m t h i c k  cor responding  t o  an eddy v i s c o s i t y  o f  24 

cm2/s and t h e  c o n s t a n t- s t r e s s  l a y e r  was 1 m t h i c k  (Hunkins, 1966) .  More 

r e c e n t  c u r r e n t  p r o f i l e s  from t h e  1975-6 A r c t i c  I c e  Dynamics J o i n t  Experiment 

(AIDJEx) g e n e r a l l y  show a r ight- handed s p i r a l  i n  t h e  upper l a y e r  a l t h o u g h  t h e  

e x a c t  shape does n o t  always t a k e  t h e  form p r e d i c t e d  by t h e  t h e o r y  w i t h  cons-  

t a n t  eddy v i s c o s i t y .  Other o b s e r v a t i o n s  of Ekman s p i r a l s  have been made by 

Brennecke i n  t h e  Weddell S e a ,  Gonel la  i n  t h e  Medi terranean and by Swallow and 

Bruce i n  t h e  I n d i a n  Ocean. 

It has  been shown by a n a l y s i s  and r o t a t i n g  t ank  exper iments  t h a t  t h e  

Ekman s p i r a l  s o l u t i o n  f o r  a homogeneous f l u i d  i s  u n s t a b l e  i n  t h e  Reynolds 

number range u s u a l l y  encountered i n  t h e  ocean.  Secondary f lows d e v e l o p  which 

d e s t r o y  t h e  s p i r a l  p a t t e r n  and observed Langmuir c i r c u l a t i o n s  a r e  o f t e n  c i t e d  

a s  evidence f o r  such secondary flows i n  t h e  ocean.  How i s  i t  t h e n  t h a t  t h e  

Ekman s p i r a l  i s  observed a t  a l l ?  It seems t h a t  t h e  s p i r a l  deve lops  b e s t  under  

s t a b l e  s t r a t i f i c a t i o n  such a s  t h a t  produced by f r e s h  wate r  r u n o f f  i n  t h e  A r c t i c  

Ocean d u r i n g  summer. This  was a l s o  noted by Gonel la  i n  t h e  Medi te r rnean  where 

s p i r a l s  were seen  under summer t h e r m a l l y- s t r a t i f i e d  c o n d i t i o n s  b u t  n o t  i n  t h e  

w i n t e r  homogeneous upper l a y e r .  A s t a b l e  p l a t f o r m  such a s  i c e  i s  a l s o  h e l p f u l  



s i n c e  many open ocean measurements i n  t h e  upper l a y e r s  a r e  con tamina ted  by 

mooring mot ion induced by s u r f a c e  waves.  So an E h a n  l a y e r  benea th  s e a  i c e  i s  

a  r e a l i t y  even down t o  d e t a i l s  of the  s t r u c t u r e .  

A nume+ical  model of s e a  i c e  was developed by t h e  AIDJEX p r o j e c t .  The 

pa i t  of t h i s  p r o j e c t  sought  a  p r a c t i c a l  measure of wa te r  d r a g  o n  

t h e  bottom o f  t h e  l ? e ,  t o  be used a s  i n p u t  f o r  t h i s  model. S i n c e  Ekman s p i r a l s  

do O r  a r e  no t  always r e a d i l y  i n t e r p r e t e d  o t h e r  methods for 

f i n d i n g  s t r e s s  were developed.  The most d i r e c t  t echn ique  i s  eddy c o r r e l a t i o n  

u s i n g  c u r r e n t  meters w i t h  r a p i d  response .  Another i s  a  p r o f i l e  of  mean cur-  

r e n t s  i n  t h e  logar ' thmic  l a y e r .  Borh t e c h n i q u e s  have been used under  A r c t i c  

s e a  i c e .   heir l i m i r t i o n  i s  t h a t  t h e y  must be used i n  t h e  c o n s t a n t - s t r e s s  

l a y e r  which i s  o n l y  a b ~ t  1 rn t h i c k .  The r e s u l t s  o n l y  a p p l y  t o  a  r e g i o n ,  s a y  

100 m ,  ups t ream of  the mksurement s i t e .  A r c t i c  s e a  i c e  i s  marked by p r e s s u r e  

r i d g e s  w i t h  under ly ing i n  rough ly  i s o s t a t i c  a d j u s t m e n t .  I t  i s  d e s i r a b l e  

t o  have an a v e r a g e  stress Ovr a  l a r g e r  a r e a  than  can be o b t a i ne d  in t h e  logs- 

r i t h m i c  o r  constant -s t ress  lay '  so a s  t o  i n c l u d e  t h e  e f f e c t  o f  t h e s e  k e e l s .  

Under-ice sonar submarines !vea l s  k e e l s  ex tend ing  t o  10  m d e p t h  w i t h  a  

s p a c i n g  of  200 m on t h e  a v e r a g e *  h e s e  k e e l s  t h u s  ex tend  th rough  t h e  l o g a r i t h -  

mic l a y e r  and i n t o  t h e  Ekman l a y e r *  

A more r e p r e s e n t a t i v e  s t r e s s  
g iven  by a  momentum i n t e g r a l  based on 

c u r r e n t  p r o f i l e s  which sums >n-geos teoph ic  momentum in t h e  E b a n  

layer, For well- averaged o b s e r v a t i o n s ,  can be shown t h a t  t h i s  method i n-  

c ludes  t h e  e f f e c t s  of  p r e s s u r e  drag f rom e  r i d g e s  a s  w e l l  a s  s k i n  f r i c t i o n  

( ~ u n k i n s ,  1 9 7 5 a ) -  



The momentum i n t e g r a l  method does  no t  determine i n t e r n a l  wave d r a g .  

Kee l s  below t h e  d r i f t i n g  i c e  must g e n e r a t e  i n t e r n a l  waves i n  t h e  s t r a t i f i e d  

l a y e r s  below t h e  mixed l a y e r .  Some check on t h e  c o n t r i b u t i o n  o f  t h i s  drag was 

made by a n a l y s i s  and by s c a l e d  model exper iments .  The r e s u l t s  were  nJ t  con- 

c l u s i v e  but tended t o  show t h a t  i n t e r n a l  wave d r a g  was a  s m a l l  f a c i o r  e x c e p t  

a t  t h e  h i g h e s t  r a t e s  of i c e  d r i f t  ( ~ u n k i n s ,  1974; Rigby, 1974) .  

Geos t roph ic  d r a g  c o e f f i c i e n t s  were de r ived  from the  1912 AIDJEX d a t a  

= o r  p o s s i b l e  u s e  i n  numerical  modeling ( ~ u n k i n s ,  1975b).  The d rag  c o e f f i c i e n t  

i s  d e f i n e d  by C D  = To / P G' 

where To i s  t h e  water  d r a g ,  f i s  w a t e r  d e n s i t y  and G i s  t h e l ' r e l a t i v e  v e l o c i t y  

between i c e  and t h e  g e o s t r o p h i c  f low benea th  t h e  Ekman l a y e r .  S i n c e  g e o s t r o p h -  

i c  f low i s  o f t e n  smal l  r e l a t i v e  t o  i c e  speed,  G may i n  manycases be a p p r o x i-  

mated by i c e  speed .  A t  low d r i f t  s p e e d s ,  t h e r e  was c o n s ~ ~ ~ a b l e  s c a t t e r  i n  

t h e  d a t a .  Only a t  t h e  l a r g e s t  d r i f t  speeds  could  r e l i > l e  c o e f f i c i e n t s  be 

determined.  A t  G = 25 cm/s,  CD = 0.002 and t h e  s u r f - e  inflow a n g l e ,  6.0 = 

30°. I f  t h e s e  r e s u l t s  a r e  t o  be u s e f u l  f o r  a  v a r i f y  and i c e  

C t y p e s ,  a  f u n c t i o n a l  r e l a t i o n s h i p  i s  needed betwee D ,  C C ~  , and Rs = 

G /  f z o ,  a  s u r f a c e  Rossby number. Such r e l a t i o n s -  Ps have been e s t a b l i s h e d  by 

s i m i l a r i t y  r e l a t i o n s  which match an i n n e r  lay6 w i t h  a  l e n g t h  s c a l e  zo and 

an o u t e r  l a y e r  w i t h  l e n g t h  s c a l e ,  u*/f ,  wherU" = / . The AIDJEX 

d a t a  produce somewhat d i f f e r e n t  u n i v e r s a l  f i s t a n t s  f o r  t h i s  t h e o r y  t h a n  t h o s e  

found from a tmospher ic  d a t a  over  l e v e l  g7 .nd s u r f a c e s  ( ~ e a c o n ,  1973) .  ~t is 

n o t  c l e a r  whether  t h e  d i f f e r e n c e  is  i n  e l i m i t a t i o n s  o f  t h e  d a t a  o r  in t h e  

f a c t  t h a t  t h e  AIDJEX under- ice  topogra ? was r e l a t i v e l y  rougher  t h a n  t h e  

l e v e l  ground s u r f a c e s  over  which atmo l e r i c  c o n s t a n t s  were measured.  
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OPEN OCEAN FRONTOGENESIS 

A. D .  Voorhis 

I n t e n s e  and i n t e r m i t t e n t  f r o n t o g e n e s i s  i n  t h e  s u r f a c e  w a t e r s  of t h e  

North A t l a n t i c  s u b t r o p i c a l  convergence i s  a s s o c i a t e d  w i t h  mesosca le  and sub- 

mesoscale  motions which advec t  and d i s t o r t  t h e  l a r g e  s c a l e  c l i m a t i c  s u r f a c e  

t empera tu re  f i e l d  i n t o  long tongues  and plumes, t h e r e b y ,  g r e a t l y  i n c r e a s i n g  

l a t e r a l  the rmal  (and d e n s i t y )  g r a d i e n t s .  Th i s  i s  v e r y  a p p a r e n t  i n  s a t e l l i t e  

i n f r a- r e d  imagery. 

F r o n t o g e n e s i s  has  been d i r e c t l y  observed a l o n g  t h e  boundar ies  of t h e s e  

f e a t u r e s .  Time s c a l e s  appear  t o  be one t o  t h r e e  days .  A s u r f a c e  drogue a t  a  

dep th  of 15 m d r i f t e d  i n t o  a  f r o n t a l  j e t  and a c c e l e r a t e d  from 30 t o  80 cm 

sec-' over  a d i s t a n c e  of about 100 km i n  two days .  These l a r g e  s p e e d s ,  

however, occur red  o n l y  n e a r  t h e  s u r f a c e .  Another drogue a t  a  d e p t h  of 75 m 

never  exceeded a  speed of 40 cm s e c - l .  Such f r o n t s  would appear  t o  be 

e x c e l l e n t  mechanisms f o r  t h e  l a t e r a l  t r a n s f e r  of h e a t  and s a l t  i n  t h e  upper 50 

t o  100 m e t e r s .  

BOUNDARY CURRENTS AND BOTTOM WATER FORMATION 

Adrian E. G i l l  

Th i s  i s  a d i s c u s s i o n  of some GFD problems s t i m u l a t e d  by a  look a t  cur-  

r e n t s  i n  t h e  Norwegian-Greenland Seas .  F i r s t ,  some t r a n s e c t s  by submarine 

(Wadhams, G i l l  and Linden, 1979, Deep-Sea Research)  a c r o s s  t h e  i c e  edge o f f  

E a s t  Greenland show t h e  e x i s t e n c e  of a  s t r o n g  f r o n t  l o c a t e d  n e a r  t h e  i c e  

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

t h e  p resence  of e d d i e s .  Some o l d  s e c t i o n s  t aken  i n  1905 and 1906 ( ~ i i l e r i c h ,  

1945) show t h e  f r o n t  i s  t h e  edge of a  wedge-shaped c o l d  f r e s h  w a t e r  mass from 

t h e  A r c t i c  which i s  a s s o c i a t e d  w i t h  t h e  E .  Greenland c u r r e n t  f l o w i n g  southwards  

down t h e  E. Greenland c o a s t .  



T h i s  sugges ted  t h e  f o l l o w i n g  GFD problem. Suppose t h e  A r c t i c  Ocean were  

comple te ly  enc losed  and was covered by a  s u r f a c e  l a y e r  of c o l d  f r e s h  w a t e r  

which was l e s s  dense  than  t h e  s u r f a c e  w a t e r s  of  t h e  su r round ing  oceans .  Then 

suppose  a  dam from Greenland t o  Norway was opened up. What would happen? My 

paper ,  "Adjustment i n  a  R o t a t i n g  Channel" (JFM, 1976) s u g g e s t s  t h a t  a  K e l v i n  

wave would p r o p a g a t e  down t h e  Greenland c o a s t  e s t a b l i s h i n g  a  boundary c u r r e n t  

which would c a r r y  t h e  ou t f low from t h e  A r c t i c .  No c u r r e n t  would be  formed on 

t h e  Norwegian s i d e .  An exper iment  conf i rming  t h i s  p i c t u r e  was r e p o r t e d  i n  

Ocean Pfode l i ing .  The conc lus ion  i s  t h a t  buoyancy f o r c e s  a l o n e  would produce 

an E a s t  Greenland c u r r e n t .  I n  p r a c t i c e ,  t h e r e  a r e  s t r o n g  southward winds a l o n g  

t h e  Greenland Coast  which would t end  t o  enhance t h i s  c u r r e n t .  

Now c o n s i d e r  ano the r  problem a s s o c i a t e d  w i t h  t h e  Norwegian Greenland 

Seas :  Bottom Water fo rmat ion .  T h i s  c r e a t e s  ( W o r ~ h i n ~ t o n ,  1970) a  buoyancy- 

d r i v e n  f low of  about  5 ~ t s - '  hav ing  t h e  form of  an i n f l o w  of  t h i s  magnitude 

o f  l i g h t  warm wate r  and a  cor respond ing  o u t f l o w  o f  heavy c o l d  w a t e r .  

The warm wate r  f lowing p a s t  t h e  B r i t i s h  I s l e s  appears  t o  be an impor tan t  f a c t o r  

i n  producing a  mi ld  c l i m a t e  i n  Northern  Europe.  

Now c o n s i d e r  s imple  methods f o r  mode l l ing  buoyancy d r i v i n g  s o  t h a t  t h e  

c u r r e n t s  produced by t h i s  means can be  c a l c u l a t e d .  One method i s  t o  u s e  a  two- 

l a y e r  model ( G i l l ,  Smith ,  C l e a v e r ,  Hide and J o n a s ,  1979) .  The Bottom Water 

fo rmat ion  b e i n g  r e p r e s e n t e d  by upper l a y e r  f l u i d  be ing  conver ted  t o  lower l a y e r  

f l u i d .  Thus, t h e  f o r c i n g  term appears  i n  t h e  c o n t i n u i t y  e q u a t i o n .  I n  t h e  

l i n e a r i z e d  v e r s i o n ,  i f  h i s  t h e  upward d i sp lacement  of t h e  i n t e r f a c e ,  H. 
1 

t h e  u n d i s t u r b e d  l a y e r  dep ths  and u;, v i  t h e  v e l o c i t y  components, t h e  c o n t i n u i t y  

e q u a t i o n  f o r  l a y e r  2 ( t h e  lower one)  t a k e s  t h e  form 



where represents a source of fluid from the upper layer. The corresponding 

equation for layer 1 (the upper layer) is 

The sum of these two equations gives continuity for the barotropic mode, with 

no forcing. Thus all the motion is baroclinic. The equation for the baro- 

clinic mode is obtained by subtracting 1 1 ~ ~  times the fluid equation from 

lIH1 times the second, giving 

$,$ being the difference between the layer velocities 

A simple solution can be constructed for cases where there is no 

y-dependence . In non-dimensional coordinates with time scale f-I  and space 

scale the Rossby radius, the continuity equation above becomes 

- h t  t G, = - Q  

and the momentum equations are 

CLt - V = hr 

The potential vorticity equation is obtained by substituting the expression 

for G from ( 3 )  in (1) to give an equation which integrates to give 



It fo l lows  t h a t  t h e r e  i s  a  s o l u t i o n  where v and h a r e  p r o p o r t i o n a l  t o  t b u t  u ,  

because  o f  ( 3 1 ,  i s  independent  of t ime. I n  t h i s  c a s e  ( 2 )  reduces  t o  t h e  

g e o s t r o p h i c  r e l a t i o n s h i p  v = h x  and s o  ( 4 )  becomes 

An i n t e r e s t i n g  s p e c i a l  c a s e  i s  t h e  one where t h e  s o u r c e  Q i s  l o c a l i z e d ,  

so  has t h e  form of a  d e l t a  f u n c t i o n  ( a t  x  = 0 s a y ) .  For x  ,O, Q = 0 and t h e  

s o l u t i o n  of ( 5 )  i s  

h  = Ae-xt f o r  x  > 0  

By symmetry, t h e  s o l u t i o n  f o r  x  0 i s  

h = A e X t  f o r x r O  

The v a l u e  o f  A can be determined by volume c o n s e r v a t i o n  o r  by c a l c u l a t i n g  t h e  

jump i n  hx r e q u i r e d  a t  x  = 0 by i n t e g r a t i n g  (5 )  a c r o s s  x = 0. T h i s  shows 

t h a t  Bottom Water fo rmat ion  causes  t h e  i n t e r f a c e  t o  r i s e  o v e r  a  d i s t a n c e  of 

t h e  o r d e r  of t h e  Rossby r a d i u s ,  and g e o s t r o p h i c  c u r r e n t s  a r e  a s s o c i a t e d  w i t h  

t h i s  i n t e r f a c e  s l o p e .  S i m i l a r  s o l u t i o n s  can be found f o r  axisyrmnetric f o r c i n g .  

Labora to ry  exper iments  t o  i l l u s t r a t e  t h e  doming e f f e c t  which i s  a s s o c i a t e d  w i t h  

Bottom Water fo rmat ion  a r e  r e p o r t e d  i n  t h e  GAFD paper c i t e d  above.  S i m i l a r  

doming i s  found i n  t h e  Greenland Sea. 

I n  t h e  absence of boundar ies ,  a  p o i n t  source  of Bottom Water would j u s t  

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

c y c l o n i c  s e n s e ,  a s  r e q u i r e d  by c o n s e r v a t i o n  of a n g u l a r  momentum. What e f f e c t  

would a  boundary have? A l i n e a r  numer ica l  exper iment  shows t h a t  i n f l u e n c e  

s p r e a d s  from t h e  n e a r e s t  p o i n t  of the  boundary i n  t h e  form of  a  Ke lv in  wave. 

A f t e r  t h e  wave has  passed ,  a  boundary c u r r e n t  i s  e s t a b l i s h e d  w i t h  upper  l a y e r  



flow toward t h e  s ink.  Since Kelvin waves i n  the  nor thern  hemisphere t r a v e l  

with the  coas t  on t h e i r  r i g h t ,  in f luence  w i l l  - not  spread down t h e  Norwegian 

Coast t o  produce an inflow pas t  the  B r i t i s h  I s l e s  i f  only buoyancy fo rces  a r e  

ac t ing .  

However, wind d r iv ing  can rescue the  s i t u a t i o n  f o r  u s ,  because s t r o n g  

winds a g a i n s t  t h e  Norwegian Mountains gene ra l ly  blow northwards and s o  produce 

a boundary cu r r en t  i n  the same d i r e c t i o n  because they cause downwelling of the 

pycnocline aga ins t  t he  coas t  (such i s  observed along the  c o n t i n e n t a l  s l o p e ) .  

I f  the wind i s  introduced i n t o  the  model c a l c u l a t i o n ,  i t  i s  poss ib l e  f o r  t h e  

wind-driven boundary cu r r en t  t o  provide t h e  inf low i n t o  the  upper l a y e r  s i n k .  

This sugges ts  the wind plays a pa r t  i n  keeping the inf lowing warm c u r r e n t  

running up t h e  Norwegian c o a s t ,  but  perhaps the  model i s  ove r s imp l i f i ed?  The 

s i t u a t i o n  seems t o  be an i n t e r e s t i n g  and worthwhile one t o  t r y  and understand 

by means of model s t u d i e s .  
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CONVECTIVE PROCESSES I N  THE ANTARCTIC 

Theodore D .  Fos t e r  

Buoyancy d r iven  convection takes  p a r t  i n  two of the mixing processes  

lead ing  t o  the  formation of An ta rc t i c  Bottom Water: (1)  Hal ine convect ion 

induced by sea  i c e  formation produces the high s a l i n i t y  s h e l f  wa te r ,  and (2)  



the caballing instability leads to mixing between Winter Water and Warm Deep 

Water. 

Haline convection occurs when sea ice forms since the salt is mostly 

excluded from the ice matrix and increases the salinity of the boundary layer 

just beneath the ice. The resulting instability can be very closely described 

using the time-dependent mean field equations during the initial stages of con- 

vection while the ice layer is relatively thin and flat. The only nonlinear 

term that is considered in the mean field approximation is that in the hori- 

zontal averaged diffusion equation: 

where 5 is the horizontally averaged salinity, s the salinity fluctuation, w 

the vertical velocity, and D the diffusivity. The nonlinear terms in the 

momentum equation are neglected since the Schmidt number, r = Y / D  , is large. 
The salinity Rayleigh number for a salinity difference 4 S :  

where 1 is the expansivity due to salt, D the kinematic viscosity, and h the 

total depth of the fluid, or for constant salt flux F: 

The initial behavior of the system is the formation of convection cells 

with a horizontal wavelength about twice the l/e boundary layer thickness at 

instability. If the water below the ice is neutrally stable, the convection 

will become highly elongated vertically. Under these conditions usually in 

cells encountered in the polar regions the cell spacing will be of the order 

of 1 to 2 nun and cell height several tens of cm. This gives the appearance of 

salt "fingers" or "streamers" under the growing sea ice sheet. 



I f  t h e  f l u x  Rayleigh number i s  l a r g e r  than about 108, t h e  convect ion 

becomes i n t e r m i t t e n t .  The phenomenon i s  f u r t h e r  complicated by t h e  tendency 

of the convect ive s t reamers  t o  coa lesce  and give r i s e  t o  fewer,  l a r g e r  con- 

v e c t i v e  elements  a s  they move away from the  boundary l a y e r .  The s tudy of t he se  

secondary convect ive e f f e c t s  has  only j u s t  begun. 

The c a b a l l i n g  i n s t a b i l i t y  occurs  when two water types  of n e a r l y  equa l  

d e n s i t y  but d i f f e r e n t  temperatures  and s a l i n i t i e s  a r e  superimposed. Then the  

n o n l i n e a r i t y  of  t he  equa t ion  of s t a t e  of sea water wi th  r e s p e c t  t o  temperature  

can cause mixtures  of t he  two water types t o  be more dense than  the  under ly ing  

water .  Since t h e  equa t ion  of s t a t e  i s  most nonl inear  a t  low tempera tures ,  t h e  

c a b a l l i n g  i n s t a b i l i t y  may be e s p e c i a l l y  important i n  the  p o l a r  r eg ions .  

Examination of  t he  temperature  and s a l i n i t y  p r o f i l e s  a t  the  i n t e r f a c e  between 

t h e  near  su r f ace  Winter Water and the  In te rmedia te  Warm Deep Water i n  t h e  

Weddell Sea shows t h a t  t h e  i n t e r f a c e  can be q u i t e  sha rp  y e t  w i t h  l i t t l e  

d e n s i t y  d i f f e r e n c e  between the  two water  masses. When the  i n t e r f a c e  i s  sha rp ,  

t h e r e  a r e  u s u a l l y  very  l a r g e  i s o h a l i n e  and a d i a b a t i c  l a y e r s  beneath t h e  

i n t e r f a c e  up t o  500 m t h i c k .  These l a y e r s  have d e n s i t y  r a t i o s  (  AT / p  A S  

very c l o s e  t o  u n i t y  (0.97 t o  1.03) i n d i c a t i v e  of t u r b u l e n t  mixing and a r e  

nea r ly  j u s t  uns t ab l e  t o  t h e  c a b a l l i n g  i n s t a b i l i t y .  Any s l i g h t  i n c r e a s e  i n  

s a l i n i t y  i n  t h e  t op  l a y e r  would make t h e  c a b a l l i n g  i n s t a b i l i t y  q u i t e  a c t i v e .  

I n  a d d i t i o n ,  t h e  cond i t i ons  f o r  i n s t a b i l i t y  vary wi th  p r e s s u r e ,  and s i n c e  t h e  

i n t e r f a c e s  of  the  l a r g e  l a y e r s  a r e  found a t  depths  varying from about 100 t o  

600 m ,  t h e  s a l i n i t y  and temperature  d i f f e r e n c e s  a t  t he  i n t e r f a c e s  should vary  

wi th  depth i f  t h e  c a b a l l i n g  i n s t a b i l i t y  i s  a c t i v e .  Approximately t h e  c o r r e c t  

v a r i a t i o n  wi th  depth i s  observed. 



Numerical modeling of the  caba l l i ng  i n s t a b i l i t y  shows t h a t  the  

r e s u l t i n g  convect ion i s  one-sided with flow only occurr ing  i n  t he  lower 

l aye r .  The lower layer  gradual ly  thickens u n t i l  the  s a l i n i t y  and temperature 

d i f f e r e n c e  ac ros s  t he  i n t e r f a c e  cannot support  t he  caba l l i ng  i n s t a b i l i t y .  The 

i n t e r f a c e  remains q u i t e  sharp. Laboratory experiments us ing  mixtures  of 

a lcohol  and water  t o  s imulate  t he  nonl inear  equat ion of s t a t e  of s ea  water a t  

low temperatures  show t h a t  the  one-sided convection modeled numerical ly  does 

occur a s  p red ic t ed .  Further  numerical modeling and labora tory  experiments 

w i l l  be needed t o  s o r t  ou t  the r e l a t i v e  importance of the cab l ing  i n s t a b i l i t y  

and the  d i f f u s i v e  i n s t a b i l i t y  which may be competing processes  under c e r t a i n  

oceanic  condi t ions .  

THE GROWTH AND DESALINATION OF FIRST-YEAR SEA I C E  

Seelye Martin 

Sea i c e  formation begins from the  f r eez ing  of sea water .  When the  i c e  

i n i t i a l l y  forms, fol lowing Martin (1980), t h e r e  i s  an upward s a l t  t r a n s p o r t  so 

t h a t  a  h ighly  s a l i n e  layer  wi th  s a l i n i t i e s  of order  100% forms on the  i c e  su r-  

face .  Because of the  cold su r f ace  temperatures ,  the  s a l t  remains on the  s u r-  

face  throughout the win ter .  The i c e  below t h i s  l a y e r a h a s  s a l i n i t i e s  of 5-10%. 

When the  i c e  warms i n  t he  sp r ing ,  the  su r f ace  s a l t  forms a  concent ra ted  

b r ine  s o l u t i o n  which d ra ins  down through the i c e ,  l ead ing  t o  t he  formation o f  

top-to-bottom b r i n e  channels.  Around the  cold b r i n e  outflow from these  

channels ,  f r a g i l e  tubes of i c e  ca l l ed  s t a l a c t i t s  occas iona l ly  form.. Mart in  

(1974) descr ibes  a  labora tory  study of t hese  s t a l a c t i t e s ,  and summarizes t h e  

f i e l d  observa t ions .  I n  McMurdo Sound, t he  s t a l a c t i t e s  have been observed t o  

grow as  long a s  5 m i n  length .  As the  i c e  cont inues  t o  warm i n  t h e  summer 

f r e s h  water melt  ponds form and grow on the  i c e  su r f ace  t o  cover a s  much a s  



40% of t h e  A r c t i c  p a c k ' i c e  su r f ace .  Some of t h i s  water d r a i n s  i n t o  the  ocean,  

t o  form the low s a l i n i t y  sur face  l aye r  of the summer a r c t i c .  Some f r e s h  water  

a l s o  flows under t he  i c e  where it r e f r e e z e s  i n t o  f r a g i l e  c r y s t a l s  and eventu-  

a l l y  i n t o  h o r i z o n t a l  i c e  shee t s  from the temperature d i f f e r e n c e  between the  

-1.6O sea  water and the O0 f r e s h  water .  Mart in  and Kauffman (1974) de- 

s c r i b e  t h i s  r e f r e e z i n g  process i n  d e t a i l .  F i n a l l y ,  i n  t h e  f a l l ,  t h e  remains 

of the f i r s t- y e a r  i c e  r e f r e e z e  i n t o  the  ha rd ,  low s a l i n i t y  mult i- year  i c e .  
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A WATER MASS MODEL OF THE WORLD OCEAN 

Kirk Bryan 

A model of the world ocean i s  solved t o  i n v e s t i g a t e  the  formation of 

water  masses i n  response t o  t h e  observed d i s t r i b u t i o n  of tempera ture ,  s a l i n i t y  

and wind- stress  a t  the ocean su r f ace .  An i n i t i a l- v a l u e  problem i s  solved 

s t a r t i n g  wi th  uniform temperature and s a l i n i t y  throughout t he  world ocean. 

Af te r  a numerical i n t e g r a t i o n  over the  equ iva l en t  of 1000 y e a r s ,  a near  equi-  

l ibr ium i s  ob ta ined .  Using t h i s  s o l u t i o n  a s  a s tandard ,  a s e r i e s  of s h o r t e r  

numerical experiments a r e  c a r r i e d  out  t o  t e s t  the s e n s i t i v i t y  of the  model t o  

d i f f e r e n t  l e v e l s  of t h e  c lo su re  parameters which r ep re sen t  t h e  e f f e c t s  of 

motions of mesoscale eddies  and smaller  s c a l e  motion i n  r e d i s t r i b u t i n g  h e a t ,  

s a l i n i t y  and momentum. 



The d i s t r i b u t i o n  o f  t empera tu re  and s a l i n i t y  i n  t h e  s t a n d a r d  c a s e  i s  

s u r p r i s i n g l y  r e a l i s t i c .  North-South, v e r t i c a l  s e c t i o n s  i n d i c a t e  t h e  s imula-  

t i o n  of the  major water  mass types  such a s  NADW (North A t l a n t i c  Deep Water)  and 

AAIW ( A n t a r c t i c  I n t e r m e d i a t e  Wate r ) .  The poleward t r a n s p o r t  o f  h e a t  and w a t e r  

a r e  i n  good q u a l i t a t i v e  agreement w i t h  o b s e r v a t i o n s ,  b u t  t h e  h e a t  t r a n s p o r t  

a p p e a r s  t o  b e  low i n  comparison w i t h  r e c e n t  e s t i m a t e s  by Oort  and Vonder Haar  

(1978) .  The parameter t e s t s  show t h a t  t h e  o v e r a l l  dep th  of t h e  t h e r m o c l i n e  i s  

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

t o  k i n e t i c  energy .  I n  t h e  range of parameter  space of t h e  model o n l y  a n  in-  

c r e a s e  of v e r t i c a l  d i f f u s i o n  i n c r e a s e s  t h e  a v a i l a b l e  p o t e n t i a l  energy  and 

deepens t h e  the rmocl ine .  I n c r e a s i n g  h o r i z o n t a l  d i f f u s i o n  and v i s c o s i t y ,  and 

v e r t i c a l  v i s c o s i t y  a l l  t end  t o  d e c r e a s e  t o t a l  energy ,  and cause  a  t h i n n i n g  o f  

t h e  o v e r a l l  the rmocl ine  d e p t h .  The c l o s e  r e l a t i o n  between t o t a l  l a r g e- s c a l e  

energy and the rmocl ine  dep th  i s  i n t e r p r e t e d  t o  mean t h a t  t h e  s t r u c t u r e  of 

the rmocl ine  i n  t h e  r e a l  ocean i s  c r i t i c a l l y  dependent on t h e  l e v e l  of baro- 

c l i n i c  i n s t a b i l i t y  g e n e r a t i n g  mesosca le  mot ion.  

A parameter  s t u d y  shows t h a t  t h e  t r a n s p o r t  of t h e  c i rcumpola r  c u r r e n t  

i s  p r o p o r t i o n a l  t o  t h e  l e v e l  of l a r g e- s c a l e  p o t e n t i a l  e n e r g y ,  and o v e r a l l  

the rmocl ine  dep th .  Th is  r e s u l t  i s  d i c t a t e d  by t h e  f a c t  t h a t  t h e  c i r c u m p o l a r  

c u r r e n t  marks t h e  boundary between t h e  main t h e r m o c l i n e ,  and t h e  r e g i o n  o f  

v e r y  low v e r t i c a l  s t a b i l i t y  around A n t a r c t i c a .  
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LABORATORY MODELLING OF OCEANIC RESPONSE TO MONSOONAL WINDS 

Ruby K r  ishnamurt  i 

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

A  l a b o r a t o r y  model of wind-driven ocean c i r c u l a t i o n  i s  d e s c r i b e d  i n  

which v a r i o u s  wind- s t ress  p a t t e r n s  a r e  s imula ted  which d r i v e  f l u i d  i n  a  t a n k  

whose dep th  v a r i a t i o n  i s  used t o  model t h e  p - e f f e c t .  Both homogeneous and two- 

i a y e r  f l u i d s  were used.  The f o l l o w i n g  t h r e e  exper iments  a r e  d e s c r i b e d :  

( i )  measurement of northward t r a n s p o r t  i n  t h e  w e s t e r n  boundary cur-  

r e n t  a s  i t  v a r i e s  w i t h  magni tude of w i n d- s t r e s s .  

( i i )  c o n d i t i o n s  f o r  s u r f a c i n g  of t h e  lower l a y e r  and s e p a r a t i o n  of 

t h e  wes te rn  boundary c u r r e n t  from t h e  boundary.  

( i i i )  p e r i o d i c  f o r c i n g  o f  a  two- layer model. 

The f i r s t  of  t h e s e  was mot iva ted  by t h e  o b s e r v a t i o n  t h a t  t h e  oceans  

e f f e c t  a  major p o r t i o n  of t h e  t r a n s p o r t  of h e a t  from e q u a t o r  t o  p o l e .  How- 

e v e r ,  u n l i k e  t h e  atmosphere which i s  p r i m a r i l y  t h e r m a l l y  d r i v e n ,  t h e  upper  

oceans  a r e  t o  a  l a r g e  e x t e n t  d r i v e n  by t h e  a tmospher ic  winds.  These winds 

change,  no t  on ly  w i t h  t h e  s e a s o n s ,  but  a l s o  w i t h  t h e  changing c l i m a t e .  For  

example, T. N. Kr i shnamur t i  (1979) shows major changes i n  a i r  f low p a t t e r n  

from y e a r s  of normal r a i n f a l l  t o  y e a r s  of drought  o v e r  I n d i a  and North  A f r i c a .  

I t  would be i n t e r e s t i n g  t o  know t h e  change i n  o c e a n i c  t r a n s p o r t  f o r  a g i v e n  

change i n  t h e  winds. Not o n l y  does t h i s  change i n  t h e  poleward h e a t  t r a n s p o r t  

by t h e  oceans d i r e c t l y  a f f e c t  t h e  c l i m a t e  a t  a  g iven  l a t i t u d e  but  i t  i s  a l s o  

an impor tan t  f a c t o r  i n  t h e  q u e s t i o n  of maintenance o f  t h e  permanent c r y o s p h e r e .  

The second exper iment ,  r e l a t e d  t o  s u r f a c i n g  o f  t h e  lower l a y e r ,  was 

performed t o  t e s t  a  t h e o r y  due t o  P r o f e s s o r  George Veron is  (1973b, 1977) .  For  

a  two- layer model w i t h  q u i e s c e n t  lower l a y e r ,  h i s  argument p roceeds  a s  f o l l o w s .  



I n  a r e g i o n  o f  a n t i c y c l o n i c  wind- s t ress  c u r l  (such a s  t h e  s u b t r o p i c a l  North 

A t l a n t i c ) ,  t h e  Sverdrup t r a n s p o r t  i s  t o  t h e  s o u t h .  Mass ba lance  a c r o s s  a l a t i -  

t u d e  l i n e  r e q u i r e s  an e q u a l  northward t r a n s p o r t  i n  t h e  r e g i o n  n e a r  t h e  w e s t e r n  

boundary. Th is  would r e q u i r e ,  f o r  t h e  g e o s t r o p h i c a l l y  balanced p a r t  of t h e  

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

e q u a l  t o  t h a t  a t  t h e  e a s t e r n  boundary. To t h i s  c o n s i d e r a t i o n ,  one must add 

t h e  Ekman t r a n s p o r t .  I n  t h e  Trade Wind r e g i o n s ,  t h e  Ekman t r a n s p o r t  i s  t o  t h e  

n o r t h .  Thus t h e  r e t u r n  t r a n s p o r t  on t h e  wes t  must be l e s s  t h a n  t h a t  r e q u i r e d  

by t h e  g e o s t r o p h i c  f low a l o n e ,  s o  t h e  i n t e r f a c e  must be  lower a t  t h e  w e s t e r n  

t h a n  a t  t h e  e a s t e r n  boundary. I f  s u r f a c i n g  occurs  a t  t h e s e  l a t i t u d e s ,  i t  would 

occur  f i r s t  on t h e  e a s t e r n  boundary. However, i n  t h e  a n t i c y c l o n i c  p a r t  of t h e  

W e s t e r l i e s ,  t h e  Ekman t r a n s p o r t  i s  t o  t h e  Sou th ,  add ing  t o  t h e  g e o s t r o p h i c  

t r a n s p o r t  t o  t h e  s o u t h .  The i n t e r f a c e  a t  t h e  wes te rn  boundary must t h e r e f o r e  

be h i g h e r  t h a n  a t  t h e  e a s t e r n  boundary. A t  t h e s e  l a t i t u d e s ,  s u r f a c i n g  would 

occur  f i r s t  on t h e  w e s t e r n  boundary. A s i m i l a r  argument has  a l s o  been p resen-  

t e d  by Parsons  (1969) .  

The t h i r d  exper iment  was performed t o  s i m u l a t e ,  i n  a v e r y  rough way, t h e  

response  of a s e a  (such a s  t h e  Arabian s e a )  t o  t ime v a r y i n g  winds ( such  a s  t h e  

south-west and n o r t h- e a s t  monsoons). The spin- up t ime  of a two- layer l abora-  

t o r y  model can be a d j u s t e d  t o  resemble  t h e  response  t ime of a t r o p i c a l  ocean  

bas i n .  

2. Laboratory Model 

C e r t a i n  g r o s s  f e a t u r e s  of t h e  g e n e r a l  c i r c u l a t i o n  o f  t h e  oceans  can be  

modelled i n  l a b o r a t o r y  exper iments ,  a s  has  been shown by Stommel, Arons ,  & 

F a l l e r  (19581, Pedlosky & Greenspan (1967) ,  Beards ley  (19691, Baker & Robinson 



(19691, Veron is  (1973a1, Har t  (1975) and o t h e r s .  For example,  a  c o n s t a n t  wind 

s t r e s s  c u r l  can be s imula ted  by a  r o t a t i n g  l i d  i n  c o n t a c t  w i t h  t h e  f l u i d ,  and 

v a r i a t i o n  of C o r i o l i s  parameter  w i t h  l a t i t u d e  ( P - e f f e c t )  can  be s i m u l a t e d  by 

v a r i a t i o n  of f l u i d  dep th  w i t h  l o c a t i o n  i n  t h e  t a n k .  

A c i r c u l a r  c y l i n d r i c a l  t ank  i s  d i v i d e d  i n t o  t h r e e  s e p a r a t e  b a s i n s :  a  

180' b a s i n ,  a  120' b a s i n ,  and a  60' b a s i n .  The l i d  i s  cone- shaped w i t h  

s l o p e  t a n  % f ;  , t h e  b a s e  wi th  s l o p e  t a n &  . I n  t h e  f i r s t  e x p e r i m e n t ,  t h e  
A 

c e n t e r  of t h e  c y l i n d e r  i s  s h a l l o w e s t ;  i n  t h e  second exper iment  t h e  c e n t e r  i s  

d e e p e s t .  The t a n k  i s  p laced  on a  r o t a t i n g  t a b l e  whose a n g u l a r  v e l o c i t y  i s  A .  

The l i d  r o t a t e s  r e l a t i v e  t o  t h e  t a n k  a t  an a n g u l a r  v e l o c i t y  A A. As i n  

B e a r d s l e y ' s  (1969) exper iments  t h i s  model p o s s e s s e s  a  w e s t e r n  boundary.  It 

d i f f e r s  from h i s  homogeneous exper iments  i n  t h a t  t h e s e  a r e  two- layer  e x p e r i-  

ments.  I n  t h i s  r e s p e c t ,  i t  i s  s i m i l a r  t o  H a r t ' s  two- layer models.  However, 

i n  H a r t ' s  s t u d i e s  t h e r e  was no w e s t e r n  boundary.  

The p h y s i c a l  b a s i s  f o r  t h e  model l i e s  i n  t h e  analogy between t h e  v o r t e x  

s t r e t c h i n g  by flow a c r o s s  c o n s t a n t  dep th  c o n t o u r s ,  and t h e  r e l a t i v e  v o r t i c i t y  

produced by t h e  o c e a n i c  f low t o  l a t i t u d e s  of d i f f e r e n t  C o r i o l i s  f o r c e .  Green- 

span (1968) h a s  e l u c i d a t e d  t h e  d i f f e r e n c e  i n  t h e  flows t h a t  may a r i s e  i n  c l o s e d  

c o n t a i n e r s  hav ing  o r  n o t  hav ing  c l o s e d  g e o s t r o p h i c  ( c o n s t a n t  d e p t h )  c o n t o u r s .  

Each of t h e  t h r e e  b a s i n s  possesses  no c l o s e d  c o n t o u r s  of c o n s t a n t  d e p t h .  The 

n a t u r e  of t h e  s t e a d y  d r i v e n  flow i s  comple te ly  d i f f e r e n t  from t h e  c a s e  w i t h  

c l o s e d  g e o s t r o p h i c  c o n t o u r s .  The i n t e r i o r  f low i s  a  s low,  o r d e r  E'/' (where 

E  i s  t h e  Ekman number) d r i f t  a c r o s s  dep th  c o n t o u r s .  

S i n c e  t h e  speed on t h e  t o p  boundary i s  a  l i n e a r  f u n c t i o n  of r a d i a l  

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

i t y  wE of o r d e r  ~ ' 1 ~ .  Because t h e  i n t e r i o r  f low i s  o r d e r  e l l 2 ,  t h e  bo t -  



tom Ekman l a y e r ,  f o r  t h e  case  o f  a  homogeneous f l u i d ,  has a  much s m a l l e r  f l u x  

of o r d e r  E .  However, i f  t h e  i n t e r i o r  f low would be a c r o s s  d e p t h  c o n t o u r s  a t  

j u s t  t h e  r i g h t  speed v  so  t h a t  t h e  o r o g r a p h i c a l l y  induced v e r t i c a l  v e l o c i t y  w 

= v t a n  6 ba lances  the  Ekman f l u x  wE, t h e n  t h e  i n t e r i o r  v e l o c i t y  can be 

dep th  independen t .  I n  c a s e  Il is  coun te rc lockwise  and n n  i s  c l o c k w i s e ,  

t h i s  i s  a  c o n s t a n t  f low t o  g r e a t e r  d e p t h s  ( o r  southwards f low)  and i s  t h e  

e q u i v a l e n t  of t h e  Sverdrup balanced s o l u t i o n .  

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

Beards ley  (1969) shows t h a t  i n  c a s e  t a n  or(< ~ 1 1 4 ,  a  Stommel (1948) t y p e  geo- 

s t r o p h i c  w e s t e r n  boundary l a y e r  of t h i c k n e s s  ~ l / ~ / t a n  oc forms i n  which 

v o r t e x  s h r i n k i n g  i s  balanced by Ekman s u c t i o n .  When t a n  d approaches  

E ~ / ~ ,  t h e  w e s t e r n  boundary l a y e r  t h i n s  down towards the  S t e w a r t s o n  E ~ / ~  

l a y e r .  I n  t h i s  case  t h e  d i f f u s i o n  o f  v o r t i c i t y  from t h e  s i d e  w a l l  i s  ba lanced  

by o r o g r a p h i c  v o r t e x  s t r e t c h i n g  a s  w e l l  a s  by Ekman-layer s u c t i o n .  When t a n  A 

>> E ~ / ~  t h e  flow i s  analogous t o  t h e  Munk and C a r r i e r  (1950) model w i t h  

l a t e r a l  f r i c t i o n .  

R o t a t i n g  a  r i g i d  l i d  s i m u l a t e s  a  c o n s t a n t  wind- s t ress  c u r l ,  w i t h  

uniform v e r t i c a l  v e l o c i t y  o u t  of t h e  t o p  E h a n  l a y e r .  Th i s  e f f e c t  c o u l d  a s  

w e l l  have been s imula ted  by a  uniform d i s t r i b u t i o n  of sources  of mass a t  a  

non- ro ta t ing  top  boundary (Baker ,  1971) .  Wind- stress  p a t t e r n s  a r e  n o t  always 

d e s c r i b a b l e  by a  c o n s t a n t  c u r l .  Any j e t  such a s  t h e  F i n d l a t e r  o r  ' l o w- l e v e l '  

j e t  over  t h e  Arabian Sea could  b e t t e r  be d e s c r i b e d  a s  a  c o n c e n t r a t e d  r e g i o n  o f  

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

Such a  wind- s t ress  p a t t e r n  i s  s imula ted  by a  l i n e  of s o u r c e s  a d j a c e n t  t o  a  

l i n e  o f  s i n k s  i n  a  porous upper boundary.  



I n  t h e  case  of a  two l a y e r  f l u i d  i t  was found i n  t h e s e  exper iments  t h a t  

the  lower l a y e r  has  mean v e l o c i t i e s  approximately  two o r d e r s  of magnitude 

smal le r  t h a n  t h e  upper l a y e r  v e l o c i t i e s .  Thus,  t h e  assumption made i n  many 

t h e o r i e s  t h a t  t h e r e  i s  no s t r e s s  t r a n s m i t t e d  a c r o s s  t h e  i n t e r f a c e  a p p e a r s  t o  

be most r e a s o n a b l e .  A Sverdrup i n t e r i o r  and a  S t o m e l  t y p e  w e s t e r n  boundary 

l a y e r  i s  t h e n  a  p o s s i b l e  s o l u t i o n  f o r  t h e  upper l a y e r .  The i n t e r f a c e  becomes 

d i s t o r t e d  i n  such a  way a s  t o  p reven t  p r e s s u r e  g r a d i e n t s  i n  t h e  lower l a y e r ,  

t h e  s l o p e  of t h e  i n t e r f a c e  be ing  p r o p o r t i o n a l  t o  t h e  i n t e r i o r  v e l o c i t y  o f  t h e  

upper l a y e r  i n  accordance w i t h  t h e  Witte-Margules formula .  The change i n  upper 

l a y e r  dep th  produced by such d i s t o r t i o n  o f  t h e  i n t e r f a c e  does  n o t  a f f e c t  t h e  

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

t h e  dep th  g r a d i e n t .  Th i s  b e i n g  t h e  c a s e ,  d i s t o r t i o n s  of t h e  i n t e r f a c e  shou ld  

no t  be thought  of a s  c o n t r i b u t i n g  t o  t h e  " P - e f f e c t w.  

Lower l a y e r  motions a r e ,  however, p o s s i b l e  i n  t h e  w e s t e r n  boundary l a y e r  

even f o r  s t e a d y  flow. Welander (1968) shows a  r e c i r c u l a t i n g  flow c o n f i n e d  t o  

t h e  w e s t e r n  boundary lower l a y e r  i f  t h e  northward g r a d i e n t  of f / h  i s  p o s i t i v e ,  

where f  i s  t h e  C o r i o l i s  pa ramete r ,  h  i s  t h e  lower l a y e r  d e p t h .  

3 .  T h e o r e t i c a l  b a s i s  f o r  t h e  two- layer model 

For s t e a d y  l i n e a r  f low,  t h e  v o r t i c i t y  e q u a t i o n  i n  e a c h  l a y e r  can be 

shown t o  be ( H a r t ,  1972) 



where ?I 9 , a r e  t h e  upper ,  lower l a y e r  v e l o c i t i e s  r e s p e c t i v e l y ,  
e ,., P1 , 

P2 a r e  t h e  upper ,  lower l a y e r  g e o s t r o p h i c  s t ream f u n c t i o n s  r e s p e c t i v e l y ,  HT 

i s  the  shape  f u n c t i o n  of the  top  l i d ,  Hg of t h e  bottom. Here )L = Y , / Y ~  and 

we s h a l l  t a k e  

Hf = -yta"&, 

The f i r s t  term i n  e q u a t i o n  (1) r e p r e s e n t s  t h e  o r o g r a p h i c a l l y  induced  

v e r t i c a l  v e l o c i t y  r e s u l t i n g  from g e o s t r o p h i c  f low a long  t h e  t o p  boundary.  The 

second term i s  t h e  Ekman s u c t i o n  a t  t h e  top  a s s o c i a t d  w i t h  i n t e r i o r  vor- 

t i c i t y ,  t h e  t h i r d  i s  t h e  v e r t i c a l  v e l o c i t y  r e s u l t i n g  from Ekman l a y e r  d i v e r -  

gence. The f o u r t h  and f i f t h  terms r e p r e s e n t  Ekman s u c t i o n  a t  t h e  i n t e r f a c e  

a s s o c i a t e d  w i t h  t h e  i n t e r i o r  v o r t i c i t i e s  of t h e  lower and o f  t h e  upper l a y e r s .  

The Froude number i s  assumed t o  be smal l  and v o r t e x  s t r e t c h i n g  a s  columns o f  

f l u i d  move over  t h e  p a r a b o l i c  mean i n t e r f a c e  i s  n e g l e c t e d .  For a  10 cm r a d i u s  

t ank  r o t a t i n g  a t  20 rpm, t h e  i n t e r f a c e  i s  only  approx imate ly  1 mm h i g h e r  a t  

t h e  r i m  t h a n  a t  t h e  c e n t e r .  Th i s  may be compared t o  t h e  change i n  h e i g h t  o f  2 

cm due t o  t h e  s l o p e  of t h e  l i d .  

I f  we t a k e  v l  = V 2  t h e  above e q u a t i o n s  become 



where we have defined 

For a flat-bottomed ocean we would chose a model with j3 1 =  P 2 '  

However, Pz could be varied to represent different bottom topographies. For 

example, if pz is chosen zero, we find the upper layer equation reduces 

to Stomel's equation for a homogeneous fluid, while the lower layer is motion- 

less everywhere. 

4. Observations 

The following are typical observations of the first experiment related 

to northward transport. 

Case 1: Homogeneous Fluid 

(i) A radial component of flow across constant depth contours over 

much of the tank, from shallow to deep for clockwise rotation of the lid is ob- 

served. This is analogous to the Sverdrup interior flow to the south. 

(ii) This flow is diverted to the west in the rim boundary layer 

which is several millimeters thick at the eastern part of the rim and becomes 

several centimeters thick near the western part of the 180° basin. 

(iii) The return flow to the north occurs in a fast narrow current 

along the western boundary. The center of the gyre is far to the west of the 

center of the basin. 

(iv) A stationary topographic Rossby wave is observed where the 

western boundary current enters the interior. Associated with this is a region 

of weakly cyclonic flow. There are no instabilities and no time dependence. 

All of these features are in agreement with Beardsley's homogeneous flows- 



Case 2 :  Two-Layer F l u i d  

For the  same s l o p e s  and Rossby number, a  two- layer f l u i d  shows 

s i m i l a r  f e a t u r e s ,  but  b a r o c l i n i c  i n s t a b i l i t i e s  a r e  now p o s s i b l e .  ~ ~ p i c a l  

f e a t u r e s  a r e :  

( i )  A westward i n t e n s i f i e d  a n t i c y c l o n i c  g y r e ,  w i t h  t h e  c e n t e r  of t h e  

gyre  s h i f t e d  t o  t h e  southwest of t h e  l o c a t i o n  f o r  t h e  homogeneous c a s e .  

( i i )  The r e g i o n  of c y c l o n i c  f low a s  t h e  w e s t e r n  boundary c u r r e n t  e n t e r s  

t h e  i n t e r i o r  i s  more pronounced. 

( i i i )  There i s  i n s t a b i l i t y  and t ime  dependence i n  p r i m a r i l y  two s c a l e s .  

There  a r e  smal l  waves of wavelength  approx imate ly  5 mm, which i s  t h e  b a r o c l i n i c  

r a d i u s  of de format ion  f o r  t h i s  exper iment .  There i s  a l s o  a  l a r g e r  s c a l e  i n s t a -  

b i l i t y ,  w i t h  wavelengths  s e v e r a l  c e n t i m e t e r s .  Th i s  i s  e v i d e n t  i n  t h e  movies ,  

and t h e  c o n d i t i o n s  f o r  i t s  occur rence  have been summarized i n  a  regime diagram.  

( i v )  There  i s  a  c o u n t e r- c u r r e n t  i n  t h e  r i m  boundary l a y e r .   his i s  a 

h i g h l y  depth- dependent flow which i s  s t r o n g e s t  j u s t  above t h e  i n t e r f a c e  and 

which van i shes  r a p i d l y  w i t h  d i s t a n c e  above t h e  i n t e r f a c e .  T h i s  c o u n t e r- c u r r e n t  

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

a s  a  northward c u r r e n t  and f i n a l l y  e n t e r s  t h e  i n t e r i o r  by f lowing  c y c l o n i c a l l y  

around t h e  low formed by t h e  topograph ic  Rossby wave. 

A movie was shown of one example of f low i n  t h e  two- layer model. 

The measured nor thwards  volume t r a n s p o r t  T i n  t h e  w e s t e r n  boundary c u r-  

r e n t  was measured and i s  p l o t t e d  a g a i n s t  Rossby number f o r  b o t h  homogeneous and 

upper l a y e r  of t h e  two- layer model. 

( i )  With t h e  t ank  s h a l l o w  i n  t h e  c e n t e r  and w i t h  t h e  l i d  r o t a t i n g  i n  a  

c lockwise  s e n s e ,  a s  i n  t h e  Trade Wind r e g i o n s ,  s u r f a c i n g  f i r s t  o c c u r s  on t h e  

e a s t e r n  boundary n e a r  the  weak c y c l o n i c  f low a s s o c i a t e d  w i t h  t h e  s t a t i o n a r y  

topograph ic  Rossby wave. 



( i i )  With t h e  t a n k  deep  i n  t h e  c e n t e r  and w i t h  t h e  l i d  r o t a t i n g  i n  a  

c lockwise  s e n s e ,  a s  i n  t h e  a n t i c y c l o n i c  p a r t  of t h e  W e s t e r l i e s ,  s u r f a c i n g  o f  

t h e  lower l a y e r  occurs  on t h e  w e s t e r n  boundary,  and t h e  f a s t  w e s t e r n  boundary 

c u r r e n t  s e p a r a t e s  from t h e  w e s t e r n  boundary b e f o r e  i t  i s  f o r c e d  t o  do s o  by 

t h e  r i m .  The c o n d i t i o n s  f o r  t h i s  s u r f a c i n g  a r e  i n  q u a l i t i a t i v e  agreement w i t h  

P r o f e s s o r  V e r o n i s '  t h e o r y .  

5. Conclusion 

This  two- layer l a b o r a o t y  model of wind-driven ocean c i r c u l a t i o n  a p p e a r s  

t o  be capab le  of s i m u l a t i n g  some of  t h e  g r o s s  f e a t u r e s  observed o r  expec ted  

from t h e o r i e s  of t h e  ocean ic  g e n e r a l  c i r c u l a t i o n .  It a l s o  produced some unex- 

pec ted  f e a t u r e s  such a s  t h e  deep c o u n t e r c u r r e n t  a long  t h e  e a s t e r n  boundary.  

C e r t a i n l y  t h e  model a l lows  f e a t u r e s  no t  o b s e r v a b l e  i n  a  homogeneous model o f  

ocean c i r c u l a t i o n .  
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REGULAR BAROCLINIC WAVES : SOME RECENT WORK 

Raymond Hide 

Regular b a r o c l i n i c  waves have e v i d e n t l y  now been found i n  n a t u r e  ( i n  

c e r t a i n  p l a n e t a r y  a tmospheres)  n e a r l y  t h i r t y  y e a r s  a f t e r  t h e y  were  d i s c o v e r e d  

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

ments on thermal  convec t ion  i n  a  r o t a t i n g  f l u i d  s u b j e c t  t o  a  h o r i z o n t a l  tem- 

p e r a t u r e  g r a d i e n t .  They have been t h e  s u b j e c t  of a  g r e a t  d e a l  o f  r e s e a r c h  by 

s e v e r a l  groups and t h e i r  i n v e s t i g a t i o n  and r e l a t e d  work on o t h e r  a s p e c t s  of 

t h e  dynamics of r o t a t i n g  f l u i d s  con t inue  t o  p rov ide  i n s i g h t  i n t o  b a s i c  pro- 

c e s s i n g  atmospheres and oceans .  

Regular ( i . e . ,  s p a t i a l l y  and t empora l ly  p e r i o d i c )  b a r o c l i n i c  waves, w i t h  

t h e i r  fu l ly- developed j e t- s t r e a m s  and t h e i r  tendency under c e r t a i n  c o n d i t i o n s  

t o  " v a c i l l a t e "  i n  ampl i tude ,  shape o r  wavenumber, occur  when t h e  d i m e n s i o n l e s s  

parameter  

@ A*  AT/^^ ( b - a \ =  9 

l i e s  w i t h i n  a c e r t a i n  range @ > @ > @ 
R I . (Here g i s  t h e  a c c e l -  



e r a t i o n  of g r a v i t y ,  - d  t h e  dep th  of t h e  f l u i d ,  6 A T  t h e  f r a c t i o n a l  d e n s i t y  

c o n t r a s t  a s s o c i a t e d  w i t h  t h e  impressed h o r i z o n t a l  t empera tu re  g r a d i e n t ,  b and 

a  a r e  t h e  r a d i i  of t h e  o u t e r  and i n n e r  s ide- wal l s  of t h e  annu la r  c o n t a i n e r  and - 

n t h e  a n g u l a r  speed of r o t a t i o n  of t h e  c o n t a i n e r  about a  v e r t i c a l  a x i s ,  

where 9.' b << 3 . Thus, over  a  wide range  of a  second d imens ion less  

parameter ,  t h e  so- ca l led  Taylor  number 7 I 4 n q (  b-  a)' ~ Y ' A  g r e a t e r  t h a n  

about 3 x  l o 5  (where y i s  t h e  k inemat ic  v i s c o s i t y ) ,  r e g u l a r  b a r o c l i n i c  

waves d i s a p p e a r w h e n  @ > 0,13) g i v i n g w a y  t o  axisymmetr ic  f low,  and a l s o  

when @ < @,(!J) g i v i n g  way t o  a  second n o n - a x i s y m e t r i c  f low,  namely 

i r r e g u l a r  ( i . e . ,  s p a t i a l l y  and t empora l ly  a p e r i o d i c )  b a r o c l i n i c  waves, which 

cons t i  t u t e  a  form of geos t r o p h i c  t u r b u l e n c e .  These f i n d i n g s  and t h e  tendency 

f o r  t h e  r e g u l a r  regime t o  p e r s i s t  a t  t h e  h i g h e s t  v a l u e s  of 3 a t t a i n e d  i n  t h e  

exper iments ,  around l o l o ,  show t h a t  t h e  h i g h  degree  of o r d e r  t h a t  c h a r a c t e r  

i z e s  t h e  r e g u l a r  regime i s  due l a r g e l y  t o  n o n l i n e a r  e f f e c t s  and n o t  t o  v i s -  

c o s i t y  ( t h u s ,  i n c i d e n t a l l y ,  c a s t i n g  doubt on t h e  e r g o d i c  assumption used i n  

t h e o r i e s  of a tmospher ic  ~ r e d i c t a b i l i t y ) .  As @ i s  d e c r e a s e d  from On 

t o  0, t h e  dominant az imutha l  wavelength  h d e c r e a s e s  i n  s t e p s  from about 2 t o  

0.7 t imes t h e  r a d i a l  s c a l e  of t h e  waves. When d e c r e a s e s  i n  @ a r e  ach ieved  by 

i n c r e a s i n g  fi and keeping o t h e r  pa ramete rs  f i x e d  t h e  n e t  h e a t  t r a n s f e r  w i t h i n  

t h e  range  @,> 0 > 8, remains roughly  c o n s t a n t  and some 20% l e s s  

than t h a t  found when n = 0  ( i .  e .  0-I = 3 = 0 ) .  Regula r  waves a r e  

i n t r a n s i t i v e  i n  t h e  s e n s e  t h a t  s e v e r a l  v a l u e s  of h a r e  p o s s i b l e  a t  a  g i v e n  

p o i n t  ( O , 3 ) i n  parameter  space  a l though  t h e  most p r o b a b l e  v a l u e  of 

seems t o  be  un ique ly  determined by @ and 3 . T r a n s i t i o n s  between d i f f e r -  



e n t  v a l u e s  of a r e  s u b j e c t  t o  h y s t e r e s i s  e f f e c t s  t h e  t r a n s i t i o n  t o  axisym- 

m e t r i c  f low a t  @ = @, a l s o  e x h i b i t s  s t r o n g  h y s t e r e s i s  when t h e  upper s u r -  

f a c e  i s  f r e e ,  bu t  no t  when t h e  s u r f a c e  i s  i n  c o n t a c t  w i t h  a  r i g i d  l i d .  T h i s  

r e s u l t  can b e  i n t e r p r e t e d  (Hide and Mason, 1978) i n  terms of t h e  e f f e c t  of 

p o t e n t i a l  v o r t i c i t y  g r a d i e n t s  i n  t h e  main body of t h e  f l u i d  on b a r o c l i n i c  

i n s t a b i l i t y  of t h e  b a s i c  axisymmetr ic  f low.  

Recent and c u r r e n t  r e s e a r c h  i n c l u d e s  i n v e s t i g a t i o n s  of e f f e c t s  due t o  

non- axisymmetric boundar ies  and t o  v a r y i n g  t h e  c o n f i g u r a t i o n  of t h e  impressed  

t e m p e r a t u r e  f i e l d  on t h e  bounding- surfaces  of t h e  sys tem ( H i g n e t t  1979) .  I t  

a l s o  i n c l u d e s  a n  a t t empt  t o  c o n s t r u c t  a  numer ica l  model c a p a b l e  of  r e p r o d u c i n g  

v a r i o u s  phenomena d i scovered  through d e t a i l e d  l a b o r a t o r y  s t u d i e s  of  n o n- l i n e a r  

i n t e r a c t i o n s  between t h e  main wave and i t s  harmonics and v a r i o u s  s ide- bands  

(Hide ,  Mason and Plumb, 1977; James and F a r n e l l ,  1977; James and J o n a s ,  19791,  

For r e a s o n s  which a r e  no t  y e t  c l e a r ,  v a c i l l a t i o n  i s  l e s s  pronounced and more 

d i f f i c u l t  t o  produce i n  t h e  numer ica l  model than i n  a  l a b o r a t o r y  system. I n  

a n o t h e r  r e c e n t  l a b o r a t o r y  s t u d y  of t h e r m a l  convec t ion  i n  a  r o t a t i n g  f l u i d  

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

waves h a s  been determined ( ~ a c f a d y e n  and Mason, 1979) .  

B a r o c l i n i c  waves can be produced mechan ica l ly  ( r a t h e r  t h a n  t h e r m a l l y )  

i n  a  sys tem c o n s i s t i n g  of two superposed immiscible  f l u i d s ,  and e x t e n s i v e  work 

w i t h  such c a s e s  h a s  been r e p o r t e d  by J .  E .  Har t .  Recent l a b o r a t o r y  work w i t h  

two- layer sys tems i n c l u d e s  s t u d i e s  of side- band i n t e r a c t i o n s ,  t o p o g r a p h i c  

e f f e c t s  and e f f e c t s  due t o  non- steady f o r c i n g  (King,  1979; Appleby,  1979) .  

R e l a t e d  t h e o r e t i c a l  work i n c l u d e s  t h e  d i s c o v e r y  t h a t  t h e  q u a s i- g e o s t r o p h i c  



e q u a t i o n s  governing weakly n o n l i n e a r  behav io r  of t h e  two l a y e r  sys tem can be  

t r ans fo rmed  i n t o  t h e  complex sine-Gordon e q u a t i o n  (Gibbon, James and Moroz, 

1979) ,  which has  s o l i t o n- t y p e  s o l u t i o n s .  At tempts  a r e  now b e i n g  made t o  f i n d  

cor respond ing  s o l i t o n  s o l u t i o n s  f o r  systems w i t h  c o n t i n u o u s l y  v a r i a b l e  d e n s i t y .  

The p a r a m e t e r i z a t i o n  of h e a t  f low by b a r o c l i n i c  waves i s  of  p r a c t i c a l  

importance  i n  t h e  development of  c l i m a t e  models.  S e v e r a l  workers  have c a r r i e d  

out  r e l e v a n t  l a b o r a t o r y  exper iments  a l t h o u g h  much more remains  t o  be  done and 

g r e a t  c a r e  has  t o  be  e x e r c i s e d  i n  t h e  i n t e r p r e t a t i o n  of t h e  e x p e r i m e n t a l  

r e s u l t s  ( P f e f f e r  and B a r c i l o n ,  1978; Hide ,  1979) .  
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ON THE FUZZINESS OF ISOPYCNAL SURFACES AND THE CONSEQUENCES 
FOR M I X I N G  AND MOVEMENT I N  THE DEEP OCEAN 

J. G .  Shepherd 

C a r e f u l  c o n s i d e r a t i o n  of t h e  n a t u r e  of i sopycna l  movements i n  t h e  ocean  

shows t h a t  n e u t r a l  s u r f a c e s  cannot  be unambiguously d e f i n e d .  The p resence  of 

b o t h  s y s t e m a t i c  g r a d i e n t s  and random ( m i c r o s t r u c t u r e )  v a r i a t i o n s  of t e m p e r a t u r e  

and s a l i n i t y  on i sopycna l  s u r f a c e s ,  e n s u r e s  t h a t  n e u t r a l  s u r f a c e s  must be t o  

some e x t e n t  "fuzzy". As a  d i r e c t  consequence of t h i s  f u z z i n e s s ,  t r a n s p o r t  i n  

t h e  oceans cannot  be s o l e l y  a long any unique s e t  of n e u t r a l  s u r f a c e s ,  but  b o t h  

random ( d i f f u s i v e )  and s y s t e m a t i c  ( a d v e c t i v e )  t r a n s p o r t  normal t o  n e u t r a l  s u r-  

f a c e s  must occur .  A t e n t a t i v e  e s t i m a t e  of t h e  magnitude of t h e s e  d i a p y c n a l  

e f f e c t s  i s  made. Both t h e  d iapycna l  d i f f u s i v i t y  and v e l o c i t y  a r i s i n g  from t h i s  

mechanism can v a r y  g r e a t l y  from p l a c e  t o  p l a c e  i n  t h e  oceans.  They could  b e  

2 a s  h igh  as  10 cm I s e c  and cm/sec i n  a c t i v e  r e g i o n s  ( o r  even more i n  

t h e  v i c i n i t y  of f r o n t s )  b u t  more normal f i g u r e s  f o r  t h e  deep oceans  would b e  

2  0 . 1  cm I s e c  and cm//sec .  I n  many p l a c e s  such t r a n s p o r t  r a t e s  would 

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



ICEBERG MELTING: RATES INFERRED FROM OBSERVATIONS AND LABORATORY EXPERIMENTS: 

AND A TEMPERATURE FIELD MEASURED AROUND A MELTING ICEBERG 

S  teven Neshyba 

A Comparison of M e l t  Rate  I n f e r r e d  from Observa t ions  w i t h  E x t r a p o l a t i o n  from 

Labora to ry  Experiments 

Morgan and Budd (1978) e s t i m a t e  t h e  average  s i d e w a l l  m e l t  r a t e  of Ant- 

a r c t i c  i c e b e r g s  a s  a  f u n c t i o n  of t h e  mean t e m p e r a t u r e  of t h e  upper  200 m ocean 

l a y e r  around A n t a r c t i c a .  T h e i r  method uses  ( 1 )  r e p o r t e d  o b s e r v a t i o n s  of i c e-  

berg  c o n c e n t r a t i o n s  w i t h i n  l a t i t u d i n a l  bands and m e r i d i o n a l  s e c t o r s  around 

A n t a r c t i c a  t o g e t h e r  w i t h  ( 2 )  i c e b e r g  s i z e  d i s t r i b u t i o n  t o  o b t a i n  ( 3 )  t h e  

minimum l e n g t h  of b e r g s  which can be d i s p e r s e d  t o  s u c c e s s i v e  d i s t a n c e s  from 

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

d i s p e r s i o n  r a t e  and t h e  f i e l d  of mean t e m p e r a t u r e  of t h e  upper 200 m l a y e r  of 

A n t a r c t i c  Ocean t o  o b t a i n  i c e b e r g  s i d e w a l l  m e l t  r a t e  a s  a  f u n c t i o n  of f a r -  

f i e l d  wa te r  t empera tu re .  The r e s u l t s  a r e  shown i n  F ig .  1 a s  a  s e r i e s  of 

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

a t  Td = - 
T f a r  f i e l d  T f r e e z i n g '  

A p l a u s i b l e  i n t e r p r e t a t i o n  of t h e s e  p o i n t  d a t a  would be  f i r s t  t h a t  t h e i r  

d e r i v a t i o n  i m p l i c i t l y  combines i c e b e r g  s i z e  e r o s i o n  by b o t h  s i d e w a l l  m e l t i n g  

and by s i d e w a l l  volume l o s s  by mechanical  p r o c e s s e s  such a s  c a l v i n g  f o l l o w i n g  

e r o s i o n  by s u r f a c e  waves o r  f r a c t u r i n g  due t o  s t r e s s e s  induced by f l e x u r e  o r  

thermal  shock. Thus a  curve f i t t e d  t o  t h e s e  d a t a  p o i n t s  need n o t  p a s s  through 

z e r o  v a l u e  a t  z e r o  Td; to  t h e  c o n t r a r y ,  t h e  z e r o  Td  i n t e r c e p t  v a l u e  i s  

l o g i c a l l y  a  measure of mechanical  wastage i n  t h e  absence o f ,  o r  independen t  

o f ,  t h e  thermal  m e l t i n g .  Second, the rmal  m e l t  r a t e  i s  l i k e l y  t o  show a  non- 



l i n e a r  dependency upon thermal  f o r c i n g  because  t h e  h e a t  t r a n s f e r  from ocean 

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

18 number t y p i c a l  of l a r g e  v e r t i c a l  i c e  w a l l s  i s  ext remely h i g h ,  of o r d e r  10 . 
Accord ing ly ,  we f i t  a  q u a d r a t i c  c u r v e  t o  t h e  observed d a t a  p o i n t s  ( F i g .  l a )  

and t r a n s l a t e  t h e  curve  t o  t h e  o r i g i n  under t h e  assumpt ion t h a t  mechan ica l  

wastage  i s  independent  of the rmal  d r i v i n g  ( F i g .  l b ) .  T h i s  i n t e r p r e t a t i o n  

y i e l d s  a  mechanical  wastage  r a t e  of 40 m yr-l; a  s i d e w a l l  thermal  m e l t  r a t e  

of  equa l  magnitude i s  found on ly  f o r  i c e b e r g s  s u b j e c t e d  t o  seawate r  whose 

the rmal  d r i v i n g  i s  PC o r  more. Cons ide r ing  t h a t  A n t a r c t i c  s u r f a c e  w a t e r s  

s o u t h  of t h e  P o l a r  F ron t  a r e  a t  lower t e m p e r a t u r e s  t h a n  7%, one i n f e r s  t h a t  t h e  

dominant p r o c e s s  of i c e b e r g  s i z e  d e t e r i o r a t i o n  i s  mechanical  r a t h e r  than  t h e r -  

mal.  

On t h e  o t h e r  hand,  s e v e r a l  l a b o r a t o r y  exper iments  on t h e  m e l t i n g  of i c e  

a r e  r e p o r t e d  (Sandstrom, 1914; Huppert and T u r n e r ,  1978; J o s b e r g e r ,  1979) and 

a  comparison of r e s u l t s  w i t h  t h o s e  g iven  above should  be made. The J o s b e r g e r  
I 

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

approximate  t h e  upper l a y e r  c o n d i t i o n s  i n  t h e  A n t a r c t i c  where s t r a t i f i c a t i o n  

b i s  ve ry  weak. He found a  dependency of m e l t  r a t e  upon t h e  1.63 power of Td 

l 
and t h e  1 / 4  power of d i s t a n c e  above t h e  bottom of t h e  m e l t i n g  i c e  b l o c k .  I n  

F i g .  1, curve  M shows h i s  ave rage  s i d e w a l l  m e l t  r a t e  and c u r v e  M i s  a n  
200 

e x t r a p o l a t i o n  t o  t h e  t y p i c a l  200 m d r a f t  i c e b e r g  w a l l .  These d a t a  a r e  o b t a i n e d  

w i t h  bubb le- f ree  i c e .  C h a r a c t e r i s t i c a l l y ,  g l a c i e r  i c e  c o n t a i n s  an  a v e r a g e  of 

about  200 a i r  bubbles  p e r  cc  of i c e ;  t h e s e  v a r y  i n  d iamete r  from a b o u t  1 mrn 

n e a r  t h e  i c e  s u r f a c e  t o  about 0 . 3  mm a t  250 m i c e  dep th ,  t h e  l a t t e r  r e f l e c t i n g  

ad jus tment  t o  h y d r o s t a t i c  p r e s s u r e .  Upon r e l e a s e  d u r i n g  m e l t i n g  t h e s e  b u b b l e s  

c o n t r i b u t e  t o  t h e  buoyant f o r c i n g  w i t h i n  t h e  mel t- water  d i l u t e d  and v e r t i c a l l y  



convected boundary f l u i d  a d j a c e n t  t o  t h e  i c e  w a l l ;  i n  magni tude ,  t h e  a d d i t i o n a l  

buoyant f o r c i n g  by bubbles  exceeds  t h a t  due t o  d i l u t i o n  by m e l t  wa te r  a t  l e v e l s  

h i g h e r  than  a b o u t  150 m above t h e  b a s e  of t h e  i c e b e r g  ( J o s b e r g e r ,  1979b) .  I n  

F ig .  l c  t h e  M c u r v e  of m e l t  r a t e  has  been a d j u s t e d  f o r  t h e  bubb le  e f f e c t ,  
200 

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

boundary l a y e r  s c a l e s  w i t h  the  t h i r d  r o o t  of the buoyant f o r c i n g  (Chapman, 

1960) .  

Curves ( b )  and ( c )  i n  F i g .  1 a r e  c o i n c i d e n t  w i t h i n  t h e  e r r o r s  of l abora-  

t o r y  exper iments  and f i e l d  o b s e r v a t i o n s  from which they  d e r i v e ,  a  r e s u l t  which 

s u g g e s t s  t h a t  t h e s e  a r e  a c c u r a t e  e s t i m a t i o n s  of i c e  w a l l  me1 t r a t e s  under 

v a r y i n g  ambient the rmal  c o n d i t i o n s .  So f a r  on ly  one independen t  check p o i n t  

i s  a v a i l a b l e ;  t h i s  i s  marked by an a s t e r i s k  i n  F i g .  1 and i s  a  r e s u l t  of 

measurement of t h e  s u b s i d e n c e  of an  i c e b e r g  which f r o z e  f a s t  t o  pack i c e  i n  

D ' I b e r v i l l e  F j o r d ,  Nor thwest  T e r r i t o r y ,  Canada, a t  the  b e g i n n i n g  of t h e  w i n t e r  

season  and g r a d u a l l y  d i s t o r t e d  t h e  s u r f a c e  of t h e  pack i c e  a s  i t s  submerged 

p o r t i o n  mel ted  (D. Topham, p e r s o n a l  communication).  

Measurements of the Temperature F i e l d  around a  Grounded I c e b e r g  

I n  an e f f o r t  to q u a n t i f y  m e l t  r a t e  of r e a l  i c e b e r g s  we have begun a  

f i e l d  p r o j e c t  w i t h  t h e  o b j e c t i v e s  of ( 1 )  e s t i m a t i n g  m e l t  r a t e  by a s s e s s i n g  t h e  

thermal f i e l d  around an i c e b e r g  and ( 2 )  e s t a b l i s h i n g  t h e  n a t u r e  of t h e  convec- 

t i o n  l a y e r  a d j a c e n t  t o  a  l a r g e  v e r t i c a l  w a l l  of g l a c i e r  i c e  i n  s e a  w a t e r .  I n  

June 1979 we o b t a i n e d  a  s e r i e s  of XBY p r o f i l e s  c l o s e  t o  a  grounded i c e b e r g  i n  

Conception Bay, Newfoundland, and a  sampl ing of t h e s e  i s  g i v e n  i n  F i g .  2 .  The 

i c e b e r g  was grounded i n  100 m of wa te r  and extended 35 m above t h e  s e a  

s u r f a c e ;  a t  wa te r  l i n e  i t  extended a b o u t  135 m i n  l e n g t h  and 80 m i n  wid th .  

The be rg  i s  ske tched  i n  F i g .  2a a l o n g  w i t h  the  approximate  l o c a t i o n s  of the  

c a s t s  whose p r o f i l e s  of  t e m p e r a t u r e  a r e  compared i n  F i g .  2b;  t h i s  l i n e  of  
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~ i g .  1. E s t i m a t e s  of i c e b e r g  m e l t  r a t e s  a s  a  f u n c t i o n  of the rmal  d r i v i n g :  
0 from Morgan and Budd ( 1978).  

M unweighted average  m e l t  r a t e  from J o s b e r g e r  (1979a) .  

M200 weighted average m e l t  r a t e  f o r  i c e b e r g  o f  200 m d r a f t .  

( a )  q u a d r a t i c  r e g r e s s i o n  t o  M&B d a t a :  y = 39.29 + 2.78Td + 
0 . 4 7 ~ $ ,  

( b )  r e g r e s s i o n  l i n e  t r ansposed  t o  z e r o  m e l t  a t  ze ro  the rmal  d r i v i n g .  

( c )  M200 modi f ied  f o r  e f f e c t s  of bubble  d i s c h a r g e  from g l a c i e r  i c e .  

* F i e l d  o b s e r v a t i o n  of m e l t  r a t e  of an  A r c t i c  i c e b e r g  i n  D I I b e r v i l l e  
F j o r d ,  Northwest T e r r i t o r y ,  Canada (D. Topham, p e r s .  comm.). 



c a s t s  c o i n c i d e d  roughly w i t h  a x i s  of a  low temperature  s u r f a c e  f e a t u r e  which 

i s  assumed t o  have been t h e  plume. 

C a s t s  4  and 5  a r e  r e s p e c t i v e l y  w i t h i n  50 and 100 m of the i c e b e r g .  The 

p r o f i l e s  a r e  q u i t e  s i m i l a r . i n  s t r u c t u r e  and b o t h  show (1) s h a r p  v e r t i c a l  g r a d i -  

e n t s  a t  t h e  29 and 22 m l e v e l s  and ( 2 )  t empera tu re  i n v e r s i o n s  i n  t h e  60 t o  80 

m zone. The p r o f i l e  a t  c a s t  7,300 m from t h e  b e r g ,  i s  c o n s i d e r a b l y  smoother 

above t h e  40 m l e v e l ,  s u g g e s t i n g  t h a t  t h e  s h a r p  g r a d i e n t  zones of c a s t s  4  and 

5 r e f l e c t  convec t ion  c e l l s  which weaken w i t h  d i s t a n c e  from t h e  b e r g .  The 

i n v e r s i o n  a t  60 m ,  on t h e  o t h e r  hand, i s  p r e s e n t  i n  bo th  c a s t s  7  and c a s t  1, 

t h e  l a t t e r  t a k e n  about 4  km from t h e  b e r g  and on t h e  o t h e r  s i d e  from c a s t s  4 ,  

5 ,  and 7 and i s  assumed t o  be r e p r e s e n t a t i v e  of the  f a r  f i e l d  s t r u c t u r e  of 

t empera tu re  i n  t h i s  bay. Th is  s u g g e s t s  t h a t  t h e  deeper  i n v e r s i o n s  a r e  unre-  

l a t e d  t o  t h e  i c e b e r g  m e l t .  I t  i s  c l e a r  t h a t  the  average t empera tu re  above t h e  

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

found i n  each of f i v e  s e r i e s  of c a s t s  a long  d i f f e r e n t  r a d i i  from the  i c e b e r g .  

However, t h e  c a l i b r a t i o n  of our i n s t r u m e n t  was n o t  adequa te  f o r  a c c u r a t e  

assessment  of the c a l o r i c  c o n t e n t s  of the  water  columns sampled i n  s u c c e s s i v e  

c a s t s .  

Summary 

The f a c t  t h a t  e s t i m a t e s  of m e l t  r a t e  of i c e b e r g s  o b t a i n e d  from g l o b a l  

s c a l e  o b s e r v a t i o n  s t a t i s t i c s  and by e x t e n s i o n  of l a b o r a t o r y  r e s u l t s  a g r e e  a s  

w e l l  a s  t h e s e  s u g g e s t s  conf idence  i n  t h e  r e s u l t s .  M e l t  r a t e  from 5 t o  

20 m yr-l would be t y p i c a l  of A n t a r c t i c  i c e b e r g s  s o u t h  of t h e  P o l a r  F r o n t ;  

10 t o  50 m yr-l would be  expected of i c e b e r g s  i n  t h e  Labrador Sea.  These 

e s t i m a t e s  shou ld  be checked by f i e l d  measurements b u t  t h e  p r o c e s s  w i l l  be  a  
> 

d i f f i c u l t  one. A somewhat s u r p r i s i n g  outcome of t h i s  a n a l y s i s  i s  t h a t  t h e  

dominant i c e b e r g  d e t e r i o r a t i o n  i s  n o t  by m e l t i n g  b u t  r a t h e r  due t o  mechan ica l  



P i g .  2  XBT p r o f i l e s  o f  t e m p e r a t u r e  t a k e n  n e a r  
a groundeu i c e b e r g  i n  Concep t ion  Zay, iiewiuund- 
l a n d  J u n e  9 ,  1979.  S t a t i o n  1 r e p r e s e n t s  t h e  
f a r - f i e l d  p r o f i l e ;  t h e  s o l i d  c u r v e s  are  t h e  
smoothed s t a t i o n  1 p r o f i l e  s u p e r y o s e d  o v e r  
o t h e r  s t a t i o n  p r o f i l e s  t o  show s u r f a c e  w a t e r ,  
c o o l i n g  n e a r  t h e  i c e b e r g .  
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INEQUALITIES AND VARIATIONAL PRINCIPLES 
FOR TURBULENT DOUBLE DIFFUSION 

Melvin E. Stern 

An inequality pertaining to the energetics of the boundary layer in 

turbulent channel flow has been previously proposed (Stern, 1979) and general- 

ized to the problem of turbulent thermal convection. The inequality is gen- 

eralized further and applied to the double-diffusive convection problem 

(Linden and Shirtcliffe, 1975), wherein a semi-infinite layer of hot, salty 

water lies below a layer of lower density. The inequality implies that the 

smallest salt/heat flux ratio equals the square root of the ratio of molecular 

diffusivities. Comparison of this bound with experiment is given, and sugges- 

tions are made for further exploration of this line of turbulence theory. 
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SOME IRREGULAR OSCILLATORS 

Louis N. Howard 

The suggestion of E. N. Lorenz (1963) that severely truncated models of 

thermal convection, whose behavior is described by autonomous systems of or- 

dinary differential equations of order as low as three, may help us to under- 

stand better questions of predictability in meteorology which has in the past 

few years brought the remarkable properties of some such systems to the atten- 

tion of geophysical fluid d~namicists. Indeed, Lorenz's penetrating investi- 

gation of one such system (actually suggested earlier by Platzman), which 



showed t h a t  many o f  i t s  s o l u t i o n s  have an i r r e g u l a r  c h a r a c t e r  r e m i n i s c e n t  o f  

some f e a t u r e s  o f  t u r b u l e n t  f low,  t o g e t h e r  w i t h  subsequen t  o t h e r  s t u d i e s  ( e . g . ,  

Baker ,  e t  a l . ,  1971; Robbins,  19761, have r a i s e d  hopes t h a t  a t  l e a s t  some a s -  

p e c t s  of t u r b u l e n c e  i t s e l f  can be  seen i n  such s imple  sys tems.  T h i s  work h a s  

a l s o  a t t r a c t e d  t h e  i n t e r e s t  of  va r ious  mathemat ic ians  i n t e r e s t e d  i n  t h e  q u a 1 ' -  

t a t i v e  t h e o r y  of  d i f f e r e n t i s l  e q u a t i o n s  ( e . g . ,  Guckenheimer, 1976) .  

That  s imple  d i f f e r e n t i a l  e q u a t i o n s  can have remarkably  i r r e g u l a r  s o l u-  

t i o n s  was a l r e a d y  po in ted  o u t  by C a r t w r i g h t  and L i t t l e w o o d  (1945) f o r  t h e  

f o r c e d  van d e r  P o l  e q u a t i o n ,  and p a r t i c u l a r l y  c l e a r l y  by Levinson (1949) .  

Levinson c o n s i d e r e d  t h e  e q u a t i o n  

+ + ( x ) +  + G X =  b s k t  
where -1 1%1<1 

> 
1 1%1>1 

i s  s m a l l ,  

and b i s  chosen from a  c e r t a i n  s e t  o f  i n t e r v a l s  i n  ( 0 , l ) .  

The behav io r  o f  s o l u t i o n s  t o  t h i s  e q u a t i o n  i n  t h e  c a s e  b  = 0 i s  

p a r t i c u i a r l y  easy  t o  unders tand  i f  t h e  e q u a t i o n  i s  r e p l a c e d  by t h e  e q u i v a l e n t  

sys tem (x, = x) : 

where 



The graph of  t h e  curve  xr=H(yr) i n  t h e  x l ,  x2 plane is shown in 

F i g .  1. 

F i g u r e  1. 

E v i d e n t l y ,  (when b = o ) ,  i f  t h e  phase- point  i s  above t h i s  c u r v e ,  t h e  

t r a j e c t o r y  moves r a p i d l y  t o  t h e  r i g h t ,  and o n l y  v e r y  s l o w l y  v e r t i c a l l y ,  because  

( > 0 ) i s  s m a l l .  L ikewise ,  i f  i t  i s  below,  i t  moves r a p i d l y  t o  t h e  l e f t .  

Thus, a  t r a j e c t o r y  s t a r t i n g  p r a c t i c a l l y  anywhere i s  v e r y  soon a t t r a c t e d  t o  one 

o r  t h e  o t h e r  of  t h e  upward s l o p i n g  p o r t i o n s  o f  t h e  c u r v e ,  where x2 = x1-2 

if X1 > 0 ,  and x2= x1+2 i f  x l <  0 .  I f  t h e  t r a j e c t o r y  r e a c h e s ,  s a y ,  

t h e  r i g h t h a n d  p o r t i o n  t h i s  way i t  i s  f o r c e d  (by  t h e  f i r s t  e q u a t i o n )  t o  remain 

near xl = x2 +2 s o  long a s  x2 > -1; however, w i t h  ~ 1 7 0 ,  x2 Will 

s lowly  d e c r e a s e  ( c f .  t h e  second e q u a t i o n ) ,  e s s e n t i a l l y  a s  a  s o l u t i o n  o f  

t h e  e q u a t i o n  



Thus, a f t e r  a  long b u t  f i n i t e  t i m e ,  (of  o r d e r  116 1. x2 will be reduced 

p a s t  -1, and t h e  t r a j e c t o r y  w i l l  t h e n  r a p i d l y  move a c r o s s  t o  t h e  l e f t h a n d  

upward s l o p i n g  p o r t i o n o f  t h e  curve  x  2  = a ( x l ) ,  where XI = x2 -2. 

X2 t h e n  s lowly  i n c r e a s e s ,  e s s e n t i a l l y  a s  a  s o l u t i o n  o f  

u n t i l  a f t e r  a n o t h e r  long bu t  f i n i t e  t ime i t  r e a c h e s  +1 and t h e  t r a j e c t o r y  

snaps  a c r o s s  t o  t h e  neighborhood of  t h e  p o i n t  ( 3 , l ) .  It i s  c l e a r  from t h i s  

d e s c r i p t i o n  (and e a s i l y  proved r i g o r o u s l y )  t h a t  a l l  s o l u t i o n s  o f  t h e  e q u a t i o n  

e x c e p t  t h e  ( u n s t a b l e )  c r i t i c a l  p o i n t  a t  t h e  o r i g i n  r a p i d l y  approach a  s t a b l e  

l i m i t- c y c l e  whose t r a j e c t o r y  i s  approx imate ly  a  p a r a l l e l o g r a m  w i t h v e r t i r e s  a t  

t h e  p o i n t s  marked ABCD i n  t h e  F i g .  1. The h o r i z o n t a l  p o r t i o n s  AB and CD a r e  

t r a v e r s e d  r a p i d l y ,  w h i l e  BC and DA a r e  t r a v e r s e d  s l o w l y *  

I t  i s  now f a i r l y  e a s y  t o  d e s c r i b e  approximate ly  t h e  b e h a v i o r  of  

s o i u t i o n s ,  p l o t t e d  i n  t h e  x  1, x2 p l a n e ,  when t h e  f o r c i n g  term i s  i n c l u d e d  

( i t  i s  h e l p f u l  t o  t h i n k  o f  b  a s  a  r a t h e r  smal l  p o s i t i v e  number).  I f  we s t a r t ,  

s ay ,  a t  = O xl = 0 ,  and x2 n e a r  1, t h e  phase- point  w i l l  move r a p i d l y  

t o  t h e  r i g h t  u n t i l  t h e  r i g h t h a n d  s i d e  o f  t h e  f i r s t  e q u a t i o n  i s  n e a r l y  z e r o ,  

which,  s i n c e  t w i l l  have changed l i t t l e  from 0, w i l l  be a p p r o x i m a t e l y  where  

X2 = X I  - 2 + b ,  i . e . ,  n e a r  x l  = 3  - b. Now t h e  phase p o i n t  moves gen- 

e r a l l y  down t h e  segment BC a s  b e f o r e ,  e x c e p t  t h a t  t h e  f o r c i n g  term c a u s e s  i t  

t o  o c i l l a t e  back and f o r t h ,  n e a r l y  p a r a l l e l  t o  t h e  xl a x i s ,  a s  i t  does  s o ,  

f o l l o w i n g  e s s e n t i a l l y  t h e  curve  x  2 = X I  - 2  + b  c o s t ,  o r  xl = x2 - b b  

c o s t .  A s k e t c h  o f  such a  p a t h  i s  shown i n  F i g .  2. 



I 

F i g u r e  2 

As X 2  approaches  -1, t h e r e  w i l l  be a  t ime ,  normal ly  c l o s e  t o  an  even i n t e g r a l  

~ n u l t i p i e  o f  ( a t  t h e s e  t imes  t h e  e x c u r s i o n  t o  t h e  l e f t  produced by t h e  

f o r c i n g  term i s  l a r g e s t ,  a s  one s e e s  from t h e  formula x I = x2 + 2-b c o s t ) ,  

a t  which t h e  t r a j e c t o r y  once a g a i n  e n t e r s  a  ' f a s t '  phase ,  and jumps a c r o s s  t o  

a  p o i n t  n e a r  -3, -1. A f t e r  t h i s  t h e  t r a j e c t o r y  wigg les  i t s  way up t h e  

l e f t h a n d  segment n e a r  DA i n  ~ i g .  1, and a t  some t ime n e a r  a n  - odd i n t e g r a l  

m u l t i p l e  o f  , X I  will undergo a n o t h e r  up-jump t o  t h e  neighborhood of  t h e  

p o i n t  B a g a i n .  

Now i t  i s  e v i d e n t  t h a t  t r a j e c t o r i e s  which s t a r t  a t  x l  = 0 and X2 

n e a r  1, a t  a  t h e e  ) O  but  s m a l l ,  w i l l  b e  c l o s e  t o  t h e  one j u s t  d e s c r i b e d  

u n t i l  t h e  neighborhood o f  C i s  approached,  b u t  t h a t  then  t h e  t ime  a t  which t h e  

down-jump o c c u r s  i s  l i k e l y  t o  depend v e r y  s e n s i t i v e l y  on t h e  i n i t i a l  condi-  

t i o n s .  T h i s  i s  because  a  smal l  change i n  i n i t i a l  c o n d i t i o n s  can  e a s i l y  advance 

by one c y c l e  t h e  t ime a t  which t h e  down-jump o c c u r s .  Levinson shows, by a  

somewhat l eng thy  a n a l y t i c a l  argument ,  t h a t  i f  b i s  chosen from a  c e r t a i n  s e t  

o f  i n t e r v a l s  con ta ined  i n  ( 0 , l )  t h a t  t h i s  i s  i n  f a c t  t h e  c a s e ,  and t h a t  some 



t r a j e c t o r i e s  c r o s s i n g  xl = 0 a t  a  t ime i n  a  s h o r t  i n t e r v a l  j u s t  t o  t h e  r i g h t  

= O and with x2 n e a r  1 w i l l  c r o s s  x l  = 0 going down a t  approx imate ly  

t = ( 2  n-21% , s a y ,  f o r  a  c e r t a i n  i n t e g e r  n ,  w h i l e  o t h e r s  w i l l  do so a t  t = 

2 nTf . I n  f a c t ,  w i t h  s u i t a b l e  r e s t r i c t i o n s  on T and t h e  i n i t i a l  v a l u e  o f  

X 2 o n l y  t h e s e  two approximate  t imes  of down-jump o c c u r .  He t h e n  shows t h a t  

o f  t h o s e  t r a j e c t o r i e s  which jump down near  ( 2  n-2) , some w i l l  r e a c h  t h e  

n e x t  up-jump a t  approximately  ( 4  n - 3 ) r  , w h i l e  o t h e r s  r e a c h  i t  a t  ( 4  n - l ) r ;  

o f  t h o s e  which jump down near  2n , some jump up a g a i n  n e a r  ( 4  n-1) cff and 
I 

o t h e r s  near  ( 4  n + l )  R' . Thus t h e  i n t e r v a l  between up-jumps and down-jumps 

i s  always near  ( 2  n-1) o r  ( 2  n + l ) %  . Furthermore,  ~ e v i n s o n ' s h o w s  t h a t  

f o r  any sequence a  k  o f  -1 and +1,  i t  i s  p o s s i b l e  t o  f i n d  an i n i t i a l  v a l u e  of 

X2 and a  , s a t i s f y i n g  t h e  " s u i t a b l e  r e s t r i c t i o n s 1'  mentioned above,  f o r  

which t h e  s u c c e s s i v e  i n t e r v a l s  between up and down-jumps a r e  spaced 
I 

by (2n + a k ) r  . A l l  of t h e s e  s o l u t i o n s  remain bounded, bu t  

s i n c e  t h e r e  a r e  uncountably  many sequences  of -1 and +1 which a r e  n o t  

p e r i o d i c ,  most of t h e s e  s o l u t i o n s  of t h e  d i f f e r e n t i a l  e q u a t i o n  a r e  n o t  

p e r i o d i c ,  and indeed n o t  even anywhere near  p e r i o d i c .  

Levinson shows a l s o  t h a t  t h e  same conc lus ions  can be drawn i f  t h e  

d i s c o n t i n u o u s  f u n c t i o n  i s  r e p l a c e d  by a  s u i t a b l e  smooth approx imat ion ,  

which may b e ) f o r  i n s t a n c e  , a polynomial.  

I t  was i n  an a t t e m p t  t o  unders tand  Lev inson ' s  example i n  a  more geo- 

m e t r i c a l  and more g e n e r a l  c o n t e x t  t h a t  Smale (1965) l a t e r  i n v e n t e d  t h e  i d e a  o f  

t h e  "horseshoe map1'. Levinson ' s  example i s  a  non-autonomous two- dimensional 

sys tem,  but  i t  can be r e p l a c e d  by an autonomous th ree- dimens iona l  sys tem by 

i n t r o d u c i n g  a  new v a r i a b l e  x3 and w r i t i n g :  



I n  t h i s  form t h e  t r a j e c t o r i e s  do no t  remain bounded, but  i f  x3 is regarded 

a s  an a n g l e  r a t h e r  than  a  number (which i s  a p p r o p r i a t e  s i n c e  i t  o n l y  r e a l l y  

e n t e r s  a s  t h e  argument of c o s i n e ) ,  t h e n  they  remain bounded. The Iphase  

s p a c e '  of  x1 , x2,  "3 i s  no longer  the  E u c l i d e a n  R ~ ,  bu t  t h e  C a r t e s i a n  

product  of R~ and a  c i r c l e ;  however, t h i s  i s  of no g r e a t  consequence a p a r t  

from a  minor d i f f i c u l t y  i n  v i s u a l i z i n g  i t .  S o l u t i o n s  t o  t h e  o r i g i n a l  problem 

a t  = 0  w i t h  v a r i o u s  v a l u e s  of x2 n e a r  1 and a t  t imes  7 & 0 

but  n e a r  z e r o ,  which were mentioned b r i e f l y  b e f o r e ,  can now be  regarded  a s  

s o l u t i o n s  t o  t h i s  autonomous system s t a r t i n g  a t  t = 0  on xl = 0 w i t h  v a l u e s  

X 2  n e a r  1 and w i t h  x j  = Z ( i . e . ,  x3 an  a n g l e  whose numer ica l  measure 

is  -& , o r  + 2  m 7 1 "  ) .  These s o l u t i o n s  have t r a j e c t o r i e s  i n  t h e  phase-  

space which r e t u r n  a f t e r  awhi le  t o  xl  = 0 ,  some of them w i t h  x2 n e a r  -1 

and X3 i n  t h e  f i r s t  quadrant  near  0; of t h e s e  some r e t u r n  t o  xl  = 0  

( w i t h  xl now d e c r e a s i n g  i n s t e a d  of i n c r e a s i n g  a s  a t  f i r s t )  a f t e r  xg h a s  

gone n-1 t imes  around i t s  c i r c l e ,  and o t h e r s  a f t e r  n  t imes a round .  S i m i l a r l y ,  

a f t e r  a  w h i l e  some of the  t r a j e c t o r i e s  once a g a i n  r e t u r n  t o  xl  = 0 (now in- 

creasing a g a i n )  wi th  x2 n e a r  1 and x3 a g a i n  i n  t h e  f i r s t  q u a d r a n t  n e a r  

z e r o ,  a f t e r  an a d d i t i o n a l  n-1 o r  n  r e v o l u t i o n s  i n  x3. I t  was e s s e n t i a l l y  by 

i n v e s t i g a t i n g  t h e s e  two s u c c e s s i v e  mappings from p a r t s  of x l  = 0 into it- 

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



w i t h  t h e  n  -1 and n  r e v o l u t i o n s  of  t h e  a n g l e  x3, t h a t  Levinson ob ta ined  h i s  

r e s u l t s .  S m a i e ' s  horseshoe  map i s  an a b s t r a c t i o n  (somewhat s i m p l i f i e d )  of  

t h i s  i d e a .  We c o n s i d e r  a  one-to-one con t inuous  mapping (homeomorphis m) o f  a 

p o r t i o n  o f  some p lane  i n t o  t h i s  p l a n e ,  whirh  c a r r i e s  a  ( c l o s e d )  r e c t a n g l e  o n t o  

a  horseshoe- shaped r e g i o n  which i n t e r s e c t s  t h e  o r i g i n a l  r e c t a n g l e  i n  two 

p i e c e s ,  a s  slzown i n  F i g .  3 .  

This  mapping i s  t o  have t h e  f e a t u r e  t h a t  t h e  o r i g i n a l  r e c t a n g l e  i s  c o n t r a c t e d  

i n  the  h o r i z o n t a l  d i r e c t i o n  ( p a r a l l e l  t o  AB and DC) and expanded i n  t h e  v e r t i -  

c a i  d i r e c t i o n  ( p a r a l l e l  t o  AD and BC), t h e n  b e i n g  b e n t  around i n t o  t h e  h o r s e-  

shoe shape .  ( ~ e v i n s o n ' s  example, though s i m i l a r ,  i s  somewhat more complicated; 

i t  i s  more l i k e  t h e  p i c t u r e  shown i n  F i g .  4 ) .  



F i g u r e  4 

L e t  t h e  o r i g i n a l  r e c t a n g l e  ABCD be c a l l e d  K and t h e  horsehoe  T ( R ) ,  and l e t  t h e  

two p i e c e s  i n  which they  i n t e r s e c t  be Ro and R ~ ,  as in ~ i ~ .  3 .  Ro can  

be regarded  a s  a  p a r t  o f  R ;  a s  such i t  i s  a  s t r i p  j o i n i n g  AB t o  DC.  Thus 

F i g u r e  5 



and R, 0 T(R,)=R . We can proceed i n  t h i s  manner t o  c o n s i d e r  t h e  

s t i l l  t h i n n e r  horseshoes  -r(Rij) and t h e i r  i n t e r s e c t i o n s  R ij '1 RL) nTCRLj) 
and Rli j  = R,nT(P$) w i t h  Re and R (  , and so on,  o b t a i n i n g  t h i n n e r  and 

t h i n n e r  " v e r t i c a l "  s t r i p s  Rh l a b e l l e d  by f i n i t e  b i n a r y  sequences  . 
Note t h a t  i f  t h e  sequence A& i s  regarded a s  made of two p i e c e s ,  4 =.-dl 4fZ 7 

s a y ,  t h e n  RAI R A ,  . This  can be seen f o r  i n s t a n c e  by i n d u c t i o n  on t h e  

i 
l e n g t h  o f  nl ( ROAa r R a n ~ l l b >  C Ro and = R I  47"(@j2)c el I 
hence t r u e  i f  ,& , c o n t a i n s  j u s t  one symbol; i f  I RA,A= K A ,  for  

sequences & , of l e n g t h  i\j , t h e n  T 4 ) c T ( R A ,  ) s o  
I I s 

R 
0 4 4 ~  = Z04T (RAl4%)c R,fiT($,)z and l i k e w i s e  i f o r  R l d I  A , 

hence t r u e  f o r  sequences /5, , of  l e n g t h  )\/* ( ) . Also f o r  any 

sequence 4 A, of l e n g t h  hl S, ( , s a y ,  (JP = 0 OL , A a  sequence o f  

U l t i m a t e l y  we o b t a i n  a  s e t  of i n f i n i t e l y  t h i n  s t r i p s  ( v e r t i c a l  

a r c s ) ,  RA , 
one f o r  each i n f i n i t e  b i n a r y  sequence ; RA i s  con ta ined  i n  each 

Q$ 
where f i s  a f i n i t e  sequence o b t a i n e d  from A by o m i t t i n g  some " t a i l " ,  and 

i s  i n  f a c t ,  t h e  i n t e r s e c t i o n  of t h e  d e c r e a s i n g  sequence of c l o s e d  s e t s  

I where fN c o n s i s t s  o f  t h e  f i r s t  h/ terms of & . E v i d e n t l y ,  

a l s o  f o r  i n f i n i t e  b i n a r y  sequences  ,& ( 4 ; ~  1 ) . Thus any p o i n t  on 

a  v e r t i c a l  a r c  has  a s  i t s  i n v e r s e  image under a  ~ o i n t  on t h e  

a r c  Rn , i . e . ,  t h e  a r c  l a b e l l e d  by t h e  o r i g i n a l  sequence w i t h  i t s  f i r s t  - \ 
symbol o m i t t e d .  Thus t h e  s e t  of a l l  t h e  v e r t i c a l  a r c s  i s  i n v a r i a n t  under  T . 

Now t h e  o r i g i n a l  r e g i o n s  a. and R I  can be thought  of a s  p a r t s  o f  

T(R) a s  w e l l  a s  a s  p a r t s  of I; , and a s  such they  a r e  " h o r i z o n t a l "  s t r i p s  

j o i n i n g  D t o  9 ' ~ '  . Thus T - ~ C ~ )   and^-'(^,) a r e  t h i n  h o r i z o n t a l  



s t r i p s  i n  R, j o i n i n g  AD t o  BC ; t h e  i n t e r s e c t i o n s  of  t h e s e  w i t h  Ro 
and RI g i v e  h o r i z o n t a l  s u b- s t r i p s  o f  R6 and , which we c a l l  ij R , 
w r i t i n g  t h e  s u b s c r i p t s  on t h e  l e f t  o f  t h e  symbol R ; s e e  F i g .  6 .  Con t inu ing  

t o  f u r t h e r  i n v e r s e  images we g e n e r a t e  ijk R k  T j )  , and s o  on,  

ana logous ly  t o  t h e  p r e v i o u s  c o n s t r u c t i o n .  U l t i m a t e l y  we o b t a i n  a  s e t  o f  h o r i -  

z o n t a l  arcs, one  f o r  each l e f t - g o i n g  i n f i n i t e  b i n a r y  s e q u e n c e t  R >t 

F i g u r e  6 

I n  t h i s  c a s e  we have tL*,R tz t, R, and a k ~ c ~ ' ( A  R ) 
( k -  0 VI ) . Thus t h e  s e t  of  a l l  h o r i z o n t a l  a r c s  i s  i n v a r i a n t  under-r) 

and any p o i n t  on a  h o r i z o n t a l  a r c  t k  R has  a s  i t s  image u n d e r T  a  p o i n t  

on t h e  a r c  R . t 
Now c o n s i d e r  a  h o r i z o n t a l  a r c  +.k , /? .eOcrr i  , and a  v e r t i c a l  a r c  

Rjd . If & a n d  a r e  t h e  same, tk R and Rj A i n t e r s e c t  i n  a  

7 p o i n t  i n  R k  , b u t  i f  t h e y  a r e  d i f f e r e n t  +.b h and R j A  do n o t  i n t e r -  

s e c t  a t  a l l .  Thus t h e  s e t  C o f  i n t e r s e c t i o n s  of  h o r i z o n t a l  and v e r t i c a l  a r c s  

(which has  t h e  n a t u r e  of  a  Cantor  s e t )  i s  made up o f  p o i n t s  which may be  

l a b e l l e d  by doubly  i n f i n i t e  b i n a r y  sequences  w i t h  a  d i s t i n g u i s h e d  e lement :  



t k  i s  s p e c i f i e d  by t & *L , t h e  u n d e r l i n e  marking t h e  

e lement  which i s  t h e  r ight- most  symbol i n  t h e  sequence s p e c i f y i n g  t h e  

l ~ o r i z o n t a l  a r c  and the  i e f t m o s t  i n  t h a t  f o r  t h e  v e r t i c a l  a r c .  E v i d e n t l y  C 
- I  

i s  i n v a r i a n t  under bo th  ?- and . Although R e  and R may 

- 1 
w e l l  c o n t a i n  many p o i n t s  f o r  which r e p e a t e d  i t e r a t i o n s  of T and T 

a r e  not  d e f i n e 6  , t h e y  do c o n t a i n  t h e  uncoun tab le  s e t  C t o  which any number 

of  such i t e r a t i o n s  may be a p p l i e d .  

Now c o n s i d e r  a  p o i n t  4 )P & i n  C .  S i n c e  i t  l i e s  i n  t k -  R , i t s  image 

under T l i e s  i n  R , s o  i f  t = i., j ,T(+ b d) = t, j ,&, , f o r  t - - 
some ,&, . But s i n c e  t, j d l  l i e s  on R j a ,  , i t s  i n v e r s e  image (which - 
i s  6% ) must l i e  on , s o  i n  f a c t  A , = ~ . A  . ~ h u s T ( t , j b l )  = 

k, j k , i . e .  t h e  a c t i o n  of  T on p o i n t s  of  C can be d e s c r i b e d  v e r y  s imply  
.-.I 

i n  terms o f  t h e i r  l a b e l s  a s  a  s h i f t  t o  t h e  l e f t  o f  t h e  u n d e r l i n e  by one symbol-  

The a c t i o n  of  ~ - 1  i s  s i m i l a r l y  d e s c r i b e d  a s  a  s h i f t  t o  t h e  r i g h t .  (Such 

t r a n s f o r m a t i o n s  on doubly  i n f i n i t e  sequences  a r e  sometimes c a l l e d  " B e r n o u l l i  

S h i f t s  . ' I ) .  
doubly  i n f i n i t e ( m a r k e d )  sequence i s  e v i d e n t l y  t h e n  a  p e r i o d i c  

A p o i n t  of  C cor respond ing  t o  a  p e r i ~ d i c ~ p o i n t  of T; i n  p a r t i c u l a r  . . .< 6 0  .,. 
d 

and . .. ( \ \ \ . .. a r e  f i x e d  p o i n t s  ,,., 10{0).,.is a  p o i n t  o f  p e r i o d  2 e t c .  Thus ... - 
C c o n t a i n s  p e r i o d i c  p o i n t s  of a l l  o r d e r s .  However, s i n c e  most sequences  a r e  - 

n o t  p e r i o d i c ,  most p o i n t s  i n  C a r e  n o t  p e r i o d i c .  - 

To a p p l y  t h e s e  i d e a s  t o  d i f f e r e n t i a l  e q u a t i o n s ,  one imagines  t h e  mapping T 

t o  be  o b t a i n e d  by t a k i n g  a  p lane  s e c t i o n  ( t r a n s v e r s e  t o  t r a j e c t o r i e s )  i n  t h e  

phase space  of  a  th ree- dimens iona l  autonomous sys tem,  s t a r t i n g  w i t h  some 

i n i t i a l  c o n d i t i o n s  i n  t h i s  s e c t i o n ,  and i n t e g r a t i n g  t h e  e q u a t i o n  u n t i l  t h e  

phase- point  once a g a i n  e n t e r s  t h e  s e c t i o n .  Assuming t h i s  happens ,  t h i s  de- 

I 
f i n e s  a  mapping ( "Po incare  ~ a p " )  from t h e  s e c t i o n ,  o r  p a r t  o f  i t ,  t o  i t s e l f .  

I f  i t  t u r n s  o u t  t h a t  t h i s  maps a  " r e c t a n g l e "  i n t o  a  "horseshoe"  w i t h  t h e  

a p p r o p r i a t e  c o n t r a c t i o n  and expans ion  p r o p e r t i e s ,  then  one may conc lude  



t h a t  t h e r e  must be an uncoun tab le  s e t  C of  i n i t i a l  c o n d i t i o n s  i n  t h e  s e c t i o n ,  

th rough  which pass  o r b i t s  bounded f o r  a l l  t on (-  00 , W ) . Among t h e s e  

o r b i t s  a r e  many d i f f e r e n t  p e r i o d i c  o r b i t s ,  b u t  most of them a r e  a p e r i o d i c .  

A c t u a l l y  i t  i s  no t  n e c e s s a r y  t o  havn t h e  whole h o r s e s h o e ;  i f  one can show 

t h a t  T c a r r i e s  two " h o r i z o n t a l "  s t r i p s  i n t o  two v e r t i c a l  o n e s ,  e a c h  of  which 

c r o s s e s  bo th  o f  t h e  o r i g i n a l  ones ,  and t h a t  h o r i z o n t a l  c o n t r a c t i o n  and v e r t i -  

c a l  expans ion  o c c u r ,  then  once a g a i n  one g e t s  a  Cantor  s e t  on w h i c h L c t s  l i k e  

a  B e r n o u l l i  s h i f t .  I f  t h e r e  a r e  N h o r i z o n t a l  s t r i p s  c r o s s i n g  N v e r t i c a l  o n e s ,  

t h e  same g e n e r a l  p i c t u r e  h o l d s  excep t  t h a t  t h e  sequences  a r e  n o t  b i n a r y  b u t  

c o n t a i n  N d i f f e r e n t  symbols. These i d e a s  p rov ide  one o f  t h e  few a v a i l a b l e  

methods f o r  demons t ra t ing  t h e  e x i s t e n c e  o f  i r r e g u l a r  o s c i l l a t i o n s  i n  d i f f e r e n -  

t i a l  e q u a t i o n s ,  bu t  i t  i s  c l e a r  from t h e  many " i f s "  i n  t h e  above t h a t  a c t u a l l y  

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

by formulas  -- e s p e c i a l l y  one you a r e  i n t e r e s t e d  i n  f o r  some o t h e r  r e a s o n  -- 

i s  n o t  l i k e l y  t o  be easy .  For " p r a c t i c a l  purposes" ,  and w i t h  s u f f i c i e n t  

a t t e n t i o n  t o  t h e  numer ica l  a n a l y s i s  a l s o  f o r  p rov ing  t h i n g s ,  t h i s  might  i n  

/ 
p r i n c i p l e  be done by numer ica l  c o n s t r u c t i o n  of  t h e  P o i n c a r e  map, e x p l i c i t l y  

e x h i b i t i n g  t h e  " h o r i z o n t a l "  and " v e r t i c a l "  s t r i p s .  Th i s  does  n o t  a p p e a r  t o  

have been done much y e t ,  b u t  seems t o  have some r e a l  i n t e r e s t  i n  c e r t a i n  

a p p l i e d  problems. An example i s  g i v e n  i n  (Kope l l  & Howard, 19801, where a l s o  

s i n g u l a r  p e r t u r b a t i o n  methods a r e  used t o  demons t ra te  t h e  r e q u i r e d  p r o p e r t i e s  

1 
o f  t h e  P o i n c a r e  map. The c o n t r a c t i o n  and expans ion  p r o p e r t i e s  ( i n  t h e  mathe-  

m a t i c i a n s '  t e rmino logy ,  t h e  e x i s t e n c e  of a  " h y p e r b o l i c  s t r u c t u r e  on t h e  tan-  

g e n t  bundle" ) a r i s e  i n  t h a t  example because  t h e  t r a j e c t o r i e s  o f  i n t e r e s t  p a s s  

c l o s e  t o  a  s a d d l e  p o i n t .  I n  t h a t  example i t  was,  i n  f a c t  p o s s i b l e ,  by 

choos ing  t h e  smal l  pa ramete r  o f  t h e  s i n g u l a r  p e r t u r b a t i o n  s m a l l  enough,  t o  

o b t a i n  a  B e r n o u l l i  s h i f t  on a s  many symbols a s  d e s i r e d .  
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