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1 . INTRODUCTION 

S i n c e  t h e  d r i f t  of t h e  Fram n e a r l y  n i n e t y  y e a r s  a g o ,  i t  h a s  
been r e c o g n i z e d  t h a t  t u r b u l e n t  exchange i n  t h e  uppe r  ocean  i s  a  
ma jo r  f a c t o r  i n  t h e  dynamic and thermodynamic regime of h igh-  
l a t i t u d e ,  ice- covered  s e a s .  Ekman ( 1905) c r e d i t e d  t h e  i n s p i r a t i o n  
f o r  h i s  t h e o r y  of wind d r i f t  c u r r e n t s ,  which was t o  become a  
c o r n e r s t o n e  of p h y s i c a l  oceanography and me teo ro logy ,  t o  Nansen's 
q u a l i t a t i v e  d e s c r i p t i o n  of t h e  e f f e c t  of t h e  e a r t h ' s  r o t a t i o n  on 
t h e  upper  l a y e r s  of t h e  o c e a n ,  which he  deduced from h i s  obse rva-  
t i o n s  t h a t  Fram d r i f t e d  c o n s i s t e n t l y  20-40 d e g r e e s  r i g h t  of t h e  
s u r f a c e  wind. They were among t h e  f i r s t  t o  a p p r e c i a t e  t h e  u n i q u e  
o b s e r v a t i o n a l  p l a  t f  o m  p rov ided  by pack i c e .  

Exper iments  performed i n  p o l a r  r e g i o n s  ove r  t h e  p a s t  decade  
o r  s o  have p rov ided  s i g n i f i c a n t  a d d i t i o n s  t o  our  knowledge of how 
t h e  uppe r  ocean  works,  and i n  many ways i t  i s  a n  e x c i t i n g  t i m e  t o  
be s t u d y i n g  t h e  i ce- ocean  boundary.  Our aim i n  t h i s  work i s  t o  
r ev iew t h e s e  f i n d i n g s ,  and t o  p l a c e  them i n  t h e  framework of a  
bounda ry- laye r  t h e o r y  which,  d e s p i t e  i t s  r e l a t i v e  s i m p l i c i t y ,  
t u r n s  out  t o  be s u r p r i s i n g l y  comprehens ive .  We s t a r t  by p o i n t i n g  
o u t  some b a s i c  f e a t u r e s ,  i l l u s t r a t i n g  them w i t h  e x p e r i m e n t a l  d a t a  
t a k e n  mainly  from t h e  AIDJEX s t u d i e s .  We t h e n  r ev iew and deve lop  
t h e o r e t i c a l  d e s c r i p t i o n s  f o r  momentum t r a n s f e r  i n  t h e  boundary 
l a y e r ,  which l e a d s  t o  c o n s i d e r a t i o n  of d e n s i t y  s t r u c t u r e  i n  t h e  
u p p e r  ocean ,  and i n c l u s i o n  of t h e  c o n s e r v a t i o n  e q u a t i o n  f o r  
buoyancy (governed ma in ly  by s a l i n i t y ) .  T h i s  p r o v i d e s  a t  l e a s t  a  
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t i l e o r e t i c a l  s t a g i n g  p o i n t  f o r  a d d r e s s i n g  t h e  ex t remely  complex 
f  luid- dynamical  regime of t h e  marg ina l  i c e  zone. 

2. BASICS 

When a  s t e a d y  wind blows a c r o s s  t h e  s u r f a c e  of a n  ice- covered 
ocean ,  t h e r e  o f t e n  develops  i n  t h e  i c e  cover  a  n e a r l y  s t e a d y- s t a t e  
b a l a n c e  among f o u r  f o r c e s :  t h e  s u r f  a c e  wind t r a c t i o n ,  t h e  g r a d i-  
e n t  of i n t e r n a l  i c e  s t r e s s ,  t h e  C o r i o l i s  f o r c e  on t h e  i c e  column 
(assuming a  f ixed- to- ear th  r e f e r e n c e  f r a m e ) ,  and a  t r a c t  i o n  e x e r t -  
ed by t h e  ocean on t h e  i c e  undersur face .  The l a s t  f o r c e  i s  t h e  
s u r f a c e  m a n i f e s t a t i o n  of a  t u r b u l e n t  ocean ic  boundary l a y e r  (ORL) 
which p rov ides  t h e  mechanism f o r  momentum exchange between t h e  i c e  
and ocean. The OBL i s  a f f e c t e d  by r o t a t i o n a l  ( C o r i o l i s )  f o r c e s  
and t h e r e f o r e  f a l l s ,  a l o n g  wi th  t h e  a tmospher ic  boundary l a y e r  
(ABL), i n t o  t h e  g e n e r a l  c a t e g o r y  of p l a n e t a r y  boundary l a y e r s .  We 
s h a l l  show t h a t  t h e  two boundary l a y e r s  a r e  c l o s e l y  r e l a t e d  i n  many 
r e s p e c t s ,  bu t  t h a t  t h e r e  a r e  a l s o  some impor tan t  and i n t e r e s t i n g  
d i f f e r e n c e s .  

Consider  a  f o r c e  ba lance  l i k e  t h a t  d e s c r i b e d  above but  i d e a l-  
i z e d  so  t h a t  f i r s t ,  t h e  i n t e r n a l  i c e  f o r c e  i s  n e g l i g i b l e ,  and 
second,  t h e  und i s tu rbed  ocean is  a t  r e s t .  While t h e  l a t t e r  may 
seem a r t i f i c i a l ,  i t  can approximate  a  r e a l  s t a t e  i n  which t h e  
e n t i r e  wind- dr i f t  sys tem i s  advec ted  by t h e  mean g e o s t r o p h i c  flow. 
Since  normal g e o s t r o p h i c  c u r r e n t s  a r e  a t  most a  few percen t  of t h e  
s u r f a c e  wind,  t h i s  i s  o f t e n  a  u s e f u l  approximat ion and we s h a l l  
use  it r e p e a t e d l y  below. The f o r c e  ba lance  is  diagrammed i n  
F i g u r e  l a ;  i t s  r e l a t i v e  p r o p o r t i o n s  r e p r e s e n t  average observed 
c o n d i t i o n s  d u r i n g  summer a t  t h e  AIDJEX camps, when i n t e r n a l  s t r e s s  
g r a d i e n t s  were s m a l l .  

The s k e t c h  demons t ra tes  t h a t  t h e  OBL s u r f a c e  s t r e s s  (which i s  
the  n e g a t i v e  of t h e  water  s t r e s s  shown) ac5s  i n  a  d i r e c t i o n  about  
25O t o  t h e  l e f t  of t h e  s u r f a c e  v e l o c i t y ,  Vo .  From t h i s  observa-  
t i o n a l  f a c t  a l o n e ,  we can i n f e r  much about  t h e  s t r u c t u r e  of t h e  
OBL. It h e l p s  t o  c o n s i d e r  t h e  problem from t h e  viewpoint  of a n  
o b s e r v e r  d r i f t i n g  on t h e  i c e  f l o e ,  whom we imagine t o  be dropping 
a  probe t h a t  measures v e l o c i t y  r e l a t i v e  t o  t h e  d r i f t i n g  i c e  and 
t u r b u l e n t  s t r e s s .  y e a r  t h e  s u r f a c e  t h e  k inemat ic  s t r e s s  would be 
about t h e  same a s  T,, and by analogy w i t h  o t h e r  c o n s t a n t- s t r e s s ,  
wall-bounded t u r b u l e n t  f lows ,  we would expec t  a  r e g i o n  of s h e a r  
w i t h  r e l a t i v e  v e l o c i t y  v a r y i n g  l o g a r i t h m i c a l l y  i n  t h e  same d i r e c-  
t i o n  a s  t u r b u l e n t  s t r e s s .  A s  t h e  probe d rops ,  t h e  s t r e s s  would 
d i m i n i s h  and v e e r i n g  of both  t h e  h o r i z o n t a l  s t r e s s  v e c t o r  and t h e  
mean c u r r e n t  would be no ted .  A t  some dep th  s t r e s s  would ~ a n i s h  
and t h e  o b s e r v e r  would measure a  " free- stream"  c u r r e n t ,  -Vo, a t  
t h i s  and g r e a t e r  dep ths .  The c u r r e n t s  a r e  ske tched  i n  p l a n  view 
(hodograph) i n  F i g u r e  Lb. That p a r t  of t h e  p r o f i l e  c l o s e  t o  t h e  
i c e ,  where t h e  r e l a t i v e  v e l o c i t y  is  l o g a r i t h m i c  and u n i d i r e c t i o n a l  
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F i g .  1. Schemat ic  of i c e  f o r c e  b a l a n c e  ( a ) ,  p l a n  view of OBL 
v e l o c i t y  a s  viewed from d r i f t i n g  i c e  ( b ) ,  v e l o c i t y  as 
viewed i n  f rame f i x e d  t o  e a r t h  ( c ) .  

i s  c a l l e d  t h e  s u r f a c e  l a y e r .  The r e g i o n  f a r t h e r  from t h e  i n t e r -  
f a c e ,  where t h e  r e l a t i v e  v e l o c i t y  v e e r s  n o t i c e a b l y ,  i s  c a l l e d  t h e  
o u t e r ,  o r  Ekman l a y e r .  The b a s i c  s t r u c t u r e  diagrammed i n  F i g u r e  1 
s h o u l d  be s t u d i e d  c l o s e l y ,  p a r t i c u l a r l y  t h e  d i f f e r e n c e  i n  c u r r e n t s  
measured i n  a  f  i xed- to- ea r th  r e f e r e n c e  ~ ~ ~ ~ f r ame  ~ ~ - ~ ~ ( ~ F ~ i g u r e  l c ~ )  v i s- a- v i s  
a s  measured  - i n  a r e f e r e n c e  i r a m e d r i f  t i n g  w i t h  t h e  i c e .  These two 
ways of v i ewing  t h e  OBL have  a n  e x a c t  a n a l o g  i n  t h e  way t h a t  t h e  
ABL i s  d e s c r i b e d ,  e i t h e r  i n  t e rms  of t h e  a c t u a l  wind o r  by t h e  
" v e l o c i t y  d e f e c t "  ( s e e  Tennekes and Lumley, 1972,  Chap te r  5).  

2.1 E q u a t i o n s  

C o n s e r v a t i o n  e q u a t i o n s  f o r  t u r b u l e n t  f l o w  i n  a  h o r i z o n t a l l y  
homogeneous f l u i d  may be w r i t t e n :  

av 
1 a - Momentum: - + f k  x V = - - @ - gk - -(w'vt) a t  - - P ax - 



a - Heat:  B + - w ' 8 '  
a t  a z  = Q ~ I P C ~  

as a - S a l i n i t y :  - +  -w'S' = Qs 
a t  a z  
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(4 .2 )  

Where V i s  the  "mean" h o r i z o n t a l  v e l o c i t y  ( i n  t h e  sense  t h a t  i t s  
v a r i a t c o n  i s  slow r e l a t i v e  t o  t u r b u l e n t  f l u c t u a t i o n s ) ;  f is t h e  
C o r i o l i s  parameter  ( t w i c e  t h e  v e r t i c a l  component of t h e  e a r t h ' s  
a n g u l a r  f r e q u e n c y ) ;  p is  d e n s i t y ;  p  i s  p r e s s u r e ;  w' i s  t h e  v e r t i c a l  
t u r b u l e n t  f l u c t u a t i o n  v e l o c i t y ;  v '  i s  t h e  h o r i z o n t a l  t u r b u l e n t  
v e l o c i t y ;  0 and 0' a r e  mean and tu"rbu1ent f l u c t u a t i o n  of tempera-  
t u r e ;  Qe i s  a  source  term f o r  h e a t  i n  f l u i d  w i t h  h e a t  c a p a c i t y ,  
c p ;  S  and S' a r e  mean and t u r b u l e n t  f l u c t u a t i o n  of s a l i n i t y ;  and 
Qs i s  a  source  term f o r  s a l i n i t y .  Reynolds averag ing  has  been 
performed over t ime s c a l e s  commensurate wi th  a  presumed s p e c t r a l  
gap;  i . e . ,  f o r  a n  a r b i t r a r y  p r o p e r t y ,  a ,  a  = A + a '  where A i s  t h e  
average over a  t ime long compared t o  t h e  s c a l e  of t u r b u l e n t  f l u c t u-  
a t i o n s ,  bu t  s h o r t  compared t o  i n e r t i a l  and s y n o p t i c  t ime s c a l e s .  

The e q u a t i o n  of s t a t e  f o r  seawate r  i s  approximated by 

where Po ,  eo ,  and So a r e  r e f e r e n c e  d e n s i t y ,  t empera tu re ,  and 
s a l i n i t y .  

Although t h e  f l u i d  i s  assumed h o r i z o n t a l l y  homogeneous, a  
l a r g e- s c a l e  h o r i z o n t a l  p r e s s u r e  g r a d i e n t  i s  a l lowed,  which, th rough  
t h e  h y d r o s t a t i c  r e l a t i o n ,  i s  i d e n t i f i e d  w i t h  the  g r a d i e n t  of t h e  
s e a  s u r f a c e  e l e v a t i o n ,  q, 

When no t u r b u l e n c e  i s  p r e s e n t ,  eq. (4 .1 )  d e f i n e s  the  g e o s t r o p h i c  
v e l o c i t y  due t o  s e a  s u r f a c e  t i l t  

For l a t e r  convenience  we i n t r o d u c e  complex n o t a t i o n  f o r  h o r i-  
z o n t a l  v e c t o r s  
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When a  symbol i s  w r i t t e n  w i t h  a  c a r e t  ( ^ ) ,  a complex, two-dimen- 
s i o n a l  v e c t o r  i s  i n d i c a t e d ;  when t h e  symbol i s , , w r i t t e n  wi thout  a  
c a r e t ,  magnitude on ly  i s  meant: i . e . ,  V = I v ~ .  The k inemat ic  
Reynolds s t r e s s  i s  

S u b s t i t u t i n g  Gg from ( 4 5 )  i n t o  (4.1) r e s u l t s  i n  t h e  h o r i z o n t a l  
momentum e q u a t i o n  

I n  t h e  C o r i o l i s  term, m u l t i p l i c a t i o n  by i ,  which r e p r e s e n t s  a  90° 
coun te rc lockwise  r o t a t i o n ,  r e p l a c e s  t h e  k  x  o p e r a t o r .  I f  Gg i s  
sons  t a n t  /\over t h e  t ime s c a l e  being cons ize  r e d ,  t h e  t r a n s f o r m a t i o n  
V'  = V - Vg r e s u l t s  i n  a  p a r t i c u l a r l y  u s e f u l  form of t h e  momentum 
e q u a t i o n  

A 

where t h e  prime i s  dropped and i t  is  unders tood t h a t  a l l  v e l o c i t i e s  
a r e  r e l a t i v e  t o  t h e  u n d i s t u r b e d ,  s t e a d y  g e o s t r o p h i c  flow. I n  what 
f o l l o w s ,  t h i s  convent ion is observed u n l e s s  o therwise  s t a t e d .  

2.2 Turbulence 

A s imple  but powerful  t o o l  f o r  d e s c r i b i n g  t h e  b a s i c  t r a n s f e r  
mechanism i n  high-Reynolds-number f lows is t h e  mixing l e n g t h  hypo- 
t h e s i s  developed o r i g i n a l l y  by P r a n d t l  ( s e e ,  e.g., Hinze,  1975).  
The concept i s  ske tched  i n  F igure  2 ,  d e p i c t i n g  a n  o v e r t u r n i n g  eddy 
i n  f l u i d  c h a r a c t e r i z e d  by a  v e r t i c a l  g r a d i e n t  of an  a r b i t r a r y  
p r o p e r t y ,  E. To be t r u l y  t u r b u l e n t ,  t h e  f low must be h i g h l y  
d i f f u s i v e ,  wi th  f l u i d  p a r c e l s  caught i n  a  t u r b u l e n t  eddy r e a d i l y  
t r a n s f e r r i n g  t h e i r  c o n c e n t r a t i o n  of E t o  t h e  su r rounding  f l u i d  i n  
a  cascade of s m a l l e r  and s m a l l e r  e d d i e s .  I n  F igure  2, P a r c e l  1 
d i s t r i b u t e s  a  d e f i c i t  of € above h ,  P a r c e l  2 d e l i v e r s  an excess  

Fig.  2. Turbulent  exchange i n  a  f low w i t h  a  g r a d i e n t  of an  
a r b i t r a r y  p r o p e r t y ,  E. 
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below h ,  s o  t h a t  t h e r e  i s  a  n e t  downward f l u x  of E.  The magnitude 
of t h e  f l u x  a p p a r e n t l y  depends on t h e  g r a d i e n t ,  a & / a z ;  t h e  speed  
w i t h  which t h e  eddy o v e r t u r n s ,  v  ; and t h e  s i z e  of t h e  most ener-  
g e t i c  e d d i e s  found i n  t h e  v i c i n i t y ,  RE. The l a s t  two q u a n t i t i e s  
r e p r e s e n t  s c a l e s  a t  which t h e  s m a l l e r  e d d i e s  can keep pace w i t h  
t h e  l a r g e  e d d i e s  a t  d i f f u s i n g  away v a r i a t i o n s  i n  E. The s i m p l e s t  
e x p r e s s i o n  f o r  t h e  f l u x ,  FE ,  i s  t h e  product  

and by analogy w i t h  molecu la r  t r a n s f e r  p r o c e s s e s ,  a n  "eddy d i f f u s -  
i v i t y "  may be d e f i n e d ,  K E  = vERE, which depends on t h e  t u r b u l e n t  
f l o w  r a t h e r  t h a n  t h e  molecu la r  p r o p e r t i e s  of t h e  p a r t i c u l a r  f l u i d .  
Th i s  i s  a  c r u c i a l  a s p e c t  of high-Reynolds-number t u r b u l e n c e ,  and 
p r o v i d e s  a  b a s i s  f o r  comparing, e.g.,  a tmospher ic  and ocean ic  

'boundary l a y e r s .  

Let  E s t a n d  f o r  v e c t o r  momentum. The momentum 
h o r i z o n t a l  p lane  is  t h e  n e g a t i v e  of t h e  h o r i z o n t a l  
t u r b u l e n t  s t r e s s  t e n s o r ,  and is g i v e n  by 

f l u x  a c r o s s  a  
p a r t  of t h e  

E may s t a n d  f o r  o t h e r  p r o p e r t i e s ,  l i k e  t empera tu re  o r  s a l i n-  
i t y ,  and t h e  same b a s i c  p rocess  is  thought  t o  app ly ;  t h i s  is essen-  
t i a l l y  Reynolds analogy.  Note, however, t h a t  d i f f e r e n t  p r o p e r t i e s  
may have d i f f e r e n t  v E  and R E  s c a l e s  i n  t h e  same f low,  s o  t h a t  eddy 
d i f f u s i v i t i e s  a r e  not n e c e s s a r i l y  t h e  same. Indeed,  i t  i s  l i k e l y  
t h a t  t u r b u l e n t  d i f f u s i o n  of h e a t  and s a l t  occurs  a t  d i f f e r e n t  
r a t e s  i n  the  a r c t i c  the rmoc l ine  (Neshyba e t  a l . ,  1971).  

There a r e  obvious  examples where t h e  p h y s i c s  expressed  by eq.  
(4.7) a r e  not  s o p h i s t i c a t e d  enough t o  d e s c r i b e  t h e  p a r t i c u l a r  flow; 
e.g.,  when flow s e p a r a t i o n  o c c u r s  n e a r  a  p r e s s u r e  r i d g e  k e e l ,  o r  
where t h e r e  i s  double d i f f u s i o n  when a  s t a b i l i z i n g  mean s a l i n i t y  
g r a d i e n t  c o i n c i d e s  wi th  a  d e s t a b i l i z i n g  t empera tu re  g r a d i e n t .  Rut 
d e s p i t e  i t s  l i m i t a t i o n s ,  we s h a l l  show t h a t  t h e  mixing l e n g t h  
h y p o t h e s i s  can be very u s e f u l  f o r  i n t e r p r e t i n g  t h e  OBL, provided 
t h e  s c a l e s  a r e  chosen c a r e f u l l y .  

2.3 S c a l e s  

The p l a n e t a r y  boundary l a y e r  (PBL) i s  o f t e n  broken conceptual-  
l y  i n t o  a  s u r f a c e  l a y e r ,  where t u r b u l e n c e  is a f f e c t e d  d i r e c t l y  by 
t h e  h y d r a u l i c  roughness of t h e  s o l i d  s u r f a c e ,  and a n  o u t e r  l a y e r  
where t h e  t u r b u l e n c e  is  " f ree"  i n  t h e  s e n s e  t h a t  i t  does n o t  
depend on t h e  a c t u a l  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  i n t e r f a c e .  
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The i d e a  of a  s u r f a c e  l a y e r  a r i s e s  n a t u r a l l y  from numerous 
o b s e r v a t i o n s  i n  t h e  atmosphere t h a t  show under t y p i c a l  c o n d i t i o n s  
t h e  mean wind p r o f i l e  va ry ing  d r a m a t i c a l l y  i n  t h e  f i r s t  few 
m e t e r s ,  but  t u r b u l e n t  s t r e s s  changing by o n l y  a  few percen t  o v e r  
t h e  lower t e n s  of m e t e r s .  The wind s h e a r  i n  t h e  n e u t r a l l y  buoyant 
(no d e n s i t y  v a r i a t i o n s )  s u r f a c e  l a y e r  h a s  been shown t o  s a t i s f y  
v e r y  c l o s e l y  t h e  r e l a t i o n s h i p  

where U* i s  t h e  magnitude _of t h e  Asur face  f r i c t i o n  v e l o c i t y ,  de- 
f i n e d  i n  v e c t o r  form by 'ro = u*u*, where - r o  i s  t h e  k inemat ic  
i n t e r f a c i a l  s t r e s s .  With s t r e s s  n e a r l y  c o n s t a n t ,  eqs.  ( 4 . 7 )  and 
(4.8) when combined w i t h  t h e  e m p i r i c a l  r e s u l t  eq. (4.9.), imply t h a t  
t h e  t u r b u l e n c e  s c a l e s  i n  t h e  s u r f a c e  l a y e r  a r e  vm = u* and R, = 

kz.  I n t e g r a t i o n  of eq. ( 4 . 9 )  r e s u l t s  i n  a  l o g a r i t h m i c  v e l o c i t y  
p r o f i l e  r e l a t i v e  t o  t h e  s u r f a c e  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

The i n t e g r a t i o n  c o n s t a n t ,  zo,  i s  c a l l e d  t h e  roughness l e n g t h  and 
on a  s u r f a c e  of uniform roughness  e lements  i t  cor responds  i n  some 
way t o  t h e  p h y s i c a l  s i z e  of t h e  e lements .  (With a  s u r f a c e  l i k e  
s e a  i c e ,  punctuated by hummocks and p r e s s u r e  r i d g e  k e e l s ,  i t s  mean- 
i n g  i s  more a b s t r a c t  a s  w i l l  be d i s c u s s e d  l a t e r . )  From t h e  "law 

A 

of t h e  wal l"  eq. (4.101, t h e  s c a l e s  u, f o r  v e l o c i t y  and zo f o r  
l e n g t h  a r e  obvious  cho ices  f o r  t h e  s u r f a c e  l a y e r .  

Consider  next t h e  o u t e r  r e g i o n  of f r e e  tu rbu lence .  The 
s t e a d y- s t a t e  form of eq. (4.6) is  a  ba lance  between t h e  C o r i o l i s  
a c c e l e r a t i o n  and t h e  t u r b u l e n t  s t r e s s  g r a d i e n t .  

Through t h e  o u t e r  l a y e r  t h e  s t r e s s  v a r i e s  from n e a r  i t s  s u r f a c e  
v a l u e  t o  z e r o ,  thu?  a n  obvious  s c a l e  f o r  s t r e s s  is a g a i n  _the 

A - - - - - 

i n t e r f a c i a l  s f r e s s , T ;  = u J( u *' 
A 

It might be argued t h a t  t h e  c h o i c e  of Vo a s  t h e  v e l o c i t y  
s c a l e  f o r  t h e  o u t e r  l a y e r  i s  j u s t  a s  obv ious ;  however, i t  i s  w e l l  
t o  examine t h i s  i n  l i g h t  of t h e  a s s e r t i o n  t h a t  t h e  t u r b u l e n c e  of 
t h e  o u t e r  l a y e r  does no t  s e n s e  s u r f a c e  c h a r a c t e r i s t i c s  d i r e c t l y .  
The t o t a l  change of v e l o c i t y  a c r o s s  t h e  s u r f a c e  l a y e r  depends on 
zo,  and s i n c e  most of t h e  s h e a r  i n  t h e  d i r e c t i o n  of s u r f a c e  s t r $ s s  
o c c u r s  w i t h i n  t h e  s u r f a c e  l a y e r ,  zo h a s  a n  obvious impact on Vo. 
But i f  t u r b u l e n c e  below t h e  s u r f a c e  l a y e r  does not  s e n s e  zQ, t h e n  
mean v e l o c i t y  t h e r e  cannot e i t h e r ,  and by t h i s  r eason ing  Vo i s  a 
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poor  c h o i c e  f o r  i t s  scale
A
. With no o t h e r  i n f o r m a t i o n ,  a  good work- 

i n g  h y p o t h e s i s  i s  t h a t  u, i s  a  b e t t e r  s c a l e ,  because c e r t a i n l y  
t u r b u l e n c e  i n  the  o u t e r  l a y e r  must respond i n  some way t o  s u r f a c e  
s t r e s s .  In  t h e  absence of a n  e x t e r n a l l y  imposed l e n g t h  s c a l e  
( such  a s  hBL, t h e  d e p t h  of t h e  mixed l a y e r  above a  s t r o n g  d e n s i t y  
g r a d i e n t ) ,  t h e s e  cho ices  of s t r e s s  and v e l o c i t y  s c a l e s  f o r c e  t h e  
l e n g t h  s c a l e  t o  be u,/f,  found by nond imens iona l i z ing  eq. ( 4 . 1 1 ) .  

A c o n s i s t e n t  s c a l i n g  of PBL v e l o c i t y  and s t r e s s  by $, and ;o 
A 

(=  u,u,), w i t h  zo and u,/f t h e  r e s p e c t i v e  l e n g t h  s c a l e s  f o r  t h e  
s u r f a c e  and o u t e r  l a y e r ,  has  become known a s  Rossby- s imi la r i ty  
s c a l i n g  a f t e r  p ioneer ing  work of Rossby (1932) and Rossby and 
Montgomery (1935) ,  a l though  it  was l a t e r  i n v e s t i g a t o r s  ( s e e ,  e.g., 
Blackadar  and Tennekes , 1968) who recognized t h e  s i g n i f i c a n c e  of 
u s i n g  u, r a t h e r  t h a n  Vo f o r  t h e  o u t e r  l a y e r  v e l o c i t y  s c a l e .  

Rossby- s imi la r i ty  s c a l i n g  p r o v i d e s  a  conven ien t  r u l e  of thumb 
f o r  comparing o c e a n i c  and a tmospher ic  s c a l e s .  Assuming t h a t  t h e  
s t r e s s  a t  t h e  i c e- a i r  i n t e r f a c e  i s  comparable t o  t h e  ice- water  - s t r e s s  (which i s  l i k e l y  i f  t h e  i c e  i s  t h i n ) ,  then  ( P U ? ) ~ ~ ,  - 
( ~ ~ 2 ) o c e a n ;  t h u s  v e l o c i t i e s  and l e n g t h s  i n  t h e  OBL w i l l  be roughly  
1 /30  ( square  r o o t  of t h e  d e n s i t y  r a t i o )  of t h o s e  i n  t h e  ABL. An 
i n t e r e s t i n g  consequence of t h i s  i s  t h a t  a  p r e s s u r e  r i d g e  w i t h ,  
s a y ,  a  1 m s a i l  compensated by a  5  m k e e l ,  has  ve ry  d i f f e r e n t  as-  
p e c t s  when viewed from t h e  d i f f e r e n t  boundary l a y e r s .  To t h e  ABL, 
t h e  f e a t u r e  is  almost  p a r t  of t h e  s u r f a c e  roughness ,  being 2  t o  3 
o r d e r s  of magnitude l e s s  t h a n  t h e  ABL t h i c k n e s s .  To t h e  OBL, t h e  
r i d g e  is  a  d e f i n i t e  topograph ic  f e a t u r e ,  comparable t o  a  150 m 
h i g h  h i l l  i n  t h e  ABL. The i c e  u n d e r s u r f a c e  i s  o f t e n  p i c t u r e d  
e i t h e r  a s  f l a t ,  o r  a s  a  s e r i e s  of jagged i c e  b locks  which p rov ide  
n e a r l y  a l l  t h e  drag and s t i r r i n g .  P robab ly  n e i t h e r  view i s  appro-  
p r i a t e ,  and perhaps  a  b e t t e r  model would be t o  t h i n k  of t h e  under-  
i c e  OBL a s  comparable t o  a tmospher ic  f low o v e r  r o l l i n g  h i l l s .  

2.4 Boundary-Layer Transpor t  

I f  t h e  s t e a d y- s t a t e  momentum e q u a t i o n  (eq .  4.11) i s  i n t e g r a t e d  
t o  t h e  s u r f a c e  from some l e v e l  below which no t u r b u l e n t  s t r e s s  
p e n e t r a t e s ,  a  remarkable r e s u l t  ensues .  

A 

Vdz = To . (4 .12)  
-h 

We d e f i n e  a  t r a n s p o r t  v e c t o r ,  which i s  t h e  t o t a l  volume 

t r a n s p o r t  p e r  u n i t  t ime  i n  t h e  boundary l a y e r ,  and from eq. (4.12) 
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Without any c o n s i d e r a t i o n  of how t h e  t u r b u l e n t  mechanism works, 
eq. (4.13) i m p l i e s  t h a t  t h e  s t e a d y- s t a t e  volume f l u x  i n  t h e  OBL i s  
o r i e n t e d  90° c lockwise  (Nor thern  Hemisphere) from t h e  s u r f a c e  
s t r e s s  and equa l  i n  magnitude t o  f .  This  e f f e c t ,  sometimes 
c a l l e d  g e o s t r o p h i c  d e p a r t u r e ,  was p o i n t  out  by Ekman (1905)  and 
t h e  concept i s  used e x t e n s i v e l y  i n  c a l c u l a t i n g  t h e  e f f e c t  of wind 
on deep ocean c i r c u l a t i o n  ( s e e ,  e  .g., S t e r n ,  1975). 

2.5 I n e r t i a l  O s c i l l a t i o n s  

The t r a n s p o r t  v e c t o r  i s  a l s o  u s e f u l  f o r  demonstra t ing a n o t h e r  
£,low phenomenon a s s o c i a t e d  wi th  t h e  r o t a t i n g  r e f e r e n c e  frame: 
i n e r t i a l  o s c i l l a t i o n .  I f  eq. (4.6) i s  i n t e g r a t e d  i n  t h e  same manner 
a s  eq. (4.12) , we have 

Now suppose a c o n s t a n t  s u r f a c e  s t r e s s  i s  a p p l i e d  a t  t = 0 t o  a  
system a t  r e s t .  The s o l u t i o n  t o  eq. (4 .13) in  t h i s  case  i s  

A A 

where Ms = - i ' ro / f  i s  t h e  s t a t i o n a r y  s o l u t i o n .  I n  t h e  complex 
p lane ,  t h e  locus  of s o l u t i o n s  eq. (4.13) t r a c e s  a  c i r c i e  i n  one 
i n e r t i a l  p e r i o d ,  1/2nf(-12.4 h r  a t  76ON), c e n t e r e d  a t  Ms. Note 
t h a t  t h e  i d e a l i z e d  i n e r t i a l  ampl i tude i s  e q u a l  t o  t h e  s t e a d y- s t a t e  
t r a n s p o r t .  M i s  t h e  average v e l o c i t y  of t h e  OBL m u l t i p l i e d  by i t s  
dep th ,  so even t h e  s u r f a c e  v e l o c i t y  may have a  s i g n i f i c a n t  
i n e r t i a l  component, wi th  an a s s o c i a t e d  d r i f t  t r a j e c t o r y  t h a t  i s  
c y c l o i d a l .  

3.  OBSERVATIONS 

Over t h e  p a s t  decade a  number of exper imenta l  s t u d i e s  have 
helped focus  our unders tanding of t h e  upper ocean under pack i c e .  

' Two of s p e c i a l  importance regard ing  t u r b u l e n t  t r a n s f e r  were t h e  
1972 AIDJEX P i l o t  Study and t h e  1975-1976 AIDJEX Main Experiment. 

The most complete measurements of mean f low and t u r b u l e n c e  i n  
t h e  OBL were ga thered  d u r i n g  t h e  1972 P i l o t  Study by a  group from 
t h e  U n i v e r s i t y  of Washington under t h e  d i r e c t i o n  of J. D.  Smith. 
The measuring a p p a r a t u s  inc luded  smal l  mechanical c u r r e n t  mete r s  
mounted a long  t h r e e  o r thogona l  a x e s ,  c a p a b l e  of measuring t h e  mean 
flow and Reynolds s t r e s s  t e n s o r  a t  e leven  l e v e l s  rang ing  from 2  t o  
54 m below t h e  d r i f t i n g  i c e .  McPhee and Smith (1976) d e s c r i b e  t h e  
experiment and r e s u l t s ,  many of which a r e  used below t o  i l l u s t r a t e  
v a r i o u s  PBL concep ts .  During t h e  A p r i l  wind s torm from which t h e  
d a t a  were o b t a i n e d ,  t h e  i c e  d r i f t  was comparat ively  s t r a i g h t  and 
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t h e r e  was l i t t l e  i n d i c a t i o n  of i n e r t i a l  o s c i l l a t i o n  i n  t h e  
i c e l u p p e r  ocean system. On two d i f f e r e n t  days of t h e  same s t o r m ,  
abnormal ly  s t e a d y  c o n d i t i o n s  p e r s i s t e d :  f o r  about  5 hours  i n  one 
c a s e ,  and f o r  8 hours i n  a  second. The d a t a  ga the red  c o n s t i t u t e  
p robab ly  t h e  most complete measurement e v e r  made of mean and 
t u r b u l e n t  v e l o c i t y  s t r u c t u r e  i n  a  f u l l y  developed,  r o t a t i n g  
boundary l a y e r .  

The AIDJEX Main Experiment,  which main ta ined  s t a t i o n s  on t h e  
p e r e n n i a l  pack over t h e  Canada Basin f o r  more t h a n  a  y e a r ,  l acked  
s o p h i s t i c a t e d  equipment f o r  p r e c i s e  c u r r e n t  measurement i n  t h e  
OBL, but  t h i s  was o f f s e t  t o  some degree  by t h e  s h e e r  volume of 
d a t a  c o l l e c t e d .  Two very  impor tan t  measurements were made a t  each 
of t h e  manned s t a t i o n s  wi thou t  dropping an ins t rument  i n  t h e  
wa te r :  h i g h l y  a c c u r a t e  r e s o l u t i o n  of camp p o s i t  i o n  normal ly  a t  
l e a s t  once per  hour ,  which provided s u r f a c e  v e l o c i t y  a c r o s s  t h e  
100 km s c a l e  of t h e  manned camp a r r a y ,  and con t inuous  measurements 
of 10 m wind. During t h e  summer when i n t e r n a l  i c e  s t r e s s  g r a d i e n t s  
were s m a l l ,  t h e s e  d a t a  provided e s t i m a t e s  of OBL s u r f a c e  v e l o c i t y  
and s t r e s s  t h a t ,  a s  f a r  a s  we know, a r e  u n p a r a l l e l e d  i n  oceano- 
g r a p h i c  s t u d i e s .  I n  a d d i t i o n ,  f i x e d  c u r r e n t  me te r s  and d a i l y  STD 
and p r o f i l i n g  c u r r e n t  meter  c a s t s  opera ted  throughout  t h e  
exper iment  . 
3.1 S t r u c t u r e  of t h e  Steady OBL 

F i g u r e  3,  drawn from d a t a  of McPhee and Smith (1976) ,  shows 
mean f l o w  measured a t  9  l e v e l s  th rough  t h e  mixed l a y e r  d u r i n g  t h e  
1972 AIDJEX P i l o t  Study i n  bo th  hodograph and p r o f i l e  form. 
C u r r e n t s  were averaged f o r  5 hours under very  s t e a d y  c o n d i t i o n s .  
The pycnoc l ine  ( s t e e p  d e n s i t y  g r a d i e n t )  s t a r t e d  a t  about 36 m 
below t h e  i c e .  Ac tua l  c u r r e n t s  were,  of c o u r s e ,  measured from t h e  
d r i f t i n g  i c e ,  bu t  a r e  drawn r e l a t i v e  t o  t h e  measured c u r r e n t  a t  32 
m ,  because c o n c u r r e n t  measurements of t h e  r e l a t i v e  v e l o c i t y  of a  
f i x e d  p o i n t  on t h e  s e a  f l o o r  showed t h a t  t h e  a c t u a l  c u r r e n t  a t  t h e  
32 l e v e l  was l e s s  t h a n  2  cm s-l, and was probably  r e p r e s e n t a t i v e  
of vg. 

Comparison of F igures  3  and 1  shows t h a t ,  a t  l e a s t  i n  i t s  
g r o s s  f e a t u r e s ,  t h e  observed flow is  l i k e  t h e  h e u r i s t i c  model 
o u t l i n e d  above. Near t h e  i c e ,  t h e r e  i s  a  r e g i o n  of h igh  s h e a r  i n  
t h e  same d i r e c t i o n  a s  s t r e s s ,  but  a t  g r e a t e r  depths  t h e  C o r i o l i s  
e f f e c t  is  r e a d i l y  e v i d e n t .  The p r o f i l e s  p rov ide  a n  e x c e l l e n t  ex- 
ample of g e o s t r o p h i c  d e p a r t u r e  i n  t h a t  t h e  i n t e g r a t e d  t r a n s p o r t  i n  
t h e  boundary l a y e r  i s  n e a r l y  a l l  i n  t h e  i n t e g r a l  of t h e  v e l o c i t y  
component p e r p e n d i c u l a r  t o  i n t e r f a c i a l  s t r e s s ,  d e s p i t e  a  l a r g e  
s u r f a c e  component i n  t h e  s t r e s s  d i r e c t i o n .  

As d e t a i l e d  by McPhee and Smith (1976) ,  t u r b u l e n t  s t r e s s  was 
a l s o  measured dur ing  t h e  1972 exper iment ,  and a  r easonab ly  e x a c t  
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e s t i m a t e  
measureme 
t u d e  76O, 
was a b o u t  

C u r r e n t s  ave raged  f o r  5 h o u r s ,  measured  a t  AIDJEX P i l o t  
S tudy s t a t i o n  J u m p s u i t ,  12  A p r i l  1972. Data a r e  r e f e r -  
enced t o  t h e  32 m l e v e l ,  t a k e n  t o  be t h e  g e o s t r o p h i c  
c u r r e n t  due t o  s e a  s u r f a c e  s h i p s .  

of i n t e r f a c i a l  stress was o b t a i n e d .  During t h e  t ime of 
n t s  shown i n  F i  u r e  3 ,  i t  w a s  a b o u t  1  cm2 s - ~ .  A t  l a t i -  

f  = 1.4 x 10-& s-l ,  t h e r e f  o r e  t h e  PBL s c a l e  d e p t h ,  u,/f,  
70 m. F i g u r e s  4 and 5 show t h e  s i x  independen t  compon- 

e n t s  of t h e  Reynolds  s t r e s s  t e n s o r  measured a t  9  l e v e l s ,  compared 
w i t h  r e s u l t s  from numer i ca l  models of t u r b u l e n t  s t r u c t u r e  f o r  t h e  
s t e a d y  h o r i z o n t a l l y  homogeneous ABL. Note t h a t  t h e  compar ison  
w i t h  a t m o s p h e r i c  models i s  made u s i n g  t h e  R o s s b y- s i m i l a r i t y  nond i -  
m e n s i o n a l i z a t  i o n  -- t h e  co r re spondence  be tween t h e  ABL models  and 
t h e  o c e a n i c  d a t a  l e n d s  c redence  t o  t h a t  approach.  

In  t h e  1972 d a t a ,  i t  w a s  c l e a r  t h a t  t h e  s i m p l e  momentum equa-  
t i o n ,  eq. (4 .11) ,  was no t  s a t i s f i e d ,  and t h a t  some o t h e r  f a c t o r  w a s  
a f f e c t i n g  t h e  mean f o r c e  b a l a n c e .  The e x p l a n a t i o n  f o r  t h i s  o t h e r  
f o r c e  p r o b a b l y  l i e s  i n  t h e  f a c t  t h a t  t h e  i c e  u n d e r s u r f a c e  was n o t  
homogeneous, and h o r i z o n t a l  v a r i a t i o n s  i n  t h e  topography of t h e  
i c e  u n d e r s i d e  would cause  l o c a l  a c c e l e r a t i o n s .  I t  was p o s s i b l e  t o  
a r g u e  c o n s i s t e n t l y  t h a t  such  a  "form drag"  f o r c e  c o u l d  a c c o u n t ,  a t  
l e a s t  i n  p a r t ,  f o r  d i f f e r e n c e s  i n  b o t h  t h e  mean f l o w  p r o f i l e  and  
t h e  t u r b u l e n t  stress components from what  would be expec ted  i n  a  
h o r i z o n t a l l y  homogeneous f low ( i b i d . )  . T h i s  i s  a n  i m p o r t a n t  p o i n t  
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NEUTRAL CASE - - - - NEUTRAL CASE 
FROM WYNGAARD ET.&. FROM OEARDORFF (1972) 

F i g .  4. D iagona l  e l e m e n t s  of t h e  nondimens i o n a l  Reynolds  s t r e s s  
t e n s o r  c o r r e s p o n d i n g  t o  t h e  mean c u r r e n t s  shown i n  
F ig i i r e  3. 

r e g a r d i n g  s u r f a c e  v e l o c i t y .  S i n c e  t h e  i c e  o f t e n  p r e s e n t s  a more 
o r  l e s s  r i g i d  s u r f a c e  ove r  d i s t a n c e s  a  c o u p l e  of o r d e r s  of magni- 
t u d e  g r e a t e r  t h a n  t h e  OBL d e p t h ,  i t  a c t s  t o  i n t e g r a t e  t h e  d r a g  
c o n t r i b u t i o n s  from many d i f f e r e n t  i c e  t y p e s .  Thus,  t h e  s u r f a c e  
v e l o c i t y  t h a t  would c o r r e s p o n d  t o  t h e  l o c a l  t u r b u l e n c e  s t r u c t u r e  
and s u r f a c e  roughness  i f  t h e  s u r f a c e  were un i fo rm,  is  n o t  neces-  
s a r i l y  t h e  one measured.  From t h e  1972 d a t a ,  we e s t i m a t e d  t h a t  
t h e  " s k i n  f r i c t i o n "  d r a g  measured under  r e l a t i v e l y  smooth,  unde- 
formed i c e  was abou t  h a l f  of t h e  t o t a l  d r a g  c o n t r i b u t i o n .  Presum- 
a b l y  t h e  r ema inde r  was made up of c o n t r i b u t i o n s  from roughe r  i c e ,  
and f rom form d r a g  a c r o s s  p r e s s u r e  r i d g e  k e e l s .  

Because of t h e  form d r a g  e f f e c t ,  t h e r e  was no c l e a r - c u t  r e l a -  
t i o n  between t h e  mean v e l o c i t y  s h e a r  and t h e  Reynolds  s t r e s s  i n  
t h e  1972 measurements .  D e s p i t e  t h i s ,  peaks i n  t h e  s p e c t r a  of 
v e r t i c a l  v e l o c i t y  f l u c t u a t i o n s  i n d i c a t e d  l e n g t h  s c a l e s  f o r  t h e  
most e n e r g e t i c  e d d i e s ,  from which a n  e f f e c t i v e  eddy v i s c o s i t y  
c o u l d  be c a l c u l a t e d .  R e s u l t s  of t h o s e  c a l c u l a t i o n s  a r e  shown i n  
F i g u r e  6 ,  a g a i n  compared t o  ABL models. Note t h a t  p a s t  a d i s t a n c e  
of abou t  0.1 u,/f f rom t h e  i n t e r f a c e ,  t h e  eddy v i s c o s i t y  no  l o n g e r  
i n c r e a s e s .  T h i s  i s  e v i d e n c e  t h a t  t h e r e  i s  some l i m i t i n g  s i z e  t o  
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---U, '10 (SLIGHTLY STABLE)  

-A. = o ( N E U T R A L )  

Fig .  5. Same a s  F i g u r e  4 ,  except  s h e a r  s t r e s s  e lements .  Curves 
a r e  from Businger  and Arya ( 1 9 7 4 ) .  

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

3.2 Mean D r i f t  S t a t i s t i c s  

One of t h e  most b a s i c  but e l u s i v e  measurements f o r  t e s t i n g  
s t e a d y- s t a t e  PBL t h e o r y  is  s imul taneous  moni tor ing of s u r f a c e  
s t r e s s  and f r e e- s t r e a m  v e l o c i t y .  For t h e  ABLY l o c a l  s u r f a c e- l a y e r  
measurements of s t r e s s  must be r e l a t e d  t o  t h e  mean d rag  over a n  
a r e a  of a t  l e a s t  s e v e r a l  k i l o m e t e r s  squared (which i s  s t r a i g h t f o r -  
ward on ly  i f  t h e  s u r f a c e  i s  e x c e p t i o n a l l y  uniform),  and t h i s  i n  
t u r n  must be r e l a t e d  t o  t h e  g e o s t r o p h i c  wind,  i n c l u d i n g  any t h e r-  
mal wind e f f e c t s  due t o  h o r i z o n t a l  t empera tu re  g r a d i e n t s .  Adding 
t o  t h e  d i f f i c u l t y  i n  most temperate- zone exper iments  a r e  time- 
dependent changes a s  t h e  ABL goes through t h e  d i u r n a l  c y c l e  of 
h e a t i n g  and coo l ing .  

I n  t h e  open ocean t h e  s i t u a t i o n  i s  worse. Even g iven  t h a t  
s u r f a c e  a i r  s t r e s s  can be measured p r e c i s e l y  (no s imple  m a t t e r ) ,  
d e t e r m i n i n g  s u r f a c e  o r  near  s u r f a c e  c u r r e n t s  a c c u r a t e l y  i s  a  r e a l  
c h a l l e n g e ,  p a r t i c u l a r l y  wi th  w e l l  developed waves. A proper  ocean- 
i c  t h e o r y  f o r  n e a r  s u r f a c e  c u r r e n t s  shou ld  c o n s i d e r  g r a v i t y  wave 
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- BUSINGER 8 ARYA 1974, ~ = 0  (NEUTRAL) 

, - - DEARDORFF 1972 ,  NEUTRAL 

. . . BUSINGER 8 ARYA, = I 0  (SLIGHTLY STABLE) 

X CALCULATED VALUES 

Fig .  6. Nondimensional eddy v i s c o s i t y  c a l c u l a t e d  from peaks i n  
s p e c t r a  of v e r t i c a l  v e l o c i t y  compared wi th  ABL models 
(from McPhee and Smith,  1976). 

e f f e c t s  l i k e  Stokes  d r i f t ,  and comparison wi th  d a t a  must i n c l u d e  
a n  e s t i m a t e  of ocean ic  g e o s t r o p h i c  flow. 

Viewed i n  t h i s  l i g h t ,  an i c e  d r i f t  experiment o f f e r s  e x c i t i n g  
p o s s i b i l i t i e s ,  provided one can i d e n t i f y  p e r i o d s  of " f r e e  d r i f t " ,  
when t h e  i n t e r n a l  s t r e s s  g r a d i e n t  i n  t h e  i c e  is  n e g l i g i b l e  i n  t h e  
momentum ba lance  a s  sketched i n  F i g u r e  1. Under such c o n d i t i o n s ,  
t h e  a i r  s t r e s s  can be e s t i m a t e d  c l o s e l y  from s u r f a c e  wind measure- 
ments; s u r f a c e  v e l o c i t y  can  be a s c e r t a i n e d  a c c u r a t e l y  from s a t e l -  
l i t e  n a v i g a t i o n ;  r easonab le  e s t i m a t e s  f o r  t h e  mean i c e  mass and 
und is tu rbed  g e o s t r o p h i c  f low can be made; and from t h e s e  d a t a ,  Go 
and F0 c a l c u l a t e d .  I n  t h e  c e n t r a l  A r c t i c ,  dynamic h e i g h t  c o n t o u r s  
(e.g. ,  Newton, 1973) a r e  used t o  c a l c u l a t e  s u r f a c e  g e o s t r o p h i c  
f low,  which is  found t o  be s m a l l  compared wi th  t h e  u s u a l  i c e  d r i f t .  
Because of t h e  r e l a t i v e  un i fo rmi ty  of t h e  upper  i c e  s u r f a c e  when 
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compared w i t h  t h e  ABL d e p t h  s c a l e  ( -1 km), an  e s t i m a t e  of a i r  
s t r e s s  a t  one l o c a t i o n  i s  r e p r e s e n t a t i v e  of a  l a r g e  a r e a ,  provided 
a l lowance  f o r  p r e s s u r e  r i d g e  s a i l s  i s  made. (The same cannot be 
s a i d  of p o i n t  measurements i n  t h e  o c e a n ,  because of t h e  d i s p a r i t y  
i n  s c a l e s . )  T h e r e f o r e ,  t h e  major problem i s  i d e n t i f y i n g  f r e e  
d r i f t  p e r i o d s .  

Although somewhat p a r a d o x i c a l ,  t h e  bes t t ime f o r  t e s t i n g  t h e  
s t e a d y- s t a t e  r e l a t i o n s h i p  between s u r f a c e  v e l o c i t y  and s t r e s s  
d u r i n g  t h e  AIDJEX Main Experiment occur red  d u r i n g  t h e  melt  season  
of 1975 when i n e r t i a l  o s c i l l a t i o n  of t h e  i c e  cover  was most pro- 
nounced. The p resence  of i n e r t i a l  mot i o n s  i n d i c a t e s  t h a t  i n t e r n a l  
i c e  f o r c e s  a r e  s m a l l ,  and t h e r e  is  evidence t h a t  t h e  mean d r i f t  of 
t h e  i c e  i s  not much a f f e c t e d  by t h e  o s c i l l a t i o n s  (McPhee, l98Ob). 
A n a l y s i s  and r e s u l t s  of a  s t u d y  of d r i f t ,  wind, and c u r r e n t s  over  
t h e  60 day mel t  s e a s o n  a r e  d e s c r i b e d  by McPhee (1979).  The aim of 
t h a t  work was t o  determine s t a t i s t i c a l l y  t h e  form of t h e  s t r e s s  t o  
s u r f a c e  v e l o c i t y  r e l a t i o n s h i p  and t o  examine i t  i n  terms of PBL 
t h e o r y .  F igure  7  shows the  main r e s u l t ,  which is a  s c a t t e r  
d iagram of T, c a l c u l a t e d  from t h e  momentum ba lance  of F i g u r e  l a  
p l o t t e d  a g a i n s t  r e l a t i v e  i c e  speed.  The s o l i d  l i n e  i s  a  b e s t  f i t  
e x p o n e n t i a l  of t h e  form T, = avb,  where a  and b  a r e  determined 
from l o g a r i t h m i c  r e g r e s s i o n  of smoothed d a t a  t a k e n  from a l l  camps 
o v e r  t h e  60 day pe r iod .  The exponen t ,  b ,  was found t o  be 1.78 2 
0.12 a t  t h e  90% conf idence  l e v e l .  Over a  whole range of p l a u s i b l e  
v a l u e s  f o r  i c e  mass and 10 rn wind d r a g  c o e f f i c i e n t ,  t h i s  r e s u l t  
v a r i e d  by on ly  a  few p e r c e n t .  The r e l a t i o n s h i p  i s  obv ious ly  n o t  
l i n e a r  ( b  = l ) ,  b u t  a l s o  shows a  s l i g h t  but  s i g n i f i c a n t  d i f f e r e n c e  
f rom q u a d r a t i c  ( b  = 2) .  The dashed curve  is  d e s c r i b e d  i n  t h e  n e x t  
s e c t i o n ,  where the  shape of the  curve  is  shown t o  s u p p o r t  the  
Rossby- s imi la r i ty  h y p o t h e s i s .  

3.3 I n e r t i a l  O s c i l l a t i o n s  

Most measurements of mixed l a y e r  c u r r e n t s  i n  t h e  open ocean 
show a  s t r o n g  p e r i o d i c  s i g n a l  a t  t h e  i n e r t i a l  f requency.  Hunkins 
(1967) observed t h a t  summer speed r e c o r d s  from deep c u r r e n t  me te r s  
suspended n e a r  F l e t c h e r ' s  I c e  I s l a n d  (T-3) a l s o  con ta ined  a n  
i n e r t i a l  s i g n a l ,  which he i n t e r p r e t e d  a s  ev idence  t h a t  T-3 and t h e  
su r round ing  i c e  pack were d r i f t i n g  wi th  c y c l o i d a l  loops  a t  t h e  
i n e r t i a l  pe r iod .  I n  t h e  e a r l y  AIDJEX p i l o t  exper iments ,  t h e  i n e r-  
t i a l  component i n  i c e  d r i f t  was d e t e c t a b l e  but  of s m a l l  ampl i tude .  
During t h e  1975 mel t  season  of the  AIDJEX Main Exper iment ,  how- 
e v e r ,  t h e r e  were l a r g e  i n e r t i a l  waves i n  both r e l a t i v e  v e l o c i t y  
r e c o r d s  from c u r r e n t  me te r s  suspended below t h e  mixed l a y e r  and i n  
t h e  s u r f a c e  d r i f t  v e l o c i t y .  F i g u r e  8  shows a n  example of t h e  
l a t t e r  from a  12-day pe r iod  d u r i n g  August ,  1975. The o s c i l l a t i o n s  
were i n i t i a t e d  by t h e  passage of two a tmospher ic  f r o n t s ,  and a r e  
d e s c r i b e d  i n  d e t a i l  by McPhee (1980a) .  
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Fig .  7. Kinematic i n t e r f a c i a l  s t r e s s  v e r s u s  r e l a t i v e  i c e  speed 
from smoothed A I D J E X  d a t a ,  summer 1975. S o l i d  l i n e  i s  
b e s t  f i t  e x p o n e n t i a l ,  T o  = 0 . 0 1 0 4 ~ ~ ~ ~ ~ ;  dashed l i n e  i s  
t h e o r e t i c a l  r e s u l t  d e s c r i b e d  i n  t e x t  (from McPhee, 1979). 

I n  a n a l y z i n g  i n e r t i a l  o s c i l l a t i o n s  , a  shor thand  i n t r o d u c e d  by 
H. P e r k i n s  (1970) ,  which he  term? complex demodulat ion,  i s  he lp-  
f u l .  A complex i n e r t i a l  wave, Ae - i f f  i s  f i t  i n  a  l e a s t- s q u a r e s  
s e n s e  t o  t h e  v e l o c i t y  r ecord  over  a  s p e c i f i e d  p e r i o d ,  u s u a l i y  
abou t  twice  t h e  i n e r t i a l  pe r iod .  The complex c o e f f i c i e n t ,  A, 
(which may be c a l l e d  a  phasor )  d e s c r i b e s  t h e  phase and ampl i tude  
of t h e  i n e r t i a l  wave. A t i m e  s e r i e s  of phasors  may be analyzed t o  
de te rmine  ampl i tude decay and phase s h i f t  of a  p a r t i c u l a r  wave 
t r a i n .  F i g u r e  9  shows such a  s t u d y  f o r  s u r f a c e  v e l o c i t y ,  one com- 
ponent of which is shown i n  F igure  8. The t h r e e  manned s t a t i o n s  
ana lyzed  spanned about 190 km wes t  t o  e a s t  i n  a  f a i r l y  narrow 
l a t i t u d e  band. There i s  a  remarkable s i m i l a r i t y  i n  t h e i r  r e sponse  
t o  the  f i r s t  f r o n t a l  system. Th i s  i s  shown more c l e a r l y  i n  F i g u r e  
10 ,  o b t a i n e d  by a d j u s t i n g  t h e  phase a t  t h e  west and c e n t r a l  s t a -  
t i o n s  by c o n s t a n t  amounts, c a l c u l a t e d  assuming t h e  f r o n t s  t o  propa-  
g a t e  eas tward a t  60 km hr'l. The s t r i k i n g  u n i f o r m i t y  i n  r esponse  
t o  t h e  f i r s t  s to rm probab ly  means t h a t  an  ocean ic  coup l ing  accom- 
pan ies  r a p i d l y  moving a tmospher ic  sys tems.  The second s t o r m  was 
s lower  moving, and t h e  i n e r t i a l  response  does not  show t h e  same 
h o r i z o n t a l  coherence.  
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Day of 1975 

F i g .  8. Zonal ( e a s t w a r d )  component of s u r f  a c e  v e l o c i t y  determined 
from s a t e l l i t e  p o s i t i o n i n g  a t  f o u r  AIDJEX s t a t i o n s ,  show- 
i n g  s t r o n g  i n e r t i a l  pe r iod  mot ion .  

4 .  THEORIES 

4.1 OBL Momentum T r a n s f e r  

Aside  from i n t r i n s i c  i n t e r e s t ,  t h e r e  a r e  two r a t h e r  d i f f e r e n t  
mot ives  f o r  s t u d y i n g  t u r b u l e n t  t r a n s f e r  i n  t h e  upper ocean.  I n  
t h e  f i r s t  c a s e ,  one i s  i n t e r e s t e d  i n  how t u r b u l e n c e  i n f l u e n c e s  
mean c u r r e n t s :  a  prime example i s  p r e d i c t i n g  s u r f a c e  ( i c e )  veloc-  
i t y  g i v e n  t h e  i n t e r f a c i a l  s t r e s s  f i e l d .  I n  t h e  second,  i n t e r e s t  
i s  d i r e c t e d  more toward s c a l a r  p r o p e r t i e s  of t h e  mixed l a y e r :  
e .g. ,  p r e d i c t i n g  changes i n  mixed- layer t empera tu re  and s a l i n i t y  
a s  a  f u n c t i o n  of s u r f a c e  f l u x e s .  I n  p r i n c i p l e ,  t h e  d i s t i n c t i o n  i s  
a r t  i f  i c i a l ,  bu t  i n  p r a c t i c e  sometimes u s e f u l .  For  example, t h e  
impact on s u r f a c e  v e l o c i t y  of t u r b u l e n t  s a l i n i t y  f l u x  a t  t h e  base  
of t h e  mixed l a y e r  appears  t o  be s m a l l  and o f t e n  n e g l i g i b l e  u n l e s s  
t h e  mixed l a y e r  i s  abnormal ly  s h a l l o w  (McPhee, 1979);  on t h e  o t h e r  
hand,  i t  i s  c r u c i a l  f o r  unders tand ing  how mixed l a y e r  s a l i n i t y  and 
t empera tu re  respond t o  s u r f a c e  mixing. Viewing t h e  same problem 
from t h e s e  d i f f e r e n t  p e r s p e c t i v e s  has  l e d  t o  q u i t e  d i f f e r e n t  
t h e o r e t i c a l  f o r m u l a t i o n s :  e.g., second- order t u r b u l e n t  c l o s u r e  a s  
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F i g .  9. Phasors  d e s c r i b i n g  t h e  i n e r t i a l  a r t  ( ampl i tude  and phase)  
of s u r f a c e  v e l o c i t y  a t  t h r e e  AIDJEX camps ( f rom McPhee, 
l98Oa). 

opposed t o  " s lab"  mixed- layer models. [The i n t e r e s t e d  r e a d e r  may 
wish t o  compare t h e  approach of Mel lo r  and Durbin (1975) wi th  t h a t  
of N i i l e r  (1975) . ]  

T h i s  s e c t i o n  a d d r e s s e s  p r i m a r i l y  t h e  q u e s t i o n  of momentum 
f l u x ,  p a r t i c u l a r l y  t h e  r e l a t i o n s h i p  between s u r f a c e  s t r e s s  and 
v e l o c i t y .  We s h a l l  review b r i e f l y  t h e  t h e o r e t i c a l  background of 
PBL moment d m  f l u x  and o u t l i n e  a  s imple  t u r b u l e n c e  model t h a t  ex- 
p l a i n s  many observed f e a t u r e s  . The framework i n c l u d e s  modif i c a -  
t i o n s  t o  t u r b u l e n t  d rag  caused by r a p i d  s u r f a c e  mel t ing .  I n  a  
l a t e r  s e c t i o n  on t h e  e v o l u t i o n  of t h e  summer pycnoc l ine ,  t h e  model 
w i l l  be extended t o  i n c l u d e  buoyancy f l u x  i n  d e n s i t y  g r a d i e n t s  a t  
lower  l e v e l s .  

4.2 " G e o s t r o ~ h i c "  Drag 

Exper ience  w i t h  l a b o r a t o r y  s t u d i e s  of p ipe  and f l a t  p l a t e  
f low has  shown t h a t  i f  t h e  f low is  l aminar  (exchange dominated by 
molecu la r  p r o c e s s e s ) ,  t h e  drag r e l a t i o n s h i p  i s  l i n e a r ,  T o  CC V o ;  
whereas i n  t u r b u l e n t  f low the  drag i s  more n e a r l y  q u a d r a t i c ,  T~ cx - 
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F i g .  10. Same a s  F i g u r e  9 ,  excep t  phase  a d j u s t e d  by a r r i v a l  t ime 
d i f f e r e n c e  assuming t h a t  t h e  g e n e r a t i n g  d i s t u r b a n c e  
moved eas tward a t  60 km hr - l .  Note t h e  remarkable 
u n i f o r m i t y  d u r i n g  t h e  f i r s t  h a l f  of t h e  record  d e s p i t e  
zona l  span  of 190 km. 

With 
nondi 
r e a l  
p a r t  

q u a d r a t i c  d rag ,  Vo mu,, a n d h i t  i s  I\ c%nvenient  A t o  c o n s i d e r  
.mensional  s u r f a c e  v e l o c i t y ,  vo = Vo/u*. vo i s  complex: 
p a r t  l i e s  i n  t h e  d i r e c t i o n  of surface* s t r e s s ;  i t s  imagi- 
90° coun te rc lockwise .  I n  p o l a r  form vo = voe-ia where a 

i s  t h e  boundary l a y e r  t u r n i n g  ang le .  The magnitude vo is  t h e  
i n v e r s e  of what i s  c a l l e d  g e o s t r o p h i c  d rag  f o r  t h e  a tmosphere ,  
i . e . ,  

Note t h a t  i f  drag is  q u a d r a t i c ,  t h e  magnitude of t h e  nondimensional  
s u r f  a c e  v e l o c i t y  i s  c o n s t a n t  . 
4.3 Ekman Theory 

Ekman's o r i g i n a l  f o r m u l a t i o n  of t h e  PBL problem (Ekman, 1905) 
has  se rved  a s  a  paradigm f o r  most subsequen t  PBL t h e o r y .  Among 
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o t h e r  t h i n g s ,  Ekman showed t h a t  f o r  a n  eddy v i s c o s i t y ,  K ,  indepen- 
dent  of d e p t h ,  t h e  s t e a d y  momentum e q u a t i o n  (eq. 4.11) is  

w i t h  s o l u t i o n  

A A 

6z is complex s o  t h e  f a c t o r  e 6 ~  bo th  a t t enu_a tes  and r o t a t e s  t h e  
A a v v e l o c i t y  w i t h  i n c r e a s i n g  dep th .  From T = Kx, t h e  nondimensional  

s u r f a c e  v e l o c i t y  i s  

whence t h e  w e l l  known r e s u l t  t h a t  t h e  s u r f a c e  v e l o c i t y  i s  45O cum 
- 

s o l e ,  when t h e  eddy v i s c o s i t y  has  no d e p t h  dependence. 

The Ekman s o l u t i o n  (eq . 4.16) is  o f t e n  t a k e n  t o  be synonymous 
w i t h  l i n e a r ,  o r  Newtonian, d r a g  because u, a p p e a r s  on t h e  r i g h t-  
hand s i d e .  However, Ekman r e a l i z e d  t h a t  K would vary  depending on 
s u r f a c e  s t r e s s  c o n d i t i o n s ,  and i n  f a c t ,  he de r ived  a n  e m p i r i c a l  
e x p r e s s i o n  r e l a t i n g  t h e  Ekman d e p t h ,  D = Tr(2K/f) l I2 ,  t o  t h e  s u r-  
f a c e  wind speed,  us ,  and l a t i t u d e ,  A :  

The f r i c t i o n  v e l o c i t y  i s  p r o p o r t i o n a l  t o  t h e  n e a r  s u r f a c e  wind, s o  
Ekman's e x p r e s s i o n  r e s u l t s  i n  K = KEu: (where KE i s  c o n s t a n t ) ,  
which makes eq. (4.16) a  q u a d r a t i c  d rag  law c o n s i s t e n t  w i t h  o t h e r  
t u r b u l e n t  f lows.  

It i s  i n t e r e s t i n g  t h a t  Ekman came s o  c l o s e  t o  o u t l i n i n g  what 
has  become known a s  Rossby s i m i l a r i t y .  Had he chosen i n s t e a d  of 
eq. (4.13 t h e  c l o s e l y  r e l a t e d  e x p r e s s i o n  

h i s  t h e o r y  would have provided a n  eddy v i s c o s i t y  

which i m p l i e s  a  s c a l i n g  v e l o c i t y ,  u*, and mixing l e n g t h ,  K*u*/f i n  
t h e  b a s i c  mixing l e n g t h  fo rmula t ion .  
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For f u t u r e  r e f e r e n c e ,  c o n s i d e r  t h e  Ekman problem u s i n g  eq. 
(4.18) f o r  eddy , y i s c o s i t .  w i t h  nondimensional  l%ngt\, : t r e s s ,  2nd 
:$locity: 5 , T, and v d e f i n e d  by z = :*Elf, T = Tu*u*, and V = 
vu,. Ra the r  t h a n  s o l v i n g  d i r e c t l y  f o r  v ,  we w r i t e  t h e  nondimen- 
s i o n a l  form of eq. (4 .11) :  

d i f f e r e n t i a t e  and s u b s t i t u t e  a;/ a6 = $/K, t o  o b t a i n  

i i / K ,  = a2.i.1 a52 . 
A 

(4 .20)  
A 

WithAY = ( i /K*)  and boundary c o n d i t i o n s  T(-a) = 0, ?(o)  = 1 ,  
and v(-m) = 0 ,  s o l u t i o n s  a r e  

? ( < )  = e  k (4.21) 

A 

= ( iK,)-l /2 e ~ <  = -112 F e - i ~ / 4  . 
K* (4 .22)  

Hodographs of t h e  s o l u t i o n s  a r e  shown i n  F i g u r e  11 f o r  K* = 0.021. 

While t h e  d i f f e r e n c e  may a t  f i r s t  seem t r i v i a l ,  t h e r e  i s  a  
s u b t l e  but  impor tan t  s h i f t  i n  p e r s p e c t i v e  when t h e  s t r e s s  e q u a t i o n  
(eq. 4 . 2 0 ) i s  solved r a t h e r  t h a n  t h e  momentum equa t ion .  The h e u r i s-  
t i c  view of t h e  PBL developed i n  S e c t i o n  2.1 r e q u i r e s  r a p i d  veloc-  
i t y  change i n  t h e  d i r e c t i o n  of s u r f a c e  s t r e s s  ( r e a l  a x i s )  a c r o s s  
t h e  s u r f  a c e  l a y e r ,  b u t  l i t t l e  change i n  t h e  t r a n s v e r s e  ( imag inary)  
component, so  t h a t  t h e  d r i f t  a n g l e  i s  about h a l f  of 45O. The 
Ekman s o l u t i o n  f o r  v e l o c i t y  i n  t h e  s u r f a c e  l a y e r  does not  p r e d i c t  
t h i s  behav io r .  On t h e  o t h e r  hand,  s t r e s s  i s  presumed t o  change 
l i t t l e  a c r o s s  the  s u r f a c e  l a y e r ,  and s i n c e  t h e  change i n  1m(Go) i s  
s m a l l ,  we can approximate t h e  r e a l  component of nondimensional  
s t r e s s  from eq. (4 .19)  by 

A Taylor  s e r i e s  expans ion  f o r  t h e  s t r e s s  s o l u t i o n  eq. (4.21) i s  

A 

But from eq.  (4.22), t h i s  i s  a l s o  1  + lm(vo) 5. Thus, whi le  t h e  r e a l  
component of s u r f a c e  l a y e r  v e l o c i t y  i s  n o t  w e l l  d e s c r i b e d  by dep th  
independent  eddy v i s c o s i t y ,  t h e r e  a r e  i n d i c a t i o n s  t h a t  s t r e s s  is .  
This  i d e a  can be exp lo red  f u r t h e r  wi th  t h e  h e l p  of numer ica l  
models. 
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Fig .  11. The Ekman s o l u t i o n  f o r  nondimensional  t u r b u l e n t  s t r e s s  
and mean v e l o c i t y .  Numbers b e s i d e  hodographs i n d i c a t e  
nondimensional  dep th .  

4.4 Numerical PBL Models 

Numerical methods f o r  s o l v i n g  t h e  boundary l a y e r  e q u a t i o n s  
have e l u c i d a t e d  much about  t h e  s t r u c t u r e  of PBL tu rbu lence .  The 
models range i n  complexi ty  from " b r u t e  f o r c e"  three- dimensional  
i n t e g r a t i o n  of t h e  complete e q u a t i o n s  over  a  r e l a t i v e l y  f i n e  mesh, 
where t h e  on ly  p a r a m e t e r i z a t i o n  comes a t  t h e  sub-grid s c a l e  
(Deardorf  f  , l 9 7 2 ) ,  t o  s o l v i n g  t h e  mean momentum e q u a t i o n  given a n  
a n a l y t i c  e x p r e s s i o n  f o r  t h e  eddy v i s c o s i t y .  An i n t e r m e d i a t e  c l a s s ,  
r e f e r r e d  t o  a s  " second- order- closure"  models, s o l v e s  s imul taneous  
e q u a t i o n s  f o r  mean and first-moment v a r i a b l e s ,  t h e  l a t t e r  e q u a t i o n s  
u s i n g  some p a r a m e t e r i z a t i o n  f o r  terms i n v o l v i n g  second and h i g h e r  



THE UPPER OCEAN 36 1 

moments. A summary of t u r b u l e n t  c l o s u r e  schemes, w i t h  h i e r a r c h i -  
c a l  r a n k i n g ,  is given by Mel lor  and Yamada (1974) .  F i g u r e s  4 ,  5  
and 6 compare d a t a  from t h e  u n d e r i c e  OBL w i t h  models of Deardorff  
( 1972, ave rage  of t e n  r e a l i z a t i o n s  of time-dependent, t h r e e-  
dimens iona l  numerical  i n t e g r a t i o n ) ;  Wyngaard e t  a l .  (1974,  second- 
c l o s u r e ,  s imul taneous  s o l u t i o n  of 13 p a r t i a l  d i f f e r e n t i a l  equa- 
t i o n s ) ;  and Businger  and Arya (1974, s t e a d y  s t a t z ,  mean momentum 
e q u a t i o n  w i t h  p r e s c r i b e d  a n a l y t i c  K, d i s t r i b u t i o n ) .  

The Bus inger  and Arya (1974)  model, which f o r  t h e  n e u t r a l l y  
buoyant PRL produces p r o f i l e s  of mean v e l o c i t y  and t u r b u l e n t  s t r e s s  
s i m i l a r  t o  t h e  s t e a d y- s t a t e  s o l u t i o n s  of Wyngaard e t  a l .  (1974) ,  
i s  an i n s t r u c t i v e  e x t e n s i o n  of t h e  nondimensional  Ekman t h e o r y  of 
t h e  p r e v i o u s  s e c t i o n .  S t a r t i n g  from t h e  nondimensional  s t r e s s  
e q u a t i o n  (eq .  4.20), a n  e x p r e s s i o n  f o r  K, i s  p r e s c r i b e d  ( t h e  example 
h e r e  i s  f o r  t h e  n e u t r a l  c a s e  o n l y ,  a l t h o u g h  t h e i r  t r e a t m e n t  
i n c l u d e s  s t a b l e  s u r f a c e  buoyancy) 

K, i s  a n  e x p o n e n t i a l l y  a t t e n u a t e d ,  l i n e a r  f u n c t i o n  of 5,  which 
goes t o  K, = k t  f o r  5 s m a l l ;  and vs i s  t h e  t r a n s v e r s e  ( imag inary)  
component of s u r f a c e  v e l o c i t y .  Using an i n i t i a l  e s t i m a t e  f o r  vs ,  
eq . (4 .20)  i s  s o l v e d ;  t h e  c a l c u l a t e d  v a l u e  of vs i s  used t o  o b t a i n  a  
new s o l u t i o n ;  and t h e  procedure  i s  r e p e a t e d  a s  long a s  t h e  change 
i n  vs exceeds  a  g iven  t o l e r a n c e .  F i g u r e  12 from McPhee (1979) 
shows r e s u l t s  of t h i s  model adapted t o  t h e  OBL. The surfac: veloc-  
i t y  i s  found by i n t e g r a t i n g  t h e  s t r e s s ,  so lved  by s e t t i n g  T  = 1 a t  
5 =  to, where 5, = fzo/u,. The i n v e r s e  of 5, i s  c a l l e d  t h e  
" s u r f a c e- f r i c t i o n  Rossby number" and is  t h e  r a t i o  of t h e  o u t e r  
l a y e r  s c a l e ,  u, /f ,  t o  the  s u r f a c e  l a y e r  s c a l e ,  zo. The dashed 
c u r v e  i n  F i g u r e  7 ( i b i d . ) ,  which shows T, vs .  V o ,  is  t h e  l o c u s  of 
s o l u t i o n s  f o r  Vo g iven  u, i n  t h e  range shown, w i t h  zo  = 10 cm. I n  
terms of l e a s t- s q u a r e s  l o g a r i t h m i c  r e g r e s s i o n  of ro = a ~ t ,  t h e  ex- 
ponen t ,  b is  1.70 + 0.00 f o r  t h e  s o l u t i o n  p o i n t s .  To w i t h i n  ex- 
p e r i m e n t a l  u n c e r t a i n t y ,  t h i s  i s  d i r e c t  c o n f i r m a t i o n  t h a t  Rossby- 
s i m i l a r i t y  s c a l i n g  governs t h e  u n d e r i c e  ORL. 

4.5 Two Layer Theor ies  

Before  t h e  PBL e q u a t i o n s  could  be r o u t i n e l y  solved w i t h  compu- 
t e r s ,  t h e  o u t e r  and s u r f a c e  l a y e r s  were o f t e n  r e c o n c i l e d  by n o t i n g  
t h a t  s i n c e  s t r e s s  was n e a r l y  c o n s t a n t  through t h e  l o g a r i t h m i c  su r-  
f a c e  l a y e r ,  an  a n a l y t i c ,  Ekman-like s o l u t i o n  f o r  the  o u t e r  l a y e r ,  
which used s u r f a c e  s t r e s s  a s  i t  boundary c o n d i t i o n ,  could  be 
matched t o  a  u n i d i r e c t i o n a l  s u r f a c e  l a y e r  p r o f i l e  (e .g . ,  s e e  
Rossby and Montgomery, 1935).  Th i s  b a s i c  approach h a s  been used 
e x t e n s i v e l y  t o  c a l c u l a t e  ocean ic  drag on s e a  i c e ,  under a  number 
of d i f f e r e n t  assumpt ions  about t h e  two l a y e r s .  S e v e r a l  such 
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F i g .  12. Adap ta t ion  of Businger  and Arya (1974) model t o  t h e  neu- 
t r a l  OBL. K, i s  an e x p o n e n t i a l l y  a t t e n u a t e d ,  l i n e a r  
f u n c t i o n  of 5 = fz /u* .  

models (among o t h e r s ,  S h u l e i k i n ,  1938; Reed and Campbell,  1962 ; 
Rothrock,  1975) a r e  d i s c u s s e d  by McPhee (1982) and compared w i t h  
t h e  AIDJEX drag  r e l a t i o n s h i p  shown i n  F i g u r e  7. A c o n c l u s i o n  of 
t h a t  work was t h a t  on ly  those  s imple  models t h a t  somehow incorpo-  
r a t e d  R o s s b y- s i m i l a r i t y  s c a l i n g  f o r  t h e  o u t e r  and s u r f a c e  l a y e r s  
a g r e e d  w i t h  t h e  shape of t h e  s t r e s s - s u r f a c e  speed curve .  

The s i m p l e s t  two- layer approach w i t h  u* and f  s c a l i n g  i s  d i a-  
grammed i n  F i g u r e  13 from McPhee (1982).  We assume, f i r s t ,  t h a t  
nondimensional  eddy v i s c o s i t y  i n c r e a s e s  l i n e a r l y  w i t h  dep th  u n t i l  
i t  reaches  t h e  v a l u e ,  K* = k t N  (where tN is  t h e  nondimensional  
t h i c k n e s s  of t h e  s u r f a c e  l a y e r ) ,  which i t  t a k e s  f o r  a l l  g r e a t e r  
d e p t h s ;  and second,  t h a t  s t r e s s  is  c o n s t a n t  (? = 1 )  i n  t h e  l a y e r  
where K* v a r i e s .  The t o t a l  nondimensional  s u r f a c e  v e l o c i t y  i s  
t h e n ,  t h e  sum of t h e  Ekman s u r f a c e  v e l o c i t y  and t h e  l o g a r i t h m i c  
v e l o c i t y  through t h e  s u r f  a c e  l a y e r ,  i .e. : 
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Fig.  13. Simple two- layer approach i n  which s t r e s s  is c o n s t a n t  
and K* v a r i e s  l i n e a r l y  through a s u r f a c e  l a y e r  of 
t h i c k n e s s  S N .  The s u r f a c e  v e l o c i t y  i s  v e c t o r  sum of 
Ekman v e l o c i t y L  QE, and l o g a r i t h m i c  s h e a r  a c r o s s  t h e  
s u r f a c e  l a y e r ,  Vs.  

where 5 i s  a g a i n  t h e  i n v e r s e  of t h e  s u r f a c e- f r i c t i o n  Rossby 
number, Ro = u / f z o .  With a  proper  e m p i r i c a l  cho ice  of C N  and zo 
( f o r  t h e  A%DJE? d a t a ,  < N  = 0.045, zo = 23  cm), t h e  shape of t h e  To 

vs .  Vo cu rve  and t h e  boundary l a y e r  t u r n i n g  a n g l e  impl ied  by eq. 
(4.24) a r e  a lmost  i d e n t i c a l  t o  t h e  r e s u l t s  of t h e  Businger  and Arya 
model. There fo re  eq. (4.24) can be cons ide red  an a c c e p t a b l e  drag law 
f o r  s e a  i c e ,  a l though  c o n c e p t u a l l y  i t  h a s  some u n s a t i s f y i n g  
f e a t u r e s  which we s h a l l  a d d r e s s  below. 

Equa t ion  (4.24) p rov ides  a  s imple  e x p l a n a t i o n  of why t h e  drag 
law is somewhat l e s s  than  q u a d r a t i c ,  d e s p i t e  t h e  f a c t  t h a t  t h e  t u r-  
bu lence  i s  f u l l y  developed.  R e c a l l  t h a t  q u a d r a t i c  d rag  r e q u i r e s  
t h e  nondimensional  s u r f a c e  v e l o c i t y  t o  be c o n s t a n t .  For a  g iven  
s u r f a c e  roughness ,  a l l  t h e  terms on t h e  r ight- hand s i d e  of eq. 
(4.24) a r e  c o n s t a n t  e x c e p t  ( I n  u* ) / k ,  which c o n t r i b u t e s  t o  t h e  r e a l  
component. A s  U* i n c r e a s e s ,  t h e  nondimensional  r e a l  component a l s o  
i n c r e a s e s ;  v  i n c r e a s e s  s l i g h t l y  and t h e  t u r n i n g  a n g l e  d e c r e a s e s .  

0 
T h e r e f o r e ,  t o  double  t h e  s u r f a c e  speed r e q u i r e s  a  l i t t l e  l e s s  t h a n  
doub l ing  u*, and t h e  d rag  is  l e s s  t h a n  q u a d r a t i c .  This  i s  t h e  
e s s e n c e  of Rossby- s imi la r i ty  theory  f o r  g e o s t r o p h i c  d r a g ,  a l t h o u g h  
i t  is  o f t e n  p resen ted  i n  a d i f f e r e n t  way (e.g.,  Blackadar and 
Tennekes , 1968). 

4.6 S u r f a c e  Buovancv 

To t h i s  p o i n t  we have t a c i t l y  assumed t h e  OBL t o  be n e u t r a l l y  
buoyant ,  meaning t h a t  s u r f a c e  f r e e z i n g  o r  m e l t i n g  has  no e f f e c t  on 
t h e  t u r b u l e n c e .  It i s  w e l l  known, however, t h a t  buoyancy ( i . e . ,  
t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  encoun te red  by t u r b u l e n t  e d d i e s  
when t h e  f l u i d  is  no t  of uniform d e n s i t y )  p l a y s  a n  impor tan t  r o l e  
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i n  ARL dynamics ,  and we might  a n t i c i p a t e  t h e  same f o r  t h e  u n d e r i c e  
ORL, e s p e c i a l l y  w i t h  ext reme m e l t i n g  o r  f r e e z i n g .  

Again t h e r e  a r e  two r a t h e r  d i s t i n c t  v i e w p o i n t s  i n  c o n s i d e r i n g  
s u r f a c e  buoyancy e f f e c t s .  On t h e  one hand,  w h i l e  i n t r o d u c t i o n  of 
f r e s h  m e l t w a t e r  t h roughou t  t h e  summer i s  bound t o  have a  major  
impact  on OBL s a l i n i t y ,  i ts  e f f e c t  on t u r b u l e n t  d r a g  may be unim- 
p o r t a n t .  On t h e  o t h e r  hand,  i f  m e l t i n g  r a t e s  a r e  e x t r e m e ,  as t h e y  
might be n e a r  t h e  ice- margin  f r o n t ,  t h e  d r a g  c o u l d  be r educed  
c o n s i d e r a b l y .  I n  t h i s  s e c t i o n  t h e  emphas is  i s  on how s u r f a c e  
buoyancy a f f e c t s  s u r f a c e  d rag .  

So f a r  w e  have  c o n s i d e r e d  two mixing  l e n g t h  s c a l e s  f o r  t u rbu-  
l e n c e  i n  t h e  OBL: kz i n  t h e  s u r f a c e  l a y e r ,  and a  maximum mixing  
l e n g t h  which i s  some s m a l l  f r a c t i o n  of u*/f i n  t h e  o u t e r  l a y e r .  
When d e n s i t y  v a r i a t i o n s  e n t e r  t h e  problem i n  t h e  form of s a l i n i t y  
changes  a t  t h e  i n t e r f a c e  w i t h  t h e  i c e ,  a  t h i r d  l e n g t h  s c a l e ,  t h e  
Obukhov l e n g t h ,  L ,  may be used  t o  q u a n t i f y  how t h e  t u r b u l e n t  f l u x  
of d e n s i t y  v a r i a t i o n s ,  p'w' , m o d i f i e s  t h e  momentum exchange .  

The s u r f a c e  l a y e r  t u r b u l e n t  k i n e t i c  e n e r g y  (TKE) e q u a t i o n  con-  
s i s t s  of a  b a l a n c e  between s h e a r  p r o d u c t i o n  and buoyant  p r o d u c t i o n  
on one s i d e  a g a i n s t  f l u x  d i v e r g e n c e- p r e s s u r e  t r a n s p o r t  and v i s c o u s  
d i s s i p a t i o n  on t h e  o t h e r .  (Tennekes  and Lumley, 1972, Chap te r  3 ,  
p r e s e n t  a  c l e a r  d e r i v a t i o n  and d i s c u s s i o n  of t h e  TKE budge t . )  I f  
t h e  TKE e q u a t i o n  is  nond imens iona l i zed  by u*/kz ,  t h e  s h e a r  produc-  
t i o n  t e rm i s  

and t h e  buoyant  p r o d u c t i o n  t e rm is  z / L  where 

The TKE e q u a t i o n  may be w r i t t e n  

where OD r e p r e s e n t s  t h e  nond imens iona l  p r e s s u r e- t r a n s p o r t- f l u x  
d i v e r g e n c e  and $I i s  t h e  nondimensional  v i s c o u s  d i s s i p a t i o n .  

The nond imens iona l  TKE ( a c t u a l l y ,  r a t e  of ene rgy  t r a n s f e r )  
e q .  (4.27) p r o v i d e s  a  p h y s i c a l  i n t e r p r e t a t i o n  of L. I n  t h e  s u r f a c e  
l a y e r  t h e  s h e a r  p r o d u c t i o n ,  $ I m  is  of o r d e r  o n e  ( s e e  eq.  (4.9) and i n  
t h e  absence  of buoyancy, t h e  s i z e  of t h e  ene rgy- con ta in ing  e d d i e s  
i s  of o r d e r  z. I f  L  is  p o s i t i v e  ( s t a b l e )  and a l s o  of o r d e r  z ,  
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t h e n  t h e  buoyancy t e rm i s  comparable  t o  $I,, b u t  of o p p o s i t e  s i g n ,  
s o  t h a t  t h e  t o t a l  TKE p r o d u c t i o n  r a t e  i s  much reduced.  F o r  (L1 
l a r g e  compared t o  z ,  t h e  buoyancy t e rm i s  s m a l l  and s h e a r  produc-  
t i o n  domina te s .  For  L  s m a l l  and p o s i t i v e ,  t u r b u l e n c e  is q u e l l e d  
by t h e  g r a v i t a t i o n a l  f o r c e ;  f o r  L  small and n e g a t i v e  ( u n s t a b l e ) ,  
t h e  t u r b u l e n c e  d e r i v e s  most of i t s  ene rgy  from 'buoyant a c c e l e r a -  
t i o n  r a t h e r  t h a n  s h e a r .  

I n  t h e  s i m p l i f i e d  v iew of t h e  OBL deve loped  above ,  we i n f e r r e d  
from d a t a  t h a t  t h e  maximum mixing  l e n g t h  (Rm = u , k t N / f )  is some 
small f r a c t i o n  of u, / f .  It seem r e a s o n a b l e  t h a t  i f  L  i s  s e v e r a l  
t i m e s  a s  l a r g e  as R m ,  t u r b u l e n c e  th rough  t h e  e n t i r e  boundary  l a y e r  
w i l l  no t  be much a f f e c t e d  by buoyancy. T h i s  p r o v i d e s  a way of 
e s t i m a t i n g  how i m p o r t a n t  s u r f a c e  f r e e z i n g  and m e l t i n g  may be: I f  
f ( L l / u ,  >> k t N  ( a b o u t  0 .02) ,  we a r e  s a f e  i n  t r e a t i n g  t h e  OBL a s  
n e u t r a l .  L  is r e l a t e d  t o  i c e  growth r a t e ,  d ,  a s  f o l l o w s .  From 
e q .  ( 4 )  

S e a  i c e  is  t y p i c a l l y  o n l y  15-20% as s a l i n e  a s  t h e  w a t e r  from which 
i t  grows,  s o  t h a t  when f r e e z i n g  ( m e l t i n g )  o c c u r s ,  t h e r e  i s  a  f l u x  
of s a l t i e r  ( f r e s h e r )  w a t e r  a c r o s s  t h e  i n t e r f a c e .  The s u r f a c e  
s a l i n i t y  f l u x  i s  g i v e n  by 

where Sw - Sic, i s  t h e  s a l i n i t y  d i f f e r e n c e  e x p r e s s e d  i n  p e r  m i l l e .  

Un l ike  f r e s h  w a t e r ,  t h e  c o e f f i c i e n t  of t h e r m a l  expans ion  f o r  
s e a w a t e r ,  a,, i n c r e a s e s  m o n o t o n i c a l l y  from t h e  f r e e z i n g  p o i n t .  
S i n c e  a, is s m a l l  f o r  t e m p e r a t u r e s  n e a r  f r e e z i n g ,  t he rma l  expan-  
s i o n  h a s  l i t t l e  e f f e c t  on d e n s i t y  and c a n  of t e n  be n e g l e c t e d  ( s e e ,  
e .g . ,  Neumann and P i e r s o n ,  1966) ,  i n  which c a s e  

The nond imens iona l  Obukhov l e n g t h  i s  t h e n  

From changes  i n  u p p e r  ocean  s a l i n i t y  obse rved  d u r i n g  t h e  A I D J E X  
me l t  s e a s o n ,  t h e  maximum m e l t i n g  r a t e  w a s  e s t i m a t e d  t o  be a b o u t  
2.4 cm d - l ,  o r  2.8 x  10'5 cm s - l .  Under t y p i c a l  d r i f t  c o n d i t i o n s ,  
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u, was abou t  1  cm s - I ,  and w i t h  A s  = 0.0225,  as = 0.8, f  = 1.4 x  
s - l ;  from ( 2 8 ) ,  L, = 0.71. Th i s  is  c o n s i d e r a b l y  l a r g e r  t h a n  

kh  t h u s  f o r  p r a c t i c a l  pu rposes  we may n o r m a l l y  n e g l e c t  changes  
i n  d r a g  due t o  m e l t i n g ,  a t  l e a s t  w e l l  w i t h i n  t h e  l i m i t s  of t h e  
p e r e n n i a l  pack.  I n  a pack w i t h  much m u l t i y e a r  i c e ,  i t  i s  h a r d  t o  
imagine  s p a t i a l l y  a v e r a g e  f r e e z i n g  r a t e s  of much more t h a n  a  few 
cm p e r  day ,  s o  t h e  same arguments  s h o u l d  a p p l y  f o r  u n s t a b l e  
c o n d i t i o n s .  

Near t h e  i c e  m a r g i n s ,  o r  i n  a n  u n c o n s o l i d a t e d  pack ,  t h e  s i t u a -  
t i o n  may be q u i t e  d i f f e r e n t .  I n  w i n t e r ,  c o l d  winds blowing o f f  t h e  
pack c a n  expose  l a r g e  expanses  of open w a t e r  t o  r a p i d  f r e e z i n g ,  
c r e a t i n g  a  w idesp read  r e g i o n  of u n s t a b l e  boundary f l u x  i n  t h e  
o c e a n  a s  w e l l  a s  t h e  a tmosphere .  O f t e n  a  s h a r p  f r o n t  i n  mixed- 
l a y e r  t e m p e r a t u r e  e x i s t s  n e a r  t h e  i c e  marg in ;  i f  f l o e s  a r e  blown 
i n t o  t h e  warmer w a t e r ,  t hey  w i l l  me l t  much more r a p i d l y  t h a n  t h e  
pack of t h e  c e n t r a l  A r c t i c ,  and may have  a  q u i t e  s i g n i f i c a n t  
e f f e c t  on o c e a n i c  d r a g  (McPhee, 1982) .  

4.7 A Two-Layer System S t a b i l i z e d  by S u r f a c e  Buoyancy 

In  a  r e c e n t  p a p e r  (McPhee, 1981) we developed a n a l y t i c  exp res-  
s i o n s ,  based  on t h e  mixing l e n g t h  arguments  s e t  f o r t h  above,  f o r  
s t r e s s  and mean v e l o c i t y  i n  t h e  s t e a d y  PBL s t a b i l i z e d  by s u r f a c e  
buoyancy. The t h e o r y ,  which borrows from s c a l i n g  c o n c e p t s  deve l-  
oped by Z i l i t i n k e v i c h  (1975)  and from h e u r i s t i c  a rguments  of 
Bus inger  and Arya ( 1 9 7 4 ) ,  is  h e r e  b r i e f l y  o u t l i n e d ;  more comple t e  
d e t a i l s  may be found i n  t h e  pape r .  

From t h e  two- layer p r e m i s e ,  we make t h e  f o l l o w i n g  a s s u m p t i o n s :  

1. S c a l e s  formed from t h e  p a r a m e t e r s  u*, f ,  and L e x i s t  
t h a t ,  when used  t o  n o n d i m e n s i o n a l i z e  t h e  mean v e l o c i t y  and t u r b u-  
l e n t  s t r e s s  s t r u c t u r e  i n  t h e  o u t e r  l a y e r  of any f l o w ,  r e s u l t  i n  -- 
I I  u n i v e r s a l ' '  p r o f i l e s  of t h o s e  q u a n t i t i e s .  T h i s  i m p l i e s  immediate-  
l y  t h a t  t h e r e  i s  o n l y  one nondimensional  eddy v i s c o s i t y  gove rn ing  
t u r b u l e n c e  i n  t h e  o u t e r  l a y e r ,  a t  l e a s t  f o r  t h e  r a t h e r  r e s t r i c t e d  
c l a s s  of boundary l a y e r s  be ing  c o n s i d e r e d  ( i  e . ,  s t e a d y- s t a t e ,  
s t a b i l i z i n g  buoyancy f l u x ) .  

2. T u r b u l e n t  s t r e s s  is  no t  a f f e c t e d  by changes  of eddy 
v i s c o s i t y  i n  t h e  s u r f a c e  l a y e r .  T h i s  i s  not  r e a l l y  a  ve ry  s e v e r e  
r e s t r i c t i o n :  I n  most s u r f a c e  l a y e r  s t u d i e s  s t r e s s  i s  assumed 
c o n s t a n t  t h rough  t h e  s u r f a c e  l a y e r  -- h e r e  we r e q u i r e  o n l y  t h a t  
i t s  v a r i a t i o n  a c r o s s  t h e  l a y e r  i s  not  s e n s i t i v e  t o  t h e  magni tude  
of t h e  eddy v i s c o s i t y ,  which i s  g i v e n  t h e  u n i v e r s a l  v a l u e  of t h e  
o u t e r  l a y e r .  

3 .  F i n a l l y ,  we assume t h a t  t h e  maximum mixing l e n g t h  v a r i e s  
between two l i m i t s :  I n  t h e  n e u t r a l  c a s e  i t  i s  Rm = kSNu,/f a s  
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b e f o r e ;  and under  h i g h l y  s t a b l e  c o n d i t i o n s  i t  i s  p r o p o r t i o n a l  t o  
L. The p r o p o r t i o n a l i t y  c o n s t a n t  is  t h e  c r i t i c a l  f l u x  Richardson 
number, Rc, fo l lowing  t h e  reason ing  of Z i l i  t inkev ich  ( 1975).  The 
s i m p l e s t  e x p r e s s i o n  i n c l u d i n g  t h e s e  two l i m i t s  is 

Let u* = u*/fL ( t h e  r a t i o  of t h e  n e u t r a l  PRL s c a l e  t o  t h e  Obukhov 
l e n g t h ) .  S u b s t i t u t i o n  of eq. (4.29) i n t o  t h e  e x p r e s s i o n  f o r  K, 
(which i s  a l s o  e q u a l  t o  k t N )  y i e l d s  t h e  fo l lowing  nondimensional  
pa ramete r s  : 

A  A  A  

Depth: 5 = fz/u,q, V e l o c i t y  : u  = rl,V/u* 

A A A  

S t r e s s :  T  = ~ / u , u ,  Eddy v i s c o s i t y :  K, = f ~ / u $ l $  (4.30) 

where '1, = (1  + 5 N l i , / ~ c ) - 1 / 2 .  '1, i s  a  s t a b i l i t y  parameter  l e s s  
than  o r  e q u a l  t o  one ( t h e  n e u t r a l  l i m i t  i s  one) .  

The v e l o c i t y  s t r u c t u r e  w i t h i n  t h e  s u r f  a c e  l aye  r is  governed 
by a  nondimensional  eddy v i s c o s i t y  which d e r i v e s  from t h e  log-  
l i n e a r  p r o f i l e  observed i n  t h e  atmosphere:  

where 

I n  t h e  s u r f a c e  l a y e r  ( ( 5  ( < SN)  v e l o c i t y  i s  ob ta ined  by i n t e g r a-  
t i o n  of stress d iv ided  by K,, r e s u l t i n g  i n  t h e  fo l lowing  e q u a t i o n s  
f o r  s t r e s s  and v e l o c i t y  i n  t h e  e n t i r e  PBL. 

where a  = '1,(l/tN + u , / ~ L R , ) ( ~  - q , ) .  The " geos t roph ic  d r a g  law" 
( i . e . ,  t h e  nondimensional  s u r f a c e  v e l o c i t y )  is 
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(4 .29)  
The a v e r a g e  i c e  d r i f t  and s t ress  d u r i n g  t h e  summer p a r t  of t h e  
AIDJEX Main Exper iment  were used  t o  d e t e r m i n e  t h e  one f r e e  con- 
s t a n t  i n  t h e  t h e o r y ,  SN = 0.052. F i g u r e  14 shows t h e  s i m i l a r i t y  
model f o r  s t r e s s  and v e l o c i t y  i n  t h e  o u t e r  l a y e r  compared w i t h  t h e  
n e u t r a l  (p, = 0 )  r e s u l t s  of Bus inge r  a n d  Arya (1974) .  Note t h e  
c l o s e  c o r r e s p o n d e n c e  i n  s t r e s s ,  even  w i t h  c o n s t a n t  K*. Note a l s o  
t h a t  s t r e s s  v a r i e s  a p p r e c i a b l y  t h r o u g h  t h e  s u r f a c e  l a y e r ;  one 
f e a t u r e  t h a t  s e p a r a t e s  t h i s  app roach  from most p r e v i o u s  two l a y e r  
f o r m u l a t i o n s .  

From t h e  s i m i l a r i t y  p e r s p e c t i v e  p rov ided  by t h e  s c a l e s  of eq.  
(4.30), g i v e n  a  f i x e d  s u r f a c e  roughness ,  z o ,  t h e  e f f e c t  of i n c r e a s -  
i n g  s t a b i l i t y  i s  ana logous  t o  i n c r e a s i n g  roughness  i n  t h e  Rossby- 
s i m i l a r i t y  t r e a t m e n t  of t h e  n e u t r a l  PBL, i . e . ,  t h e  nond imens iona l  
s u r f a c e  speed  d e c r e a s e s  and t h e  t u r n i n g  a n g l e  i n c r e a s e s .  The 
e f f e c t  is  demons t r a t ed  by F i g u r e  15 and t h e  e x p l a n a t i o n  i s  
s t r a i g h t f o r w a r d :  The s u r f a c e  roughness ,  which i s  independen t  of 
t u r b u l e n c e ,  becomes r e l a t i v e l y  l a r g e r  a s  t h e  p h y s i c a l  s i z e  of 
t u r b u l e n t  e d d i e s  i s  i n h i b i t e d  by i n c r e a s i n g  buoyancy. The a c t u a l  
s u r f a c e  s p e e d ,  of c o u r s e ,  i n c r e a s e s  w i t h  more r a p i d  m e l t i n g  be- 
c a u s e  of reduced f r i c t i o n ,  a s  shown i n  F i g u r e  16 ,  which a l s o  demon- 
s t r a t e s  t h e  r e d u c t i o n  of PBL dep th .  The r o l e  of t h e  s t a b i l i t y  
p a r a m e t e r ,  ri*, becomes a p p a r e n t  when F i g u r e  16 i s  compared w i t h  
F i g u r e  15. 

For u,= 1  cm s-l ,  p *  = 25 r e p r e s e n t s  a  m e l t i n g  r a t e  of 
r o u g h l y  50 cm pe r  day ,  which would be c o n s i d e r e d  ext reme f o r  t h e  

F i g .  14. Comparison of p r o f i l e s  from a n a l y t i c  s i m i l a r i t y  t h e o r y  
of McPhee (1981a)  ( s o l i d  c u r v e s )  w i t h  n e u t r a l  r e s u l t s  of 
n u m e r i c a l  model of Bus inge r  and Arya (1974) .  The pro-  
f i l e s  co r re spond  c l o s e l y  even though t h e  a n a l y t i c  t h e o r y  
u s e s  c o n s t a n t  K* n e a r  t h e  s u r f a c e  t o  c a l c u l a t e  s t r e s s .  
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S u r f a c e  St ress  D i r e c t i o n  

Fig .  15. S i m i l a r i t y  v e l o c i t y  s o l u t i o n s  f o r  t h r e e  va lues  of *. 
Other e x t e r n a l  parameters  a r e  u* = 1  cm s-l, zo = 5  cm, 
f = 1.4 x  10'~. 

i n t e r i o r  p e r e n n i a l  pack, b u t  which may o c c a s i o n a l l y  be encountered 
nea r  t h e  i c e  margin ,  based on o b s e r v a t i o n s  i n  t h e  Ber ing Sea (C. 
P e a s e ,  p e r s o n a l  communication). 

There  a r e  few q u a n t i t a t i v e  d a t a  comparing i c e  d r i f t  w i t h  
s t r e s s  under r a p i d  m e l t i n g  c o n d i t i o n s  a g a i n s t  which t o  t e s t  t h e  
t h e o r y ;  however, t h e  ana log  w i t h  t h e  ABL can be e x p l o i t e d  t o  s e e  i f  
t h e  b a s i c  approach p rov ides  reasonab le  p r e d i c t i o n s  of g e o s t r o p h i c  
d rag .  I n  t h e  ABL g e o s t r o p h i c  drag is  of t e n  expressed i n  terms of 
t h e  Rossby- s imi la r i  t y  pa ramete r s  A and  B,  t hus  removing e x p l i c i t  
dependence on zo ( s e e ,  e .g. ,  Clarke  and Hess, 1 9 7 4 ) .  I n  terms of 
t h e  complex r e p r e s e n t a t i o n  of s u r f a c e  v e l o c i t y ,  A and B a r e  
d e f i n e d  by 
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Fig.  16. Dimensional v e l o c i t y  components corresponding F ig .  15 
where r e a l  a x i s  i s  a l i g n e d  wi th  u,. 

F igure  17 shows A and B p l o t t e d  a s  f u n c t i o n s  of 1-1, = u,/fL ( t h e  
i n v e r s e  of t h e  d imens ion less  Obukhov l e n g t h )  compared wi th  d a t a  of 
Cla rke  and Hess (1974) ,  and w i t h  v a l u e s  from t h e  models of Businger  
and Arya (1974) ,  and Wyngaard (1975).  The parameter curves  a r e  
a n a l y t i c  f u n c t i o n s ;  they depend only  on p,, R, ( t h e  c r i t i c a l  f l u x  
Richardson number) and E N ,  which was determined from i c e  d r i f t  
s t a t i s t i c s .  

4.8 The Time-Dependent OBL: I n e r t i a l  O s c i l l a t i o n s  

Theor ies  of PBL momentum t r a n s f e r  cons idered  s o  f a r  have 
assumed t h a t  t h e  i n e r t i a  of t h e  i c e  and upper  ocean can be ignored 
i n  t h e  f o r c e  ba lance .  I n  S e c t i o n  2.2 i t  was shown, however, t h a t  
d r i f t  r e c o r d s  o f t e n  c o n t a i n  s i z a b l e  waves a t  t h e  i n e r t i a l  pe r iod  
which might conce ivab ly  change t h e  t u r b u l e n t  s t r u c t u r e  of t h e  
boundary l a y e r .  
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F i g .  17. The Rossby- s imi la r i ty  pa ramete r s  A and B a s  f u n c t i o n s  of 
u,. S o l i d  curves  a r e  from a n a l y t i c  t h e o r y  of McPhee 
(1981a) ;  d a t a  p o i n t s  w i t h  e r r o r  b a r s  a r e  from Cla rke  ahd 
Hess (1974) ;  open c i r c l e s  and s q u a r e s  a r e  r e s p e c t i v e l y  
from numerical  models of Businger  and Arya (1974) and 
Wyngaard (1975).  

The time-dependent n a t u r e  of the  PBL momentum e q u a t i o n  was 
a d d r e s s e d  by Ekman (1905, wi th  c r e d i t  t o  Fredholm),  who p resen ted  
a  t ime va ry ing  s o l u t i o n  f o r  c u r r e n t s  a t  v a r i o u s  l e v e l s  assuming 
c o n s t a n t  eddy v i s c o s i t y .  Kheis in  and Ivchenko ( 1975) extended t h e  
Ekman a n a l y s i s  t o  a n  ice- covered OBL. 

Most s i m u l a t i o n s  of observed i n e r t i a l  c u r r e n t s  i n  t h e  ocean  
have used a  s i m p l e r  approach ( o u t l i n e d  i n  S e c t i o n  2.1, s e e  F i g u r e  
3 )  where mixed l a y e r  c u r r e n t s  a r e  r e l a t e d  d i r e c t l y  t o  t r a n s p o r t  
i n t e g r a l ,  M. I n  most momentum i n t e g r a l  schemes, v e l o c i t y  i s  con- 
s i d e r e d  uniform throughout  t h e  mixed l a y e r ,  t h u s  they  a r e  c a l l e d  
" slab"  models (e .g . ,  P o l l a r d  and M i l l a r d ,  1970).  I n  s p i t e  of 
t h e i r  u n r e a l i s t i c  s p e c i f i c a t i o n  of i n f i n i t e  s h e a r  a t  t h e  base of 
t h e  mixed l a y e r ,  they  sometimes p rov ide  q u i t e  b e l i e v a b l e  simula-  
t i o n s  of mixed l a y e r  c u r r e n t s .  I n  a n  e a r l y  a n a l y s i s  of AIDJEX 
c u r r e n t  me te r  d a t a ,  we used t h e  same b a s i c  concept  t o  s i m u l a t e  
c u r r e n t s  measured r e l a t i v e  t o  t h e  i c e ,  a l though  t h e  mixed l a y e r  
was not  t r e a t e d  a s  a  s l a b  (McPhee, 1978).  

I n  a  l a t e r  paper  (McPhee, 1980a) a  d i f f e r e n t  t e c h n i q u e  was 
used t o  model observed s u r f a c e  v e l o c i t y  and upper  ocean cur  r e n t s  : 
The time-dependent p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  f o r  s t r e s s  were 
so lved  numer ica l ly  a c r o s s  a  v e r t i c a l  g r i d  u s i n g  an eddy v i s c o s i t y  
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g i v e n  by eq.(4.23), w i t h  Ivsl e q u a l  t o  6. The dimensional  eddy 
v i s c o s i t y  i n  t h e  mixed l a y e r  t h u s  depends on u* and f  a s  w e l l  a s  

*depth ,  and i s  assumed t o  a d j u s t  i n s t a n t l y  t o  changing s u r f a c e  
c o n d i t i o n s .  

Exper imenta t ion  w i t h  t h e  model showed t h a t  whi le  t h e  s t a t i o n -  
a r y  p a r t  of t h e  s o l u t i o n  was not  very s e n s i t i v e  t o  d e t a i l s  n e a r  
t h e  base  of t h e  mixed l a y e r ,  t h e  i n e r t i a l  component was; i n  f a c t ,  
n e a r l y  a l l  of t h e  i n e r t i a l  s h e a r  took p l a c e  i n  t h e  upper p a r t  of 
t h e  pycnoc l ine  even though s t r e s s  l e v e l s  t h e r e  were smal l .  For 
t h i s  r e a s o n ,  t h e  o r i g i n a l  model ( i . . ,  s i m i l a r  t o  Businger and 
Arya, bu t  w i t h  t ime dependence added) was modif ied  t o  i n c l u d e  a  
more r e a l i s t i c  pycnoc l ine  t r e a t m e n t .  

I n  the  s t r a t i f i e d  f l u i d  j u s t  below t h e  mixed l a y e r ,  t h e  eddy 
v i s c o s i t y  i s  p r o p o r t i o n a l  t o  t h e  product  of a  l o c a l  f r i c t i o n  
v e l o c i t y  and t h e  l o c a l  Obukhov l e n g t h :  

where t h e  s u b s c r i p t ,  p, r e f e r s  t o  t h e  pycnoc l ine  near  t h e  mixed 
l a y e r  i n t e r f a c e .  By Reynolds ana logy ,  we assume t h a t  t h e  d e n s i t y  
f l u x  i s  p r o p o r t i o n a l  t o  t h e  eddy v i s c o s i t y  t imes t h e  mean d e n s i t y  
g r a d i e n t ,  a r r i v i n g  a t  

where N i s  t h e  buoyancy (Brun t -Va i sa l l a )  f r equency  de f ined  by 

and c  
p  C. i s  a  p r o p o r t i o n a l i t y  c o n s t a n t  t h a t  may depend on the  

s t r a t i Y y l n g  agen t  ( s a l t  i n  t h e  a r c t i c  pycnoc l ine ,  h e a t  i n  many 
t empera te  p y c n o c l i n e s ) .  

F i g u r e  18 from McPhee (1980a)  compares i n  t h e  zona l  component 
of observed and s imula ted  s u r f a c e  v e l o c i t y  a t  t h r e e  AIDJEX camps 
f o r  t h e  1 2  day pe r iod  shown i n  F i g u r e  8, u s i n g  cpyc = 0.20 w i t h  a  
t i m e s t e p  of 15  minu tes ,  and a  c o n s t a n t  mixed l a y e r  depth  of 25  m. 
F i g u r e  19 shows one component of v e l o c i t y  a s  s imula ted  a t  t h r e e  
l e v e l s  i n  t h e  mixed l a y e r  and a t  one 5 m below t h e  mixed l a y e r ,  
a long  w i t h  the  average c u r r e n t .  The i n e r t i a l  p a r t  of t h e  v e l o c i t y  
s i g n a l ,  which o b v i o u s l y  dominates t h e  low frequency p a r t  a t  mid- 
d e p t h s  i n  t h e  mixed l a y e r ,  i s  f a i r l y  uniform throughout  t h e  l a y e r .  
Most of t h e  i n e r t i a l  s h e a r  occurs  n e a r  t h e  top  of t h e  pycnoc l ine ,  
which h e l p s  e x p l a i n  t h e  a p p a r e n t  s u c c e s s  of s l a b  models. This  sug- 
g e s t s  t h a t  t h e  i n e r t i a l  and low frequency mot ions  might be modeled 
i n d e p e n d e n t l y ,  then  combined t o  o b t a i n  t h e  t o t a l  v e l o c i t y .  
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Day of 1975 

Fig .  18. Zonal component of su r f  a c e  v e l o c i t y  i n c l u d i n g  i n e r t  i a l  
o s c i l l a t i o n  a s  observed a t  t h r e e  AIDJEX s t a t i o n s  ( s o l i d  
c u r v e s )  and a s  s imula ted  w i t h  model of McPhee ( l98Oa). 

The r o l e  of i n e r t i a l  motion i n  t h e  fo rmat ion  and a b l a t i o n  of 
pack i c e  i s  not w e l l  unders tood,  bu t  could  be impor tan t .  During 
t h e  year-long AIDJEX d r i f t ,  t h e  i n e r t i a l  component of i c e  v e l o c i t y  
was l a r g e  r e l a t i v e  t o  mean d r i f t  on ly  dur ing  a  melt  season  t h a t  
l a s t e d  about  60 days. There a r e  probably two reasons  f o r  t h i s :  
f i r s t ,  t h e  mixed l a y e r  s h o a l s  because of t h e  i n t r o d u c t i o n  of f r e s h  
mel twa te r ,  t r a p p i n g  t h e  i n e r t i a  over a  s m a l l e r  v e r t i c a l  d i s t a n c e ;  
and,  second,  t h e  i c e  pack i s  l e s s  capab le  of s u p p o r t i n g  i n t e r n a l  
s t r e s s  g r a d i e n t s  t h a t  would o therwise  a r r e s t  t h e  s h o r t  p e r i o d  
e x c u r s i o n s .  I f  t h e  ampl i tude of i n e r t i a l  motion depended on ly  on 
mixed l a y e r  dep th ,  t h e r e  would s t i l l  be o s c i l l a t i o n s  i n  w i n t e r  
about  h a l f  a s  l a r g e  a s  i n  summer; a l s o ,  t h e  t r a n s i t i o n  from summer 
t o  w i n t e r  c o n d i t i o n s  would be f a i r l y  g radua l .  I n s t e a d ,  t h e  AIDJEX 
d a t a  showed t h e  t r a n s i t i o n  t o  be abrup t  ( i t  coincided w i t h  t h e  
breakup of t h e  main s t a t i o n ,  Big Bear)  and i n e r t i a l  ampl i tudes  i n  
w i n t e r  t o  be q u i t e  smal l .  One can t h u s  assume t h a t  i n t e r n a l  i c e  
s t r e s s  i s  mainly r e s p o n s i b l e  f o r  q u e l l i n g  i n e r t i a l  waves. Th is  
being t h e  c a s e ,  i c e  product i o n  could be s i g n i f i c a n t l y  i n c r e a s e d  
dur ing  t h e  f reezeup  per iod  by a  mechanical  pumping e f f e c t  a s s o c i -  
a t e d  w i t h  t h e  i n e r t i a l  motion. I c e  p roduc t ion  would be enhanced by 
d ivergences  t h a t  expose a r e a s  of open w a t e r ,  caus ing  more rap id  
c o o l i n g  by s e n s i b l e ,  l a t e n t ,  and r a d i a n t  h e a t  t r a n s p o r t s .  
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Fig.  19. Simulated v e l o c i t y  a t  t h r e e  l e v e l s  i n  mixed l a y e r  and - 
one below, a long  wi th  average  v e l o c i t y  i n  t h e  mixed 
l a y e r .  I n  the  model, t h e r e  i s  l i t t l e  s h e a r  i n  t h e  
i n e r t i a l  p a r t  of t h e  v e l o c i t y  s i g n a l  w i t h i n  t h e  mixed 
l a y e r  . 

Nansen, w r i t i n g  i n  h i s  d i a r y  of t h e  d r i f t  of Fram i n  Oc tober ,  
1893, d e s c r i b e d  d ramat ic  i c e  p r e s s u r e s  t h a t  occur red  twice d a i l y ,  
i n  between which t h e  Fram l a y  i n  open w a t e r  ( s e e ,  e .g . ,  e x c e r p t s  
i n  Manley and Lewis,  1968). Nansen thought  t h e  p e r i o d i c  p r e s s u r e s  
t o  be caused by t i d e s ,  b u t  i n  r e t r o s p e c t  they  seem more l i k e l y  t o  
have been t h e  r e s u l t  of i n e r t i a l  e f f e c t s  a s  t h e  i c e  t i g h t e n e d  i n t o  
i t s  w i n t e r  regime. Note t h a t  i n  summer, t h e  Fram probab ly  d id  
d r i f t  i n  i n e r t i a l  l o o p s ,  but  t h i s  would have been d i f f i c u l t  t o  
d e t e c t  wi thou t  s o p h i s t i c a t e d  n a v i g a t i o n  g e a r  o r  con t inuous  c u r r e n t  
measurements below t h e  mixed l a y e r .  
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I n  e a r l y  summer, i n e r t i a l  waves might have t h e  o p p o s i t e  
e f f e c t  by p e r i o d i c a l l y  i n c r e a s i n g  t h e  amount of opening,  which 
would decrease  t h e  mean a lbedo.  I n  e i t h e r  c a s e ,  t h e  a b i l i t y  of 
t h e  wind systems t o  induce i n e r t i a l  o s c i l l a t i o n s  (e.g., s h a r p  
f r o n t s  r a t h e r  t h a n  s t e a d y  zonal  f low) a t  t h e  time of breakup o r  
f r e e z e u p  might have a  decided impact on t h e  subsequent i c e  
c h a r a c t e r i s t i c s .  

5.  DENSITY STRUCTURE OF THE UPPER OCEAN 

Heat exchange a c r o s s  t h e  a i r - i c e - s e a  boundary i s  c e n t r a l  t o  
unders tand ing  how s e a  i c e  a f f e c t s  c l i m a t e ,  and t h e  means by which 
h e a t  t r a n s f e r  occurs  is  i n e x t r i c a b l y  t i e d  t o  t h e  t u r b u l e n t  s t r u c -  
t u r e  of t h e  upper  ocean. The problem, of c o u r s e ,  i s  not conf ined  
t o  h igh  l a t i t u d e s :  The s e a s o n a l  e v o l u t i o n  of t h e  upper ocean i s  
one of t h e  foremost  problems i n  p h y s i c a l  oceanography, because ,  
among o t h e r  r e a s o n s ,  t h e  upper ocean is  a  tremendously l a r g e  h e a t  
r e s e r v o i r .  

The p o l a r  r eg ions  d i f f e r  from most of the  world ocean i n  t h a t  
h e a t  exchange i s  mostly l a t e n t .  I f  one t h i n k s  i n  terms of a one- 
d imens iona l  system i n  which a l l  t h e  h e a t  s t o r e d  dur ing  summer i s  
r e l e a s e d  t h e  f o l l o w i n g  w i n t e r  wi th  no n e t  ga in  o r  l o s s ,  then f o r  
most of the  p e r e n n i a l  i c e  pack, t h e  "mixed l ayer"  problem i s  
e s s e n t i a l l y  the  i c e  t h i c k n e s s  d i s t r i b u t i o n  problem, because t h e  
upper  ocean remains near  i t s  f r e e z i n g  p o i n t  and s t o r e s  l i t t l e  
s e n s i b l e  h e a t  compared wi th  t h e  energy t h a t  i s  absorbed by mel t ing  
and r e l e a s e d  by f r e e z i n g .  I n  o t h e r  words, i f  s e a  i c e  growth and 
decay over  t h e  s e a s o n a l  c y c l e  is w e l l  unders tood,  a  mixed l a y e r  
model w i l l  add on ly  minor c o r r e c t i o n s  t o  t h e  t o t a l  h e a t  budget. 
I n  t h i s  i d e a l i z e d  view, t h e  most impor tan t  a s p e c t  of t h e  ORL would 
be how t h e  mechanical  f o r c e s  i t  e x e r t s  a f f e c t  i c e  growth. 

I n  r e a l i t y ,  our knowledge of t h e  annual  i c e  c y c l e  cannot be 
comprehensive wi thout  knowledge of t h e  upper ocean: e .g . ,  t h e  
t empera tu re  a t  which i c e  forms depends on mixed l a y e r  s a l i n i t y .  
Fur thermore,  when low i c e  c o n c e n t r a t i o n s  occur  i n  t h e  marg ina l  i c e  
zone (which i n c l u d e s  much of t h e  Southern Ocean abou t  A n t a r c t i c a ) ,  
t h e  upper ocean does s t o r e  c o n s i d e r a b l e  h e a t ,  t h u s  t h e r e  a r e  com- 
p e l l i n g  reasons  f o r  s t u d y i n g  i t s  tempera tu re  and s a l i n i t y  
s t r u c t u r e .  

I n  t h i s  s e c t i o n  we s h a l l  b r i e f l y  review some d i f f e r e n t  
approaches  t o  upper ocean modeling used i n  t h e  open ocean ,  d i s c u s s  
s u r f a c e  buoyancy and momentum f l u x ,  and o u t l i n e  t h e  development of 
a  model f o r  p r e d i c t i n g  changes i n  upper ocean d e n s i t y  d u r i n g  t h e  
mel t  season  us ing  concep t s  in t roduced  i n  the  p rev ious  s e c t  ion.  
F i n a l l y ,  we s h a l l  po in t  out  t h a t  one of t h e  r e a l l y  i n t e r e s t i n g  
problems r e g a r d i n g  ocean ic  h e a t  -- namely, t h e  f a t e  of h e a t  advect-  
ed i n t o  t h e  A r c t i c  Basin from t h e  North A t l a n t i c  -- is  no t  amenable 
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t o  s imple  one-dimensional modeling, but  appears  i n s t e a d  t o  be an  
a d v e c t i v e  phenomenon i n v o l v i n g  complex exchanges i n  t h e  l a r g e  
marg ina l  s e a s  of t h e  A r c t i c .  

5.1 Upper Ocean Models 

Aside from i n t e g r a t i o n  of t h e  three-dimensional ,  p r i m i t i v e  
f low e q u a t i o n s  ( D e a r d o r f f ,  1972),  t h e r e  a r e  e s s e n t i a l l y  two c l a s s e s  
of models f o r  s i m u l a t i n g  changes i n  s a l i n i t y  and t empera tu re  n e a r  
t h e  s u r f a c e .  I n  one,  t h e  d i f f e r e n t i a l  form of t h e  h o r i z o n t a l l y  
homogeneous PBL e q u a t i o n s  (eqs .  4.1-4.3) i s  used,  w i t h  some means 
of c l o s i n g  t h e  equa t ions  i n  terms of known q u a n t i t i e s .  P r o f i l e s  
of v e l o c i t y  and d e n s i t y  a r e  c a l c u l a t e d  a t  each t ime s t e p .  Within 
t h i s  c a t e g o r y ,  t h e r e  a r e  numerous c l o s u r e  t echn iques  i n c l u d i n g  
s p e c i f i c a t i o n  of a  mixing l e n g t h  dependent on s t r a t i f i c a t i o n  
(e.g. ,  Mel lor  and Durbin ,  1975) ; and "second-order" c l o s u r e  models 
i n  which e x p l i c i t  e q u a t i o n s  f o r  t h e  second-moment q u a n t i t i e s  
(e.g. ,  w'T') a r e  solved a long  wi th  t h e  mean q u a n t i t y  e q u a t i o n s  
(e .g . ,  Wyngaard, 1975).  Such models have been used t o  s u c c e s s f u l -  
l y  s i m u l a t e  some ocean ic  c o n d i t i o n s  and provide v a l u a b l e  r e s e a r c h  
t o o l s ,  b u t  tend t o  be r a t h e r  complex and t ime consuming f o r  u s e ,  
s a y ,  i n  c l i m a t e  s i m u l a t i o n .  

I n  t h e  second c l a s s  of upper  ocean model, p r o p e r t i e s  a r e  as- 
sumed t o  be uniform throughout  t h e  mixed l a y e r  and i n t e g r a t e d  forms 
of eqs. (4.1-4.3) a r e  used t o  p r e d i c t  i t s  c h a r a c t e r i s t i c s .  I n  
t h e s e  models t h e  mixed l a y e r  dep th  ( o r  i t s  t ime d e r i v a t i v e ,  u s u a l -  
l y  c a l l e d  en t ra inment  v e l o c i t y )  becomes a  c a l c u l a t e d  v a r i a b l e .  
With many v a r i a t i o n s ,  mixed l a y e r  models can be broken i n t o  two 
s u b c l a s s e s .  I n  one, exempl i f i ed  by Kraus and Turner  (1967) ,  t h e  
change i n  mixed l a y e r  depth  i s  c a l c u l a t e d  from an  energy ba lance  
i n  which p o t e n t i a l  energy changes a s s o c i a t e d  w i t h  s u r f  a c e  buoyancy 
and en t ra inment  of denser  water  from below is equa l  t o  t h e  s u r f a c e  
energy inpu t  p l u s  t h e  r a t e  of working by s u r f a c e  s t r e s s  less t h e  
i n t e g r a t e d  t u r b u l e n t  d i s s i p a t i o n .  Consider a  s p e c i a l  c a s e  of a  
mixed l a y e r  w i t h  no s u r f a c e  buoyancy and c o n s t a n t  s u r f a c e  wind 
s t r e s s .  The r a t e  of working a t  t h e  s u r f a c e  is  p r o p o r t i o n a l  t o  t h e  
cube of t h e  s u r f a c e  wind (assuming no i c e ) ,  and a l though  most of 
t h e  energy  d e r i v e d  from t h e  wind is d i s s i p a t e d  a s  t u r b u l e n c e ,  what 
i s  not goes i n t o  e n t r a i n i n g  denser  w a t e r  upward, i n c r e a s i n g  t h e  
p o t e n t i a l  energy of t h e  wa te r  column and thus  conserv ing  energy.  
E a r l i e r  v e r s i o n s  s e t  a s i d e  a  f i x e d  p r o p o r t i o n  of t h e  s u r f a c e  work 
f o r  e n t r a i n m e n t ,  t h u s  a  deep mixed l a y e r  would have a s  much energy 
a v a i l a b l e  f o r  entra inment  a s  a  sha l low one,  which is  probably  un- 
r e a l i s t i c .  P. Lemke ( p e r s o n a l  communication) h a s  a p p l i e d  an  energy 
ba lance  approach ( w i t h  a  l i n e a r  f a 1  lo f  f of a v a i l a b l e  entra inment  
energy from t h e  s u r f a c e  t o  50 m) t o  t h e  a r c t i c  mixed l a y e r  w i t h  
r e a s o n a b l e  r e s u l t s  f o r  t h e  s e a s o n a l  v a r i a t i o n  of mixed l a y e r  
s a l i n i t y  and depth.  
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The o t h e r  s u b c l a s s  of mixed l a y e r  models p l a c e s  emphasis on 
t h e  i n t e g r a t e d  mean momentum equa t ion  r a t h e r  than t h e  energy equa- 
t i o n .  I n  t h e  p r o t o t y p i c  model of P o l l a r d ,  Rhines,  and Thompson 
( l 9 7 3 ) ,  i n t e g r a t i n g  t h e  momentum through t h e  mixed l a y e r  l eaves  a  
s t r e s s  a t  t h e  base which i s  equated t o  t h e  impulse needed t o  boost  
t h e  momentum of t h e  e n t r a i n e d  f l u i d  t o  t h e  value  of t h e  mixed 
l a y e r  s l a b ,  i . e . ,  

where u  is  t h e  average v e l o c i t y  of t h e  s l a b  and h  i s  i t s  t h i c k -  
ness .  Closure  is  accomplished by s e t t i n g  a  bu lk  Richardson number 
( i  .e . ,  g  t imes  t h e  r a t i o  of t h e  bu lk  d e n s i t y  g r a d i e n t  t o  t h e  veloc-  
i t y  s h e a r  s q u a r e d )  t o  u n i t y .  One obvious problem with  t h e  P o l l a r d  
e t  a l . ,  approach i s  t h a t  i n  t h e  s t e a d y  wind, no-buoyancy-flux 
c a s e ,  t h e  l a y e r  deepens only  d u r i n g  t h e  f i r s t  h a l f  - i n e r t i a l  
pe r iod .  A more fundamental  c r i t i c i s m  i s  t h a t  mean momentum i s  not  
uniformly d i s t r i b u t e d  through t h e  l a y e r ,  p a r t i c u l a r l y  when i t  i s  
deep,  which c a s t s  doubt on many of t h e  assumptions regard ing  t h e  
c r i t i c a l  Richardson number and t h e  en t ra inment  mechanism. N i i l e r  
(1975) h a s  a t tempted t o  r a t i o n a l i z e  t h e  two d i f f e r e n t  mixed l a y e r  
approaches  i n  a  combined model, but  t h e  conundrums posed by 
i g n o r i n g  mean q u a n t i t y  g r a d i e n t s  w i t h i n  t h e  bulk  of t h e  l a y e r  make 
h i s  p h y s i c a l  arguments f o r  energy p a r t i t i o n  obscure ,  and i n  some 
ways c o n t r a d i c t o r y  t o  much r e c e n t  ABL theory .  

A comprehensive review of upper ocean modeling is found i n  t h e  
p roceed ings  of t h e  19 75 NATO Advanced Study I n s  t i t u t e  , "Model l i n g  
and P r e d i c t i o n  of t h e  Upper Layers of t h e  Ocean" (Kraus ,  1977). It 
i s  perhaps  obvious from t h e  p rev ious  s e c t i o n s  t h a t  ( i n  t h e  a u t h o r ' s  
view) t u r b u l e n c e  i n  t h e  OBL under pack i c e  should be t r e a t e d  ex- 
p l i c i t l y  us ing  eddy d i f f u s i v i t y  concepts .  Below we s h a l l  show how 
t h e  a n a l y t i c  s i m i l a r i t y  t h e o r y  can be extended t o  i n c l u d e  buoyancy 
f l u x  a t  t h e  base of t h e  mixed l a y e r .  The method r e q u i r e s  r e l a t i v e -  
l y  l i t t l e  computation but r e t a i n s  many of t h e  p h y s i c a l  concep t s  
sugges ted  by the  AIDJEX OBL measurements. 

5.2 Buovancv a t  t h e  IceIOcean I n t e r f a c e  

J u s t  a s  t h e  summer AIDJEX measurements provided a  r a r e  oppor- 
t u n i t y  t o  t e s t  the  r e l a t i o n s h i p  between s u r f a c e  s t r e s s  and veloc- 
i t y ,  they a l s o  r e p r e s e n t  a  r a t h e r  s p e c i a l  d a t a  s e t  f o r  t e s t i n g  
upper ocean d e n s i t y  models, s i n c e  they i n c l u d e  d a i l y  STD ( s a l i n i t y -  
temperature-depth)  p r o f i l e s  . By moni to r ing  t h e  change i n  s a l i n i t y  
of t h e  upper l a y e r s ,  t h e  s u r f a c e  buoyancy f l u x  can be es t imated .  
When combined w i t h  a c c u r a t e  s t r e s s  e s t i m a t e s ,  t h i s  p rov ides  a  s e t  
of f o r c i n g  f u n c t i o n s  hard t o  d u p l i c a t e  w i t h  measurements from t h e  
open ocean. 
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F i g u r e  20 shows s a l i n i t y  and temperature  of t h e  upper 200 m 
of t h e  ocean measured a t  AIDJEX s t a t i o n  Snowbird on days 169, 198, 
and 227 of 1975. The f i r s t  c a s e  i s  r e p r e s e n t a t i v e  of l a t e  w i n t e r  
c o n d i t i o n s :  The mixed l a y e r  is  n e a r l y  uniform t o  about 52 m and 
i"me t o  i t s  f r e e z i n g  p o i n t .  The second shows development of a  
s:..:p-like s t r u c t u r e  a s  f r e s h  mel twater  i s  in t roduced  and mixed t o  
va ry ing  depths .  The t h i r d  c a s t  was t aken  n e a r  t h e  time of maximum 
accumulated mel twater .  Note t h a t  t h e  mixed l a y e r  is  on ly  about  
h a l f  a s  deep,  i s  much f r e s h e r ,  and has  warmed s l i g h t l y .  

Over t h e  course  of t h e  melt season t h e  s t a t i o n s  d r i f t e d  about  
200 kcm t o  t h e  s o u t h e a s t ,  so t h a t  a d v e c t i v e  change i n  t h e  wa te r  
colulrn must be cons idered .  From looking a t  s p a t i a l  v a r i a t i o n  i n  
t h e  p r o f i l e s ,  i t  was c l e a r  t h a t  h o r i z o n t a l  g r a d i e n t s  i n  d e n s i t y  
were p r e s e n t ,  e s p e c i a l l y  i n  one r a t h e r  narrow zone through which 
a l l  t h e  camps passed.  However, by look ing  a t  t h e  shapes of t h e  
p r o f i l e s ,  and by comparing d a t a  from d r i f t  t r a c k s  t h a t  t r a v e r s e d  
t h e  same reg ions  a t  d i f f e r e n t  t imes ,  we found t h a t  a t  d e p t h s  of 
about 40 m, t h e  s a l i n i t y  p r o f i l e s  were no t  a f f e c t e d  by s u r f a c e  
c o n d i t i o n s ,  even  though the  a b s o l u t e  s a l i n i t y  v a l u e  might change 
wi th  p o s i t i o n .  Thus, by assuming t h e  value  of s a l i n i t y  measured 
a t  40 m a t  each l o c a t i o n  r e p r e s e n t e d  t h e  mixed l a y e r  va lue  t h e r e  
when t h e  melt  season began, we were a b l e  t o  c a l c u l a t e  t h e  cumula- 
t i v e  s a l i n i t y  f l u x  f o r  t h a t  c a s t .  Since  t h e  source  of t h e  nega- 
t i v e  s a l i n i t y  f l u x  was mel t ing  i c e  ( n e g l e c t i n g  p r e c i p i t a t i o n ) ,  a n  
a b l a t i o n  curve f o r  t h e  pack can  be c o n s t r u c t e d  from t h e  s a l i n i t y  

Fig .  20. S a l i n i t y  and t empera tu re  measured a t  AIDJEX s t a t i o n  
Snowbird, Summer 1975. 
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measurements; i .e. ,  f o r  each c a s t  t h e  change i n  i c e  t h i c k n e s s  from 
t h e  s tar t  of t h e  melt  season is given by 

- 
where h  i s  t h e  mixed l a y e r  dep th ,  S i s  t h e  average s a l i n i t y  above 
40 m y  S40 is  t h e  s a l i n i t y  a t  40 m, and S i s  t h e  s a l i n i t y  d i f f e r -  
ence between t h e  mixed l a y e r  and s e a  i c e  (-250100). F igure  21 
shows i c e  a b l a t i o n  determined t h i s  way from t h e  STD da ta .  The 
s o l i d  curve  is a  s imple  s i n u s o i d  

The dashed curve i s  t h e  b a s i n  average a b l a t i o n  due t o  thermodynamic 
f o r c i n g  fr-om t h e  sea- ice  mode l  - of H i b k e r  f l98O) .  The- ampl i tudes  
a r e  q u i t e  s i m i l a r .  A p l a u s i b l e  e x p l a n a t i o n  f o r  a t  l e a s t  p a r t  of 
t h e  t ime l a g  (about  20 days)  i s  t h a t  i t  t a k e s  t h a t  long f o r  m e l t -  
wa te r  c o l l e c t i n g  a t  t h e  s u r f a c e  t o  d r a i n  through and e n t e r  t h e  
main ocean ic  w a t e r  column. 

- 

I00 - 

- 

- - - - -  

- 
I I I I I I I I 

141 161 181 20 1 22 1 24 1 28 1 

Day of 1975 

I c e  a b l a t i o n  i n f e r r e d  from changes i n  s a l i n i t y  of t h e  
upper 40 m a t  A I D J E X  s t a t i o n s ,  Summer 1975 ( s o l i d  l i n e ) .  
Basin-wide , thermodynamic a b l a t i o n  r a t e  from H i b l e r ' s  
(1980)  s e a  i c e  model (dashed l i n e ) .  
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The a b l a t i o n  c u r v e  eq.  (4.33) c a n  be d i f f e r e n t i a t e d  t o  p r o v i d e  
a  growth r a t e  c u r v e  which i s  t h e n  used  t o  e s t i m a t e  t h e  buoyancy 
f l u x  a s  a  f u n c t i o n  of t ime o v e r  t h e  r e g i o n  i n  which t h e  camps 
d r i f t e d .  

An Upper Ocean Model Based on t h e  S t r e s s  E q u a t i o n  

With t ime s e r i e s  of s t r e s s  and buoyancy a t  t h e  s u r f a c e  i t  
seems r e a s o n a b l e  t o  t r y  a  s i m u l a t i o n  of u p p e r  ocean  d e n s i t y  evo lu -  
t i o n  d u r i n g  t h e  mel t  s e a s o n  u s i n g  most of t h e  c o n c e p t u a l  t o o l s  
developed f o r  t h e  u n d e r i c e  OBL f rom p r e v i o u s  work. Here we pre-  
s e n t  a  p r e v i o u s l y  u n p u b l i s h e d  model which r e p r e s e n t s  a  p r e l i m i n a r y  
a t t e m p t  based on an e x t e n s i o n  of t h e  s i m i l a r i t y  t h e o r y  of McPhee 
(1981a ) .  I t  i s  p r e d i c a t e d  on t h e  f o l l o w i n g  a s s u m p t i o n s .  

1. Time-dependent ( i n e r t i a l )  t e r m s  may be ignored  i n  t h e  
t u r b u l e n t  s t r e s s  e q u a t i o n ,  so  t h a t  t h e  s t r e s s  p r o f i l e  i s  a lways  i n  
e q u i l i b r i u m  w i t h  t h e  i n t e r f a c i a l  s t r e s s  a t  t h e  s u r f a c e .  

2 .  Mixing of s c a l a r  p r o p e r t i e s  ( s p e c i f i c a l l y ,  0 and S )  o c c u r s  
t o  a  l i m i t i n g  d e p t h :  Zdyn = 5maxQ*~*/ f ,  u n l e s s  t h e  d e p t h  of t h e  
p y c n o c l i n e  i s  l e s s  t h a n  zd . T h i s  i s  a r e s t a t e m e n t  of t h e  f a m i l i -  
a r  i d e a  t h a t  t h e r e  i s  a  I ? m i t i n g  d e p t h  t o  which t u r b u l e n c e  pene- 
t r a t e s  i n  a n e u t r a l l y  s t r a t i f i e d ,  r o t a t i n g  boundary  l a y e r .  

C o n s i d e r  a  s t r a t i f i e d  ocean  topped by a  w e l l  mixed ( n e u t r a l l y  
buoyant  ) l a y e r ,  w i t h  s u r f a c e  f l u x e s  of momentum and buoyancy (which 
i s  z e r o  o r  p o s i t i v e ) .  Two c o n d i t i o n s  w i l l  c a u s e  t h e  i n i t i a l  den- 
s i t y  s t r u c t u r e  t o  change.  I n  t h e  f i r s t  c a s e ,  p o s i t i v e  buoyancy 
domina te s  and t h e  l i g h t e r  f l u i d  i n t r o d u c e d  a t  t h e  s u r f a c e  mixes 
downward t o  some l e v e l  h i g h e r  t h a n  t h e  o r i g i n a l  mixed l a y e r  d e b t h  
s o  t h a t  a s  t i m e  p r o g r e s s e s ,  a  l i g h t e r ,  s h a l l o w e r  mixed l a y e r  
forms.  Our a s sumpt ion  i s  t h a t  t h e  d e p t h  of t h i s  new l a y e r  i s  
g i v e n  i n  t h e  s i m i l a r i t y  v e r t i c a l  c o o r d i n a t e  by G m a x .  T h i s  behav- 
i o r  is  a l r e a d y  i m p l i c i t  i n  t h e  s i m i l a r i t y  t h e o r y  so  l o n g  a s  cmax 
i s  s p e c i f i e d .  

I n  t h e  second c a s e ,  t h e  i n t e r f a c i a l  s t r e s s  i s  s t r o n g  enough 
t o  c a u s e  an upward f l u x  ( e n t r a i n m e n t )  of d e n s e r  f l u i d  a t  t h e  b a s e  
of t h e  p r e - e x i s t i n g  mixed l a y e r ,  e v e n  though t h e r e  i s  no  n e g a t i v e  
( u n s t a b l e )  s u r f a c e  buoyancy. I f  c o n d i t i o n s  remain  s t e a d y ,  t h i s  
f l u x  w i l l  d e n s i f y  t h e  mixed l a y e r  and i t  w i l l  deepen a l o n g  t h e  
u n d e r l y i n g  d e n s i t y  g r a d i e n t  u n t i l  i t  r e a c h e s  t h e  d e p t h  zdyn.  I n  
o r d e r  t o  q u a n t i f y  t h i s  t endency ,  we need a n  e x p r e s s i o n  f o r  t h e  
f l u x  of momentum and buoyancy a t  t h e  mixed l a y e r / p y c n o c l i n e  
i n t e r f a c e  . 

When t h e  nond imens iona l  p y c n o c l i n e  dep t h y  5  p ,  i s  s h a l l o w e r  
t h a n  cmax, we have a  s i t u a t i o n  l i k e  t h a t  s k e t c h e d  i n  F i g u r e  2 2  
where t h e r e  i s  a  f i n i t e  s t ress  and t u r b u l e n t  mixing  a t  t h e  l e v e l ,  
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Fig. 22. Schematic of t he  upper ocean regime during the  summer 

melt  season. 

Sp .  I n  the  upper (mixed) l a y e r ,  t h e  eddy v i s c o s i t y  i s  given by 
K,, and below Cp we assumed t h a t  it has  a sma l l ,  depth-independent 
va lue ,  K*p. The nondimensional s t r e s s  equa t ion  i s  

A 

w i t h  boundary condi t ions  T(0) = 1,  T(-a) = 0. I n  t h e  mixed l a y e r  
t h e  s o l u t i o n  i s  

A A 

where 6 = ( i / ~ , , ) l / ~ .  Since T ( 0 )  = 1 ,  w e  have 

and 

away from t h e  t h i n  su r f ace  layer .  

In  t h e  lower s t r a t i f i e d  l a y e r  t h e  s o l u t i o n  t o  eq. (4.32) is  
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whence 

and 

A 

By matching v e l o c i t i e s  a t  C p ,  A can  be e l i m i n a t e d .  In  t h e  mixed 
l a y e r  K*, = kcN,  which i s  known, but i n  o r d e r  t o  c l o s e  t h e  
problem, a n  e x p r e s s i o n  f o r  K,p i s  r e q u i r e d .  I t  i s  ob ta ined  i n  t h e  
same way a s  t h e  e x p r e s s i o n  f o r  eddy v i s c o s i t y  i n  t h e  time-dependent 
m 0 d e l , ~ e q . ~ ( 4 , 3 ) .  A t  t h e  o u t s e t ,  t h e  stress a t  t h e  pycnoc l ine  i n t e r -  
f a c e ,  Tpu,u,, i s  unknown so  t h z  a l g e b r a i c  equa t ion  i s  i m p l i c i t  and 
i s  so lved  ~ t e r a t i v e l y .  Once Tp i s  known, t h e  s t r e s s  d i s t r i b u t i o n  
i s  known, and by Reynolds analogy t h e  f l u x  is  determined given t h e  
r a t i o  Kp/K. I n  t h i s  way t h e  buoyancy f l u x  a t  t h e  base of t h e  
mixed l a y e r  is c a l c u l a t e d  from s u r f a c e  c o n d i t i o n s  and is  used 
a long  w i t h  t h e  s u r f a c e  buoyancy i n  de te rmin ing  t h e  e v o l u t i o n  of 
t h e  d e n s i t y  s t r u c t u r e .  

F igure  23 compares t h e  d e n s i t y  s t r u c t u r e  p r e d i c t e d  by t h e  
model o u t l i n e d  above every 5 days f o r  a  70-day per iod a t  AIDJEX 
S t a t i o n  Snowbird. I n  t h i s  run t h e  r a t i o  & / K  was 0.1 and t h e  
nondimensional maximum mixing depth  was Cmax = 0.4. I n  t h e  model, 
s u r f a c e  f o r c i n g  is never  s t r o n g  enough t o  chgnge t h e  d e n s i t y  pro- 
f i l e  below about  35 m,  so  f o r  comparison,  t h e  observed p r o f i l e s  
a r e  f o r c e d  t o  match t h e  model a t  t h e  40 m l e v e l .  The numbers 
t h e r e  i n d i c a t e  t h e  observed change i n  d e n s i t y  (Ot u n i t s )  from t h e  
i n i t i a l  value  on day 170, and probably  r e p r e s e n t  t h e  advec t ive  
change a s  t h e  i c e  d r i f t e d  s o u t h e a s t .  

The s e r i e s  of s t e p s  produced by t h e  model r e s u l t  when t h e  
maximum depth  of mixing S m a X u / f  i s  l e s s  t h a n  t h e  e x i s t i n g  
mixed-layer d e p t h ,  so t h a t  f r e s h  wate r  in t roduced  a t  t h e  s u r f a c e  
i s  t r a p p e d  w i t h i n  t h a t  l a y e r .  The e f f e c t  of t u r b u l e n t  s t i r r i n g  
s e t  up by r a p i d  i c e  motion i s  c l e a r l y  demonstrated by t h e  deepening 
of t h e  mixed l a y e r  from days 210 t o  225. During t h i s  t ime t h e  
s t a b i l i z i n g  s u r f a c e  buoyancy f l u x  i s  n e a r  i t s  s e a s o n a l  maximum, so 
t h a t  t h e  deepening must r e s u l t  from shear-generated tu rbu lence .  

It is not s u r p r i s i n g  t h a t  t h e  s t e p s  i n  t h e  model p r o f i l e s  a r e  
more abrup t  t h a n  i n  t h e  o b s e r v a t i o n s .  F i r s t ,  o t h e r  p rocesses  l i k e  
energy l eakage  from i n t e r n a l  waves and molecu la r  d i f f u s i o n  a c t  t o  
d e s t r o y  s h a r p  g r a d i e n t s .  Perhaps more important  i s  t h a t  t u r b u l e n t  
mixing i s  i n t e r m i t t e n t  and would t end  t o  f e a t h e r  out more g r a d u a l l y  
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Fig.  23.  Comparison of modeled ( s o l i d )  and observed (dashed)  
d e n s i t y  p r o f i l e s  a t  AIDJEX s t a t i o n  Snowbird, Summer 
1975. 

t h a n  the  a b r u p t  l i m i t  s p e c i f i e d  i n  t h e  model. Never the less ,  it i s  
worth n o t i n g  t h a t  of s e v e r a l  va lues  t r i e d ,  5 = 0.4 does t h e  
b e s t  job of d e s c r i b i n g  t h e  fo rmat ion  of t h e  l i g h t e r  l a y e r s .  I n  
t h e  l i m i t  n* -+ 1 (no s u r f a c e  buoyancy) t h i s  i s  c o n s i s t e n t  wi th  t h e  
n o t i o n  t h a t  t h e  l i m i t i n g  dep th  of t h e  n e u t r a l  PBL is about ku*/f. 

The model i s  s t i l l  i n  t h e  developmental  s t a g e ,  but r e s u l t s  s o  
f a r  a r e  encouraging.  Unlike t h e  "slab" mixed-layer models, i t  
a l s o  f u r n i s h e s  reasonab le  e s t i m a t e s  of c u r r e n t s  a t  a l l  l e v e l s ,  
i n c l u d i n g  t h e  s u r f a c e  ( i c e ) ,  a s  long a s  z, is  known. 

- - - - - - - -  - 
- - - - - - - - - -  - 

- - - - -  - - - - - -  

6. THE UPPER OCEAN I N  THE MARGINAL ICE ZONE 

The Marginal  I c e  Zone (MIZ), where t h e  i c e  c o n c e n t r a t i o n  
f a l l s  r a p i d l y  a t  t h e  edge of t h e  i c e  pack,  may c o n t a i n  some of t h e  
most complex upper-ocean s t r u c t u r e  found anywhere; mainly because  
t h e  i c e  can induce extreme g r a d i e n t s  i n  s u r f a c e  h e a t  and s a l t  
f l u x ,  and can change s u r f a c e  drag c h a r a c t e r i s t i c s .  Since i c e  i s  
an  e f f i c i e n t  i n s u l a t o r ,  t h e  atmosphere over t h e  i n t e r i o r  pack can 
reach  t empera tu res  f a r  below t h o s e  normal ly  encountered i n  mari- 
time regimes.  When t h i s  co ld  a i r  i s  advected over open water  t h e  
t empera tu re  c o n t r a s t  is l a r g e ,  w i t h  cor responding ly  l a r g e  l a t e n t  
and s e n s i b l e  hea t  f l u x .  I n  summer, t h e  a lbedo  c o n t r a s t  between 
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i c e  and open w a t e r  i s  a l s o  g r e a t ,  s o  t h a t  n e t  r a d i a t i o n  i n f l u x  c a n  
v a r y  r a p i d l y  a c r o s s  t h e  M I Z ,  a l t h o u g h  t h i s  e f f e c t  may o f t e n  be 
a m e l i o r a t e d  by c l o u d i n e s s .  

A f e a t u r e  commonly obse rved  a c r o s s  t h e  M I Z  i s  a n  a b r u p t  
change i n  mixed- layer  t e m p e r a t u r e ,  d u r i n g  w i n t e r  a s  w e l l  a s  
summer, i n d i c a t i n g  t h e  impor t ance  of a d v e c t i v e  p r o c e s s e s  i n  t h e  
ocean  ( o t h e r w i s e  n e a r - s u r f a c e  t e m p e r a t u r e s  would be un i fo rmly  n e a r  
f r e e z i n g ) .  O b s e r v a t i o n s  ( e  .g. , P e a s e ,  1980) have  shown t h a t  even  
t h i c k  i c e  m e l t s  r a p i d l y  when advec ted  i n t o  t h e  warmer w a t e r ,  t h u s  
t h e  s m a l l - s c a l e  exchange of h e a t  and s a l t  be tween i c e  and warmer 
w a t e r  is  a n  i m p o r t a n t  component i n  a d d r e s s i n g  t h e  o v e r a l l  f l u x  
b u d g e t s  . 

The s i m i l a r i t y  t h e o r y  d e s c r i b e d  e a r l i e r  (McPhee, 1981) 
p r e d i c t s ,  f o r  example,  t h a t  s u r f a c e  d r a g  c h a r a c t e r i s t i c s  w i l l  
change a p p r e c i a b l y  unde r  such  c o n d i t i o n s .  I n  a d d i t i o n ,  s u r f  a c e  
buoyancy s h o u l d  have  l a r g e  impact  o n  ORL c u r r e n t s  and t r a n s p o r t  , 
a s  demons t r a t ed  i n  F i g u r e  16. Cons ide r  a h y p o t h e t i c a l  s i t u a t i o n  
i n  which i n i t i a l l y  a  s h a r p  f r o n t  i n  mixed- layer  t e m p e r a t u r e  e x i s t s  
a t  t h e  i c e  margin .  Now impose a n  o f f - i c e  wind stress t h a t  pro- 
duces  a  boundary  l a y e r  under  t h e  i n t e r i o r  pack (where t h e r e  i s  no  
m e l t i n g )  l i k e  t h a t  d e p i c t e d  i n  F i g u r e  16 f o r  u, = 0;  and f o r  t h e  
s a k e  of argument assume t h a t  t h e  t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  t h e  
f r o n t  i s  s u f f i c i e n t  t o  cause  t h e  m e l t i n g  r e q u i r e d  f o r  1-I* = 25 on 
t h e  seaward s i d e  of t h e  f r o n t .  According  t o  t h e  t h e o r y ,  t h e  whole 
pack  s h o u l d  move down-wind w i t h  some r i g h t w a r d  d e f l e c t i o n ,  b u t  i c e  
a t  t h e  l e a d i n g  edge  w i l l  e n c o u n t e r  l e s s  d r a g  and w i l l  t h u s  s e p a r a t e  
from t h e  main pack w i t h  a  s l i g h t  a d d i t i o n a l  r i g h t w a r d  d e f l e c t i o n .  
Note a l s o  t h a t  w a t e r  i n  t h e  t o p  few me te r s  of t h e  boundary  l a y e r  
w i l l  f o l l o w  t h e  i c e  w i t h  a  downwind ( r e a l )  component ,  t e n d i n g  t o  
i n s u l a t e  i c e  f o l l o w i n g  t h e  l e a d i n g  edge from i n t e n s e  m e l t i n g .  
Without  buoyancy f l u x ,  t h e  t r a i l i n g  i c e  w i l l  no t  e x p e r i e n c e  a  d r a g  
r e d u c t i o n ;  t h e r e f o r e ,  f a i r l y  r a p i d  development of a  polynya beh ind  
t h e  l e a d i n g  i c e  edge can be expec ted .  

I n  t h e  w a t e r  column, mean s h e a r  w i l l  r a p i d l y  smear t h e  s h a r p  
f r o n t  t h a t  e x i s t e d  i n i t i a l l y .  An i n t e r e s t i n g  convergence  i s  
impl i ed  by t h e  PBL dynamics:  back under  t h e  i n t e r i o r  i c e ,  t h e r e  
i s  a  n e t  t r a n s p o r t  toward open w a t e r  i n  t h e  l a y e r  from a b o u t  3 t o  
12  m which i s  compensated by o p p o s i t e  t r a n s p o r t  below ( g e o s t r o p h i c  
d e p a r t u r e  r e q u i r e s  t h e  r e a l  component of v e l o c i t y  t o  i n t e g r a t e  t o  
z e r o  ove r  t h e  whole column).  Under i c e  t h a t  i s  r a p i d l y  m e l t i n g ,  
however ,  t h e r e  i s  a n  a p p r e c i a b l e  c u r r e n t  o p p o s i t e  t o  t h e  wind 
s t r e s s  t h roughou t  t h e  same l a y e r  ( i n  t h e  a tmosphe re ,  t h e  a n a l o g  i s  
c a l l e d  t h e  n o c t u r n a l  j e t ) .  T h i s  c u r r e n t  would a d v e c t  w a r m  w a t e r  
back toward t h e  i n t e r i o r ,  a t  some p o i n t  mee t ing  c o l d  w a t e r  a d v e c t -  
ed by t h e  n e u t r a l  OBL; t h e  r e s u l t i n g  convergence  c o u l d  t h e n  f o r c e  
warm w a t e r  back toward t h e  s u r f a c e  where i t  would a g a i n  i n t e r a c t  
w i t h  t h e  i c e .  E f f e c t s  l i k e  t h i s  might  a c c o u n t ,  a t  l e a s t  i n  p a r t ,  
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f o r  e x t e n s i v e  f i n e s t r u c t u r e  i n  t empera tu re  o b s e r v a t i o n s  from t h e  
M I Z  ( P a q u e t t e  and Bourke, 1979); and f o r  t h e  tendency of t h e  i c e  
t o  form p e r i o d i c  bands p a r a l l e l  t o  t h e  i c e  edge under  t h e  i n f l u -  
ence of o f f - i c e  winds. Wadhams (Chapter  15)  has  developed a n  
a l t e r n a t i v e  t h e o r y  f o r  band fo rmat ion  which invo lves  wave- 
r a d i a t i o n  s t r e s s  impar t ing  a d d i t i o n a l  momentum t o  f l o e s  a t  t h e  mar- 
g i n .  H i s  approach would o b v i a t e  t h e  requirement  of r a p i d  mel t ing  
f o r  band format ion.  

An i n t e r e s t i n g  consequence of l a r g e  h o r i z o n t a l  f l u x  g r a d i e n t s  
a t  t h e  M I Z  i s  t h e  p o t e n t i a l  f o r  ocean ic  c i r c u l a t i o n s  wi th  s c a l e s  
l a r g e r  t h a n  those  of t h e  boundary-layer p r o c e s s e s ,  bu t  s t i l l  much 
s m a l l e r  t h a n  permanent ocean ic  f e a t u r e s .  An obvious example occurs  
i f  t h e  i c e  edge i s  s t a t i o n a r y ,  l i k e  a  g l a c i a l  s h e l f  o r  f a s t - i c e  
boundary, i n  which c a s e  t h e  abrup t  change i n  t r a n s m i s s i o n  of wind 
s t r e s s  t o  t h e  w a t e r  column is  analogous t o  a  c o a s t a l  upwel l ing 
regime. D e t a i l s  of c i r c u l a t i o n  t h a t  might ensue have been i n v e s t i -  
g a t e d  by Gammelsrod, Mork, and Roed (1975) and by Clark  (1977).  
The main e f f e c t  i s  t h a t  i n  s i t u a t i o n s  where OBL t r a n s p o r t  is away 
from t h e  ice (e .g . ,  a  w e s t e r l y  wind w i t h  i c e  poleward) ,  a n  apprec i -  
a b l e  upwel l ing can occur  a t  t h e  i c e  edge. I f  warmer wa te r  i s  t o  
be found a t  dep th ,  t h i s  r e p r e s e n t s  a mechanism by which h e a t  ex- 
change between ocean and atmosphere might be enhanced. I f  t h e  i c e  
c o v e r  i s  d r i f t i n g  f r e e l y ,  t h i s  mechanism i s  much l e s s  d ramat ic  
because t h e  i c e ,  a s  i t  moves, t r a n s m i t s  a  l a r g e  p r o p o r t i o n  of t h e  
wind s t r e s s  t o  the  ocean. 

Buckley e t  al .  (1979) r e p o r t e d  evidence f o r  upwel l ing near  a  
we l l -de f ined ,  but a p p a r e n t l y  f r e e l y  d r i f t i n g ,  i c e  edge n o r t h  of 
S p i t z b e r g e n ,  which they a t t r i b u t e d  t o  a  s h a r p  wind s t r e s s  g r a d i e n t  
dur ing  an  i n t e n s e  s torm t h a t  had t r a v e r s e d  t h e  r e g i o n  a  few days 
p r i o r  t o  t h e  t ime of t h e i r  o b s e r v a t i o n s .  McPhee ( 1 9 8 0 ~ )  s p e c u l a t -  
ed t h a t  a d i f f e r e n t  mechanism, more c l o s e l y  a k i n  t o  a sea-breeze 
c e l l  t h a n  c o a s t a l  upwel l ing ,  cou ld  have induced t h e  s t r u c t u r e  ob- 
se rved  by Buckley e t  a l .  (1979).  The b a s i c s  of t h e  argument,  which 
i s  a t  b e s t  a  crude approximat ion of a  r e a l  s i t u a t i o n ,  a r e  p resen ted  
below. It i s  fash ioned  c l o s e l y  on a s i m i l a r  e x p o s i t i o n  of sea -  
b r e e z e  c i r c u l a t i o n  i n  t h e  atmosphere by Hol ton  (1972, Chapter  5 ) .  

S t a r t i n g  from t h e  fundamental  c i r c u l a t i o n  theorem, which 
s t a t e s  t h a t  t h e  t i m e  r a t e  of change of a b s o l u t e  c i r c u l a t i o n  about  
a c losed  loop  of f l u i d  p a r t i c l e s  is  equa l  t o  t h e  l i n e  i n t e g r a l  of 
t h e  so -ca l l ed  s o l e n o i d a l  term; we have: 

'1t was pointed out dur ing  d i s c u s s i o n  at  Maratea t h a t  t h e  
d e s c r i p t i o n  p e r t a i n i n g  t o  F igure  1 3  of McPhee ( 1 9 8 0 ~ )  wrongly 
l a b e l s  i s o s t e r i c  ( c o n s t a n t  s p e c i f i c  volume) s u r f a c e s  as i sopycna l .  
The i n f e r r e d  c i r c u l a t i o n  remains a s  shown. 
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T h i s  i s  a p p l i e d  t o  t h e  sys tem ske tched  i n  F i g u r e  24. Consider  a  
50 m deep mixed l a y e r  t h a t  i s  d e n s i f i e d  by about  0.1 kg m-3 
r e l a t i v e  t o  t h e  mixed l a y e r  under  t h e  i c e  ( t h i s  r e p r e s e n t s  com- 
bined i c e  growth and e v a p o r a t i o n  of rough ly  20 cm). Proceeding 
c lockwise  about  t h e  c i r c u i t  drawn, t h e  i n t e g r a l  i s  approximated by 

where a  Tay lo r ' s  s e r i e s  expansion is used t o  e s t i m a t e  t h e  second 
f a c t o r .  With AP = 5  x l o 5  Pa,  and 6p = 0.1 kg m-3, t h e  t ime r a t e  
of change of mean a b s o l u t e  c i r c u l a t i o n  i s  

This  i m p l i e s  a n  a p p r e c i a b l e  a c c e l e r a t i o n  i n  t h e  mean v e l o c i t y  
about  t h e  c i r c u i t  i f  no o t h e r  f a c t o r s  a f f e c t  t h e  f low,  i . e . ,  

which would amount t o  a n  i n c r e a s e  i n  t h e  c lockwise  v e l o c i t y  compon- 
e n t  of rough ly  10 cm s-I  over  a  day. It is  c l e a r ,  however, t h a t  
r o t a t i o n a l  and f r i c t i o n a l  d i s s i p a t i o n  e f f e c t s  would soon come i n t o  
p l a y  t h a t  would comple te ly  d i s t o r t  t h i s  o v e r s i m p l i f i e d  view -- i t  
is i n  f a c t  t h e  f r i c t i o n a l  f o r c e s  t h a t  cou ld  g i v e  r i s e  t o  upwell- 
i n g ,  a l t h o u g h  probably  no t  of t h e  magnitude r e p o r t e d  by Buckley e t  

F ig .  24. Schematic of c i r c u l a t i o n  c e l l  r e s u l t i n g  from s h a r p  
g r a d i e n t  i n  s u r f a c e  buoyancy f l u x  a t  t h e  i c e  margin. 
The l i n e  i n t e g r a l  of t h e  s o l e n o i d a l  term i s  e v a l u a t e d  
about  t h e  c i r c u i t  shown. 
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a l .  (1979).  I n  terms of a  mechanism f o r  e x t e n s i v e  upwel l ing a t  
t h e  i c e  edge,  t h i s  approach s u f f e r s  t h e  same drawback a s  t h e  
s t r e s s- g r a d i e n t  proposal :  namely, t h a t  t h e  i c e  i s  mobi le ,  and 
would i n  most c i rcumstances  move i n  response t o  t h e  same f o r c i n g  
a s  the  w a t e r ,  thus  t end ing  t o  smear out  t h e  sharp  g r a d i e n t s  i n  
s u r f a c e  f o r c i n g .  RQed ( p e r s o n a l  communication) has  begun 
development of a  more s o p h i s t i c a t e d  combined ice- ocean model f o r  
t h e  MI2 t h a t  shows promise of providing b e t t e r  unders tanding of 
t h e s e  complex phenomena. 

On a  geophys ica l  s c a l e ,  f r e e z i n g  i s  one of the  most e f f e c t i v e  
d i s t i l l a t i o n  p rocesses .  The occurrence of s h a r p  h o r i z o n t a l  dens- 
i t y  g r a d i e n t s  i n  t h e  upper ocean t h a t  may r e s u l t  from d i f f e r e n t i a l  
f r e e z i n g  l e a d s  n a t u r a l l y  t o  a  c l a s s i c  problem i n  r o t a t i o n a l  f l u i d  
dynamics: g e o s t r o p h i c  ad jus tment .  Rossby (1938) was t h e  f i r s t  t o  
exp lore  t h e o r e t i c a l l y  how a  reg ion  of anomalous d e n s i t y  a d j u s t s  
w i t h  surrounding f l u i d  i n  a  r o t a t i n g  system. S t e r n  (1975, Chapter 
3 )  t r e a t s  t h e  c o l l a p s e  of a l e n s  of i n t e r m e d i a t e  d e n s i t y  wa te r  
r e l e a s e d  suddenly between two s t r a t i f i e d  l a y e r s ,  a s  sketched i n  
F igure  25. In b r i e f  o u t l i n e ,  S t e r n ' s  argument i s  a s  fo l lows .  I f  
t h e  f l u i d  i s  assumed i n v i s c i d ,  E u l e r ' s  e q u a t i o n  f o r  t h e  i n t e r -  
mediate l e n s  can be w r i t t e n  i n  terms of t h e  "reduced g r a v i t y "  a s  

F i g .  25. Limited c o l l a p s e  of l e n s  of i n t e r m e d i a t e  d e n s i t y  f l u i d  
wi th  i n i t i a l  t h i c k n e s s  50 m y  half- width  50 km, between 
l a y e r s  i n  a  r o t a t i n g ,  i n v i s c i d  f l u i d .  Adapted from 
S t e r n  ( 1975). 
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where h  i s  t h e  t h i c k n e s s  of the  l e n s  and g* i s  t h e  reduced 
g r a v i t y :  

when P O ,  p l ,  and p 2  a r e  r e s p e c t i v e l y  t h e  d e n s i t i e s  of t h e  upper ,  
i n t e r m e d i a t e ,  and lower l a y e r s .  Let  5  be t h e  v e r t i c a l  component of 
l o c a l  v o r t i c i t y .  I f  i t  i s  assumed t h a t  i n  t h e  i n t e r m e d i a t e  l a y e r  
of dep th ,  h ,  t h e  h o r i z o n t a l  v e l o c i t y  is  independent of dep th ,  t h e n  

which s t a t e s  t h a t  p o t e n t i a l  v o r t i c i t y  ( c + f ) / h ,  i s  conserved.  I n  
t h e  i n i t i a l  s t a t e ,  t h e  f l u i d  i s  a t  r e s t  wi th  p o t e n t i a l  v o r t i c i t y ,  
f / h o .  I n  t h e  f i n a l  s t a t e ,  i t  w i l l  ach ieve  g e o s t r o p h i c  b a l a n c e ,  s o  
t h a t  t h e  p r e s s u r e  g r a d i e n t  w i t h i n  t h e  slumping l e n s  is i n  e q u i l i -  
brium w i t h  t h e  C o r i o l i s  f o r c e ,  i.e. 

where v  i s  t h e  v e l o c i t y  component a long  t h e  l e n s  a x i s .  S ince  
p o t e n t i a l  v o r t i c i t y  i s  conserved,  t h e  f i n a l  l e n s  t h i c k n e s s  i s  
d e s c r i b e d  by t h e  e q u a t i o n  

wi th  s o l u t i o n  

where 

i s  t h e  Rossby r a d i u s  of deformat ion.  Conservat ion of mass 
provides  an  e x p r e s s i o n  f o r  t h e  f i n a l  l e n g t h  of t h e  l e n s :  

L 
- -  L 0 - t a n h  - - - 
XR 
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I f  h R  i s  s m a l l  compared t o  Lo, t h e  l e n s  s p r e a d s  a  compara t ive ly  
smal l  d i s t a n c e  before  reach ing  e q u i l i b r i u m ;  and,  i n  t h e  absence of 
any d i s s i p a t i o n  would remain i n  motion p a r a l l e l  t o  i t s  long a x i s  
i n d e f i n i t e l y .  I n  r e a l i t y ,  t u r b u l e n t  d i s s i p a t i o n  would slow cur-  
r e n t s  n e a r  t h e  nose ,  and t h e  f e a t u r e  would migra te  f a r t h e r  i n t o  
t h e  two- layer regime a s  it l o s t  p o t e n t i a l  energy.  

F igure  25 shows t h e  i d e a l  s o l u t i o n  f o r  i n t r u s i o n  of a  l e n s  of 
wa te r  wi th  s a l i n i t y  32.52O/oo between l a y e r s  wi th  s a l i n i t y  
31.800/00 and 32.75OIoo. For t h e s e  va lues  t h e  Rossby r a d i u s  is  
about  12 km; t h e  i d e a l i z e d  s o l u t i o n  shows. t h a t  t h e  f i n a l  s t a t e  
d e p a r t s  n o t i c e a b l y  from i t s  i n i t i a l  c o n f i g u r a t i o n  on ly  w i t h i n  
about two deformat ion r a d i i  from t h e  nose .  Note a l s o  t h e  c u r r e n t  
p a r a l l e l  t o  t h e  l e n s  a x i s ,  i n c r e a s i n g  toward t h e  nose .  

The s p e c i f i c  parameters  of F igure  25 were chosen t o  c o i n c i d e  
w i t h  measurements made dur ing  a  h e l i c o p t e r  survey of upper ocean 
CTD s t r u c t u r e  near  t h e  d r i f t  s t a t i o n  FRAM I i n  A p r i l ,  1979, de- 
s c r i b e d  i n  more d e t a i l  by McPhee, 1980d. During' t h e  course  of t h e  
su rvey ,  which spanned about  6  weeks, we found a  d ramat ic  change i n  
mixed l a y e r  c h a r a c t e r i s t i c s  throughout t h e  survey r e g i o n  d e s p i t e  
g e n e r a l l y  mi ld  winds. The mixed l a y e r  t o  t h e  e a s t  was deeper and 
markedly more s a l i n e  t h a n  i t  was i n  t h e  a r e a  d i r e c t l y  west  of 
camp; t h e  change occurred a c r o s s  a  narrow f r o n t a l  r e g i o n  which 
meandered roughly nor th- south a s  f a r  a s  we could  sample. F o r t u i-  
t o u s l y ,  t h e  camp i t s e l f  d r i f t e d  over t h e  f r o n t a l  zone. Near t h e  
c e n t e r ,  p r o f i l i n g  c u r r e n t  meter  c a s t s  showed l i t t l e  o r  no c u r r e n t  
above about  15 m; then a  s t r o n g  s h e a r  between 15 and 20 m marking 
t h e  upper  boundary of a mostly u n i d i r e c t i o n a l  ( c u r r e n t  toward t h e  
n o r t h w e s t )  j e t  wi th  speeds  of about  10 cm s - l  down t o  a n o t h e r  
s h e a r  l a y e r  from 50 t o  70 m. Below t h i s ,  c u r r e n t s  were s m a l l  and 
v a r i a b l e .  Reasoning t h a t  t h e  f e a t u r e  was i n  approximate geost roph-  
i c  b a l a n c e ,  we r a n  a  survey l i n e  of h e l i c o p t e r  c a s t s  p e r p e n d i c u l a r  
t o  t h e  c u r r e n t  d i r e c t i o n .  S a l i n i t y  and t empera tu re  p r o f i l e s  f o r  7  
c a s t s  i n  t h e  l i n e a r  t r a n s e c t  a r e  shown i n  F i g u r e s  26 and 27. Qual- 
i t a t  i v e  agreement wi th  t h e  i n v i s c i d  g e o s t r o p h i c  adjus tment  model 
i s  a p p a r e n t ;  t u r b u l e n t  d i s s i p a t i o n  would obv ious ly  slow the  cur-  
r e n t s  and b l u n t  t h e  nose.  The d i s t a n c e  a c r o s s  which t h e  two 
d i f f e r e n t  mixed- layer regimes i n t e r a c t  i s  about two Rossby 
deformat ion r a d i i .  

The o r i g i n  of t h e  denser  w a t e r  i n  F i g u r e  26 i s  not known. We 
s p e c u l a t e d  t h a t  it  had migrated ( a g e o s t r o p h i c a l l y )  from t h e  s h e l v e s  
n o r t h  of Svalbard where i t  had formed by i n t e n s e  f r e e z i n g ,  main- 
t a i n e d  by c o n t i n u a l  o f f s h o r e  a d v e c t i o n  of i c e .  Whatever t h e  
o r i g i n ,  unders tand ing  t h e  physics  and thermodynamics of f e a t u r e s  
l i k e  t h i s  i s  probably a n  important  key t o  unders tand ing  t h e  
Marginal  I c e  Zone. 
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S a l i n i t y  p r o f i l e s  c e n t e r e d  a t  i c e  s t a t i o n  FRAM I showing 
i n t r u s i v e  l a y e r  of wa te r  w i t h  s a l i n i t y  32.52O/00. 
P l u s e s  mark s a l i n i t y  32.5OIoo. Samples were made by 
h e l i c o p t e r  i n  a  l i n e  p e r p e n d i c u l a r  t o  c u r r e n t  j e t  
observed i n  a  l a y e r  from 20-50 m deep a t  t h e  manned 
s t a t i o n .  

7. SUMMARY 

Unders tanding of the  upper ocean i n  c o n t a c t  w i t h  s e a  i c e  has  
i n c r e a s e d  d r a m a t i c a l l y  wi th  a n a l y s i s  of d a t a  from major exper iments  
performed i n  the  A r c t i c ,  and a s  g e n e r a l  knowledge of t u r b u l e n t  
boundary- layer p rocesses  has  i n c r e a s e d .  The main t h r u s t  of t h e  
p r e s e n t  c h a p t e r  has  been t o  show t h a t  a  compara t ive ly  simply 
approach t o  p a r a m e t e r i z i n g  PBL t u r b u l e n c e ,  one developed p r i m a r i l y  
f o r  t h e  a tmosphere ,  i s  a n  e f f e c t i v e  t o o l  f o r  d e s c r i b i n g  and pre-  
d i c t i n g  c h a r a c t e r i s t i c s  of t h e  o c e a n i c  PBL, even f o r  phenomena 
such a s  i n e r t i a l  o s c i l l a t i o n s ,  which a r e  no t  a  prominent f e a t u r e  
i n  t h e  atmosphere.  

P r e d i c t i o n  of s e a- i c e  motion r e q u i r e s  knowledge of momentum 
f l u x  a t  t h e  i c e  undersur face .  AIDJEX r e s u l t s  have shown convinc-  
i n g l y  t h a t  drag i n  t h e  i n t e r i o r  i c e  pack can  be d e s c r i b e d  by laws 
analogous  t o  a tmospher ic  g e o s t r o p h i c  d r a g  laws. Equa t ion  (4 .31)  
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Fig .  27.  Temperature p r o f i l e s  a s  i n  F i g u r e  26. 

r e p r e s e n t s  a  g e n e r a l  s t a t e m e n t  of t h e  drag law f o r  sea  i c e .  Under 
a l l  but  extreme c i r c u m s t a n c e s ,  t h e  OBL c a n  be t r e a t e d  a s  n e u t r a l l y  
buoyant so  t h a t  TI, = 1 and a  = 0. The main u n c e r t a i n t y  then  i s  
how z0 v a r i e s  s p a t i a l l y  and s e a s o n a l l y .  Near t h e  i c e  margins 
where r a p i d  m e l t i n g  and f r e e z i n g  can modify t u r b u l e n t  s t r u c t u r e ,  
t h e r e  i s  s t i l l  much t h e o r e t i c a l  and o b s e r v a t i o n a l  work needed. I n  
sha l low w a t e r s ,  t h e  e f f e c t  of t h e  bottom on O R L  t u r b u l e n c e  and 
mean v e l o c i t y  needs more i n v e s t i g a t i o n ,  e s p e c i a l l y  when t h e  water-  
column s t r a t i f i c a t i o n  i s  weak. 

I n e r t i a l  o s c i l l a t i o n s  i n  t h e  s e a  i c e  and under ly ing  boundary 
l a y e r  a r e  o f t e n  p r e s e n t ,  e s p e c i a l l y  d u r i n g  t h e  m e l t  s eason ,  p a r t l y  
because  t h e n  t h e  py c n o c l i n e  i s  s h a l l o w e r ,  t h u s  t r a p p i n g  t h e  i n e r-  
t i a  i n  a  s m a l l e r  l a y e r ;  but  most ly  because  t h e  i c e  i s  t o o  weak t o  
p rov ide  much damping. T h e i r  main s o u r c e  i s  rap id  change i n  wind 
s t r e s s ,  but  A I D J E X  measurements i n d i c a t e d  a  coup l ing  i n  t h e  
o s c i l l a t i o n s  observed a c r o s s  t h e  e n t i r e  a r r a y  (190 km) beyond t h a t  
provided by t h e  l o c a l  s u r f a c e  winds. 
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Changes i n  d e n s i t y  s t r u c t u r e  i n  t h e  OBL caused by m e l t i n g  and 
f r e e z i n g  of s e a  i c e  a r e  s i m i l a r  t o  t h e  s e a s o n a l  changes i n  mixed- 
l a y e r  c h a r a c t e r i s t i c s  observed i n  open oceans ,  excep t  t h a t  h e a t  
exchange i s  most ly  l a t e n t .  P r i n c i p l e s  governing t h e  phys ics  of 
t u r b u l e n t  momentum exchange a s  i n f e r r e d  from d r i f t  c h a r a c t e r i s t i c s  
can a l s o  be a p p l i e d  d i r e c t l y  t o  e s t i m a t i n g  h e a t  and s a l i n i t y  f l u x ;  
a  model a l o n g  t h e s e  l i n e s  has  been s u c c e s s f u l l y  t e s t e d  on t h e  
AIDJEX mel t  season  d a t a .  

The p o t e n t i a l  f o r  extreme g r a d i e n t s  i n  momentum and buoyancy 
f l u x  a c r o s s  t h e  Marginal  I c e  Zone i s  a n  impor tan t  f a c t o r  i n  d e t e r -  
mining r e a l i s t i c  e s t i m a t e s  f o r  a i r- s e a  exchange a t  h i g h  l a t i t u d e s .  
A t  t h i s ' p o i n t ,  both  our t h e o r e t i c a l  and o b s e r v a t i o n a l  bases  f o r  
unders tand ing  t h e s e  complex e f f e c t s  a r e  l i m i t e d ,  and t h e  problems 
a r e  c h a l l e n g i n g .  N e v e r t h e l e s s ,  t h e r e  is a  promise t h a t  t h e  n e x t  
few y e a r s  w i l l  s e e  decided improvement, i f  t h e  d i s c u s s i o n s  a t  
Maratea were any i n d i c a t i o n .  
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