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A B S T R A C T

The physics o f  gas exchange at the a i r -sea  interface are reviewed. In order to  describe the 
transfer o f  gases in the liquid near  the boundary ,  a  molecular plus eddy diffusivity concept is 
used, which has been found useful for smooth flow over solid surfaces. F rom  consideration of  the 
boundary  conditions a similar dependence o f  eddy diffusivity on distance from the interface can 
be derived for the flow beneath a gas/liquid interface, at least in the absence o f  waves. The 
influence o f  waves is then discussed. It is evident from scale considerations that th e  effect of  
gravity waves is small. It is known from wind tunnel work that capillary waves enhance  gas 
transfer considerably. The existing hypotheses are apparently not sufficient to  explain the 
observations. Examination of  field da ta  is even more frustrating since the data  do n o t  show the 
expected increase of  gas exchange with wind speed.

1. In troduc tion

H i th e r to  th e  t r a n s p o r t  o f  g ases  to  a n d  f ro m  th e  
o c e a n s  via th e  a tm o s p h e r e  h a s  been  m a in ly  in fe rred  
f r o m  g loba l  s o u r c e  s t r e n g th  e s t im a tes ,  so  t h a t  th e  
c a lc u l a t e d  fluxes a re  s u b je c t  to  c o n s id e ra b le  u n c e r ­
ta in ty .

A l te rn a t iv e ly ,  t r a n s f e r  o f  a n y  g as  a c ro s s  th e  
a i r - s e a  in te r fa c e  c a n  b e  e s t im a te d  f ro m  th e  p r o d u c t  
o f  its c o n c e n t r a t i o n  d if fe rence  a c r o s s  th e  in te r fa c e  
a n d  a n  a p p r o p r i a t e  t r a n s f e r  velocity . S u c h  c a l c u ­
la t io n s  w o u ld  be g r e a t ly  im p ro v e d  if  th e  t r a n s f e r  
v e lo c i ty  c o u ld  be  r e la ted  to  th e  exis ting  w e a l th  o f  
m e te o ro lo g ic a l  d a ta .  H o w e v e r ,  b e fo re  this c a n  be  
d o n e ,  a  b e t te r  u n d e r s t a n d in g  o f  th e  p r o c e s s e s  a t  the  
in t e r fa c e  is n e c e s sa ry .

T h e  o c e a n  a n d  a tm o s p h e re  a re  c o n s id e re d  a s  a 
c o u p le d  s y s t e m  in  w h ich  g as  fluxes p a s s ,  on  
a v e ra g e ,  c o n t in u o u s ly  th ro u g h  th e  in terface .  T h e  
l a y e r s  a d j a c e n t  to  t h e  in te r face  a re  v iew ed  as 
r e g io n s  o f  m o le c u la r  t r a n s p o r t  (v iscous  su b la y e r) .  
F o r  g a s e s  w ith  h igh  solubil i ty  a n d / o r  r a p id
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c h e m ic a l  r eac t iv i ty  in t h e  a q u e o u s  p h a s e  (e.g. H 20 ,  
S 0 2, N H 3) t h e  m a in  r e s i s t a n c e  t o  t r a n s fe r  is in th e  
g a s  p h a s e ,  while  fo r  m o s t  o t h e r  g a s e s  (e.g. 0 2, N 2, 
C 0 2) th e  m a in  re s is ta n c e  is in t h e  liquid p h a s e .  F o r  
s im plic i ty  o f  d i s c u s s io n ,  we will c o n s id e r  on ly  the 
la t te r  case .

T h e  m o d e l  c o n c e p t s  a re  t a k e n  e i ther  f ro m  fluid 
d y n a m i c s  o f  f lows a b o v e  a  so l id  su r fa c e  o r  f ro m  
p h y s ic a l  c h e m is t r y .  T h e y  a r e  c o m m o n l y  k n o w n  as:

(i) f ilm m o d e l ,  i.e. a laye r  o f  m o le c u la r  t r a n s p o r t  a t  
t h e  in te r face ,  b o rd e r in g  o n  th e  bu lk  fluid s ide 
w ith  a  r eg io n  o f  fully t u r b u le n t  t r a n s p o r t  
( W h i tm a n ,  1923),  o r  m o r e  refined ,  w i th  a 
s m o o t h  t r a n s i t i o n  f ro m  m o le c u la r  to  tu rb u le n t  
t r a n s p o r t ,  rev iew ed  b y  D e a c o n  (1 9 7 7 ) ,  o r

(ii) s u r f a c e  r e n e w a l  m odel ,  w h e r e  the  fluid, w h ich  
is a t  r e s t  a t  th e  in terface ,  is r e m o v e d  in to  the  
bu lk  a t  r a n d o m  in te rv a ls  (H igb ie ,  1935;  
D a n c k w e r t s ,  1951).

T h e  s u r f a c e  re n e w a l  m o d e l  is p ro b a b ly  a p p l ic ­
ab le  to  th e  c a s e  o f  little m e c h a n ic a l  m ix ing  b u t  
u n s t a b le  s t r a t i f ic a t io n ,  e.g.  by  c o o l in g  o f  th e  sea  
su r f a c e  d u e  t o  e v a p o r a t io n  a n d  ra d ia t io n  u n d e r  
c o n d i t io n s  o f  v an is h in g  wind spe ed  a n d  low  
inso la t io n .  T h e  film m o d e l  o r  n o t io n  o f  a  v isc o u s
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s u b la y e r  is b a s e d  o n  m e a s u re m e n t s  o f  f low a b o v e  a 
flat so l id  su r fa c e ,  w h e re  add i t io n  o f  m o le c u la r  plus 
t u r b u le n t  t r a n s p o r t  g ives a g o o d  d es c r ip t io n .  T h is  
d e s c r ip t io n  h a s  a lso  b e e n  use d  to  desc r ib e  th e  h e a t  
f low t h r o u g h  the  in te r fac ia l  l a y e r  o f  th e  o c e a n  
( H a s s e ,  1971).

C a u t i o n  h as  o f te n  b een  vo iced ,  s ince  in o r d e r  to  
u se  t h e  la t ter  t h e o r y  in fe rences  f ro m  th e  th e o r y  o f  
f low o v e r  a  s m o o th ,  so lid ,  flat p la te  m u s t  be  m a d e  
fo r  t h e  flow a t  th e  m o v in g  se a  su r fa c e ,  espec ia l ly  
fo r  a p p l ic a t io n  in th e  l iquid p h a s e ,  s ince  in th is  c a s e  
t h e  fluid b o r d e r s  the  a tm o s p h e re ,  a  g as  with  a 
f a c to r  o f  IO-3 sm a lle r  density .  T h e re fo re ,  the 
b o u n d a r y  c o n d i t io n s  a t  a fluid  in te r fa c e  are 
d i s c u s s e d  in th e  n ex t  sec t ion  a s  well a s  the ir  
c o n s e q u e n c e s  fo r  tu rb u le n t  t r a n s p o r t  n e a r  the  
in te r fa c e .  In  S ec t io n  3 effects  o f  w a v e s  o n  g as  
t r a n s f e r  a re  d isc u sse d .  In  S ec t ion  4  r e c e n t  field 
o b s e rv a t io n s  o f  g a s  t r a n s fe r  a c r o s s  the  a i r - s e a  
i n t e r fa c e  a r e  c o m p a r e d  with p r e d ic t io n s  f ro m  
m o d e l  c o n s id e ra t io n s .

2. B oundary  conditions and  model 
considerations

2.1. T h e  m o d e l

M o d e l s  like t h o s e  em p lo y in g  th e  film o r  su r face  
r e n e w a l  c o n c e p t s  a re  m a c r o s c o p ic  d es c r ip t io n s ,  
w h ich  a c c o u n t  for the  m ic ro p h y s ic a l  p ro c e s s  o f  
tu r b u le n c e  o n ly  in a  bulk sense .  In  the  fo llow ing ,  a 
m o le c u la r  p lus  e d d y  d iffusivity  a p p r o a c h  is used. 
T h e  b o u n d a r y  c o n d i t io n s  a re  u se d  to  o b t a in  the 
v a r ia t io n  o f  ed d y  diffus iv ity  with  d i s t a n c e  f ro m  the 
in te r fa c e — th e  e d d y  diffusivity d e c r e a s in g  a s  the  
in te r fa c e  is a p p r o a c h e d .  T h is  d o e s  n o t  m e a n  th a t  
th e r e  is rea lly  a l a y e r  o f  pu re ly  m o le c u la r  t r a n s p o r t  
b u t  r a th e r  t h a t  th e  e d d ie s  a re  r a re  a n d  c o n t r ib u te  
lit tle  to  th e  to ta l  t r a n s p o r t .  T h e  m o d e l  is ev id en t ly  a 
s t e a d y - s t a t e  m ode l .  T h e  effects  o f  su r f a c e  w av es  
h a v e  to  be  c o n s id e re d  s e p a ra te ly  (see S ec t io n  3).

R e ic h a rd i  (1 9 5 1 )  inves tiga ted  a e r o d y n a m ic a l ly  
s m o o t h  flow o f  a fluid a b o v e  a  so lid ,  f lat  su r fa c e  
a n d  o b ta in e d  a  g o o d  desc r ip t ion  o f  th e  flow profi le 
by  a s s u m in g  t h a t  th e  effective v iscosity  vefT is given 
by  th e  s u m  o f  m o le c u la r  (v) p lus  tu r b u le n t  ( K ,) 
v i sc os i ty ,

•err =  v  +  K

In v o k in g  c o n s id e ra t io n s  o f  c o n t in u i ty ,  he found  
t h a t  th e  e d d y  d if fus iv ity  sh o u ld  va ry  with  the  th ird

( o r  even  h ig h e r )  p o w e r  o f  z,  w h e r e  z  is th e  d is ta n c e  
f ro m  th e  wall. M o n i n  a n d  Y a g lo m  ( 1 9 6 5 )  o b ta in ed  
a r e la ted  re su l t  fo r  th e  f lo w  profi le  a lso  a t  a  s m o o th  
so lid ,  flat wall. F o r  l a r g e  d i s t a n c e s  f ro m  the  wall, 
K , =  u+ kz  a f te r  P ra n d t l  (w i th  k  v o n  K a r m a n ’s c o n ­
s ta n t) .  T h u s  a c c o r d in g  t o  R e ic h a r d i  ( 1 9 5 1 )

pefr=  v + /cv^z+ — z ,  t a n h  — j

w h e re  z + =  z u j v \  u*  is  th e  f r ic t ion  veloci ty  in the 
fluid;  z ,  =  11 is a n  e m p i r ic a l  c o n s t a n t  d e te rm in e d  
by  R e ic h a r d i  to  fit t h e  ve loc i ty  profi le.  T h is  
f o rm u la t i o n  c a n  be  u s e d  fo r  o th e r  p ro p e r t i e s  i f  the 
m o le c u la r  v isc o s i ty  is r e p la c e d  b y  the  a p p r o p r i a t e  
m o le c u la r  diffus iv ity  ( D ) a n d  if  it is a s s u m e d  tha t  
t h e  tu r b u le n t  t r a n s f e r  is  in d e p e n d e n t  o f  th e  p r o ­
p e r ty  e x c h a n g e d .  ( I f  th is  is n o t  th e  case ,  a tu rb u le n t  
S c h m id t  n u m b e r  w o u ld  h a v e  to  be  in c lu d ed  in fron t  
o f  th e  v o n  K a r m a n  c o n s t a n t  k  in  th e  fo llow ing 
e q u a t io n . )  T h e n

D e(( =  D  +  k v  | z  + — z ,  t a n h  — j .

C a lc u la t io n  o f  t r a n s f e r  ve locit ies  is th e n  s t r a ig h t ­
f o r w a r d  (see D e a c o n ,  1977  a n d  H a s s e ,  1971). T h is  
is s im ila r  t o  the  film m o d e l ,  b u t  a v o id s  th e  
u n rea l i s t ic  n o t io n  o f  a  p u r e ly  v isc o u s  l a y e r  n e a r  a 
fully  t u r b u le n t  l a y e r  a n d  th e  necess i ty  o f  h av ing  
d if fe ren t  th ic k n e s se s  fo r  the  diffus ive s u b la y e r  
d e p e n d in g  on  th e  m o le c u la r  diffus iv ity  o f  the  
p r o p e r ty .

It sh o u ld  be  n o te d  t h a t  th is  m o d e l  do es  n o t  h a v e  
a n  a d ju s ta b le  c o n s ta n t .  T h e  o n ly  em pir ic a l  c o n s t a n t  
( z ,  =  11) w a s  d e te r m in e d  f ro m  f low a b o v e  s m o o t h  
so l id  s u r f a c e s  in w ind  tun n e ls  a n d  is u se d  u n ­
c h a n g e d  for t r a n s p o r t  o f  b o th  hea t  a n d  g as es  a t  sea.

2 .2 .  B o u n d a r y  c o n d itio n s  a n d  ed d y  d i f fu s iv i ty

W h ile  R e ic h a r d t ’s m o d e l  w a s  o r ig ina lly  
d e v e lo p ed  fo r  a e r o d y n a m ic a l ly  s m o o th  f low o f  a 
fluid a t  a  fixed, flat wall ,  it is n o w  appl ied  to  the  
flow a t  a l i q u id -g a s  in te r face ,  i.e. to  a  free  su r face .  
In tu it ive ly ,  it s e em s  t h a t  th e  s m o o th  f low m o d e l  is 
m o r e  likely to  a p p ly  to  the  v isc o u s  s u b la y e r  in the  
a i r  a b o v e  th e  w a te r  t h a n  to  th e  w a te r  a t  the  
a i r - w a t e r  in te r face ,  s ince  th e  air , d u e  to  i ts  low 
d e n s i ty ,  will n o t  a p p e a r  a s  a fixed wall to  th e  w a te r .

Y et  th e  a s s u m p t io n  o f  a s u b la y e r  o f  m o le c u la r  
t r a n s p o r t  in th e  w a te r  h a s  been  suc cess fu l ly
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e m p lo y e d  in th e  c a s e  o f  th e  s im i la r  p ro b le m  o f  he a t  
flux t h r o u g h  th e  se a  s u r f a c e  ( H a s s e ,  1971)  fo r  open  
sea  c o n d i t io n s .  T h is  w a s  m a d e  p lau s ib le  b y  the  
c o n s id e ra t io n  t h a t  t h e  tu r b u le n t  m o v e m e n t s  o f  the  
fluid n e a r  th e  in te r fa c e  will b e  s im ila r  to  the  
m o v e m e n t s  a t  a  fixed wall ,  s ince  th e  b o u n d a r y  
c o n d i t io n s  a re  the  s a m e ,  i.e. fluid  e lem en ts  m a y  not 
p e n e t r a te  th e  in te r face .  O n e  p o in t  in th e  a rg u m e n t  
w a s  f o u n d  difficult  to  u n d e r s t a n d ,  n a m e ly — if 
cap i l la ry  w a v e s  c a n  d i s tu rb  th e  s u r f a c e  aga in s t  
s u r fa c e  te n s io n ,  w h y  c a n ’t th e  tu rb u le n c e  o f  the  
w a te r  d o  th e  s a m e ?  T h e  m a in  d i f fe rence  is t h a t  a  
fluid pa r t ic le  in t u r b u le n t  m o t io n  p e r p e n d ic u la r  to  
the  in te r fa c e  h as  to  t a k e  t h e  e n e rg y  n e c e s sa ry  to 
d e fo rm  th e  su r fa c e  a g a in s t  s u r f a c e  t e n s io n  f rom  its 
o w n  k inetic  en e rg y .  H o w e v e r ,  in th e  c as e  o f  
c a p i l la ry  w a v e s  th e r e  is a  p e r io d ic  e x c h a n g e  
b e tw een  th e  k inetic  e n e rg y  o f  o r d e re d  w a v e  m otion  
a n d  th e  w o r k  a g a in s t  s u r f a c e  ten s io n .  T h e  kinetic 
en e rg y  w a s  o r ig ina lly  p ro v id e d  o v e r  a  relat ively 
long p e r io d  o f  t im e  f ro m  tu r b u le n t  m o t io n s  in the  
a tm o s p h e re  a n d / o r  f ro m  ins tabil i t ies  in th e  la rger  
w aves ,  b o th  o f  w h ich  p ro v id e  a  m u c h  la rger  
r e se rv o i r  t h a n  th a t  av a i lab le  to  an  individual  
t u rb u le n t  m o t io n .  T h e re f o r e ,  tu r b u le n t  m o t io n s  
p e rp e n d ic u la r  to  th e  in te r fa c e  a re  r e s t r ic ted ,  as  they  
a re  a t  a  fixed wall.

A l th o u g h  this a r g u m e n t  is r e a s o n a b le ,  the  
im p l ica t io n s  fo r  th e  t r a n s p o r t  p ro c e s s e s  n e a r  a n d  a t  
the  in te r fa c e  a r e  n o t  t h a t  s t r a ig h t f o rw a r d  d u e  to  the  
p r e s e n c e  o f  w av es .  W e  will th e r e fo r e  c o n s id e r  first 
c o n d i t io n s  a t  a  l i q u i d - g a s  in te r fa c e  w i th o u t  w aves .

In th is  se c t io n  w e  a d v a n c e  t h e  id e a  t h a t  the  
b o u n d a r y  c o n d i t io n s  in th e  l iquid  a t  a  l iq u id -g a s  
( w a t e r - a i r )  in te r face  w i th o u t  w a v e s  a re  s im ila r  to 
th o se  fo r  a  fluid a t  a  so l id  su r face .  T h e  m ain  
a r g u m e n t  is t h a t  e d d y  m o t io n s  p e r p e n d ic u la r  to  the 
in te r fa c e  a re  z e ro  a t  th e  in te r fa c e  d u e  to  su r face  
tens ion .  T o  h a v e  a  fluid par t ic le  w i th  a  n o n z e ro  
n o r m a l  c o m p o n e n t  o f  m o t io n  a t  t h e  in te r face ,  we 
w ould  h a v e  to  c r e a te  new  su r face .  T h e  e n e rg y  for 
th is— in th e  a b s e n c e  o f  o th e r  forces-— c o u ld  c o m e  
on ly  f ro m  th e  k inetic  e n e rg y  o f  t h e  fluid part ic le .  I t  
c a n  be  s h o w n  f ro m  s im p le  c a lc u la t io n s ,  t h a t  the  
en e rg y  n e c e s s a ry  to  c r e a te  n e w  su r f a c e  is several 
o rd e r s  o f  m a g n i tu d e  l a rg e r  t h a n  th e  tu rb u le n t  
k inetic  e n e rg y  a v a i lab le  a t  th e  in terface .

W e  en v isag e  a  fluid p a r t i c le  ( o f  cha ra c te r i s t ic  
leng th  r) m o v in g  w i th  t u r b u le n t  m o t io n  to w a r d s  the  
in terface .  I t  is a s s u m e d  t h a t  r  is o f  t h e  o rd e r  o f  the  
v iscous  b o u n d a r y  l a y e r  th ic k n e s s  o r  sm a lle r ,  since

w e  a re  d e a l in g  w i th  t u r b u l e n t  m o t io n s  o f  fluid 
p a r t ic le s  w ith in  t h e  v ic o u s  b o u n d a r y  layer .  H e n c e

r -  5 v/u*.

In  o r d e r  fo r  th e  b o u n d a r y  c o n d i t i o n s  to  be  d if feren t  
f ro m  th o s e  a t  a  solid  s u r f a c e ,  it  is suff ic ient  f o r  the  
fluid par t ic le  to  be  a b le  t o  d e fo rm  th e  su r face  
locally .  F o r  th e  o r d e r - o f -m a g n i tu d e  c a lc u la t io n ,  we 
r e q u i re  t h e  w h o le  m a s s  o f  t h e  f luid par t ic le  to  m o v e  
j u s t  o u t s id e  o f  t h e  o r ig in a l  b o u n d a r y ,  b u t  still 
h a v in g  a  c o h e r e n t  s u r f a c e  w i t h  the  m a in  fluid (Fig .  
1). T h e  in c r e a s e  o f  s u r f a c e  a r e a  re la t ive  to  the  
v o lu m e  o f  t h e  fluid is t h e n  o f  o r d e r  3 / r ,  a n d  
d e p e n d s  o n ly  m a r g in a l ly  o n  t h e  a c tu a l  g e o m e try .  
T h e  k ine t ic  e n e rg y  o f  t u r b u le n t  m o t io n  p e r p e n ­
d ic u la r  to  th e  s u r f a c e  p e r  u n i t  v o lu m e  c a n  be 
a s s u m e d  t o  b e  p ro p o r t io n a l  t o  p wu \ w (w h e re  p  is 
d e n s i ty ;  th e  in d e x  w  i n d ic a te s  v a r iab le s  in th e  
liquid).  H e n c e  th e  r a t io  t] o f  th e  w o rk  u s e d  to  
in c r e a s e  th e  s u r f a c e  a r e a  t o  t h e  k ine t ic  e n e rg y  o f  
th e  fluid pa r t ic le s  is

T A  a r e a  T  3 3 T

p X . »  v o lu m e  PvM \ w r  5 p „ v u mw

w h e re  T  is s u r f a c e  te n s io n .  F o r  a  5 m / s  w in d  speed ,  
r¡ ~  6 - I O 3. T h e  ra t io  b e c o m e s  sm a lle r  w i th  h igher  
w in d  s p e e d s ,  b u t  l a rg e r  f o r  sm a l le r  fluid par t ic les .  
W e  m a y  th e r e fo r e  a s s u m e  th e  ve loc i ty  c o m p o n e n t  
w  p e r p e n d ic u la r  t o  th e  in te r fa c e  to  be ze ro  a t  the  
in terface .

F o r  th e  la te r a l  c o m p o n e n t s  o f  e d d y  m o t io n s ,  we 
h a v e  a s  a  b o u n d a r y  c o n d i t io n  th e  tw o -d im e n s io n a l  
c o n t in u i ty  e q u a t io n  fo r  i n c o m p re ss ib le  flow

du  d v

s ince  d e v ia t io n  f ro m  th is  w o u ld  im p ly  c re a t io n  o f  
n e w  su r fa c e ,  w h ic h  is n o t  poss ib le  w ith  the  e n e rg y  
a v a i lab le  f r o m  th e  t u rb u le n c e .  H e n c e ,  to g e th e r  w ith

Fig. 1. Sketch o f  a fluid particle moving through the 
viscous sublayer and finally deforming the interface.
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the  th re e -d im e n s io n a l  c o n t in u i ty  e q u a t io n ,  it fol 
lows th a t

d w
 =  0
d z

a t  th e  in te r face .  I f  w e  write

d w  1 d 2w
vv (z) =  w  (0) +  z  +    ■ z 2 +  . . .

d z  2  d z 1

we h a v e  w(z)  ~  z 2. T h is  is b a s e d  o n  th e  co n t inu i ty  
e q u a t io n  w h ich  is v a l id  in  i n c o m p re ss ib le  flow for 
m e a n  o r  f lu c tu a t in g  velocit ies .  H e n c e ,  it also 
fo l low s t h a t  o n  th e  a v e r a g e  a w ~  z 2 n e a r  the 
in te r face ,  with  a  th e  s t a n d a r d  d ev ia t ion .

F r o m  this ,  o n e  m a y  d e r iv e  th e  v a r ia t io n  o f  K , 
w i th  z  n e a r  t h e  in te r fa c e  w ith  th e  a r g u m e n t s  o f  
P r a n d tP s  ( 1 9 3 2 )  m ix ing - leng th  th e o r y .  C o n s id e r  a 
c o n s e rv a t iv e  p r o p e r ty  x • W e  a s s u m e  a x p r o p o r ­
t io n a l  d x td z , w h e re  th e  coeff ic ien t  o f  p r o p o r t i o n ­
ality h a s  th e  d im e n s io n  o f  a  leng th .  S in ce  the  on ly  
r e le v a n t  leng th  sc a le  n e a r  th e  b o u n d a r y  in the 
t u rb u le n t  flow is th e  d i s t a n c e  f ro m  th e  in terface ,

d x
o r  ~  z  .

*  d z

H e n c e  (with  c o r re la t io n  coeff ic ient  R  a n d  the  
p r im e s  d e n o t in g  f lu c tu a t in g  va r iab le s )

d x  ------ i ÖX
K t - —  =  x !w ' =  R o wox  =  c o n s t  R  • z 2 - z -  —

plus  t e r m s  o f  h ig h e r  o rd e r .  A c c o r d in g ly  n e a r  the  
in te r fa c e  K , -  z 3 p lu s  t e r m s  o f  h ig h e r  o rd e r .  It  is 
th e r e fo r e  r e a s o n a b le  t o  u se  th e  s m o o t h  t r an s i t io n  
f ro m  m o le c u la r  to  t u r b u le n t  flow, as  f o rm u la te d  by 
R e ic h a rd i ,  in th is  c a s e  a lso ,  s ince  it p r e d ic t s  the 
c o r re c t  p o w e r  o f  z  ( fo r  sm a ll  z)  a t  a  f l u id -g a s  
in te r fa c e  w i th o u t  w aves .

A  n o te  o f  c a u t io n  m a y  be  a p p r o p r i a t e .  A l th o u g h  
it h a s  b e e n  a rg u e d  t h a t  th e  b o u n d a r y  c o n d i t io n s  at 
th e  l iq u id -g a s  in te r fa c e  w o u ld  n e c e s s i t a te  th e  sa m e  
p o w e r  law  a t  th is  in te r fa c e  a s  a t  a  solid  wall ,  this 
in fe rence  is m o d if ie d  b y  th e  p re se n c e  o f  w aves .  
A p p l ic a t io n  o f  th e s e  id e a s  in S ec t io n  4  is on ly  a  test 
to  see  h o w  fa r  th e  m o d e l  m a y  be ex tended .

T h e  o c e a n  h a s  m a n y  m o d e s  o f  m o t io n  a n d  on ly  
a  few a r e  d i s c u s s e d  in  a n y  deta i l  be low . F o r  
e x am p le ,  effects  o f  s tab il i ty  p r o b a b ly  d o m in a t e  at 
low  w ind  sp e e d s  ( K a t s a r o s  e t  al ., 1978).  O th e r  
p r o c e ss e s  w h ich  m a y  p r o d u c e  tu r b u le n c e  in  the

bulk w a te r  b e lo w  th e  in te r fa c e ,  s u c h  as s h e a r  flow 
ins tab i l i ty  o r  b r e a k i n g  o f  in te rn a l  w a v e s ,  h a v e  not  
been m e n t io n e d .  E f fe c ts  o f  w a v e s  a re  d isc u sse d  
below , b u t  e v e n  so  th e  d iv is io n  i n to  g r a v i ty  w av es  
( large sca les )  a n d  c a p i l l a ry  w a v e s  ( sm al l  sca les )  is 
artificial a s  th e re  is a  c o n t i n u o u s  s p e c t r u m  o f  
su r fa c e  w aves .

O n e  gu ide l ine  f o r  d i s c u s s io n  h a s  b e e n  sca le  
c o n s id e ra t io n s .  P r o c e s s e s  w h ic h  h a v e  sc a le s  c o m ­
p a ra b le  t o  th e  t h i c k n e s s  o f  t h e  v i sc o u s  s u b l a y e r  a re  
t h o u g h t  to  be  p o te n t i a l ly  i m p o r t a n t ,  w h i le  those  
w ith  a  l a rg e  d i s p a r i t y  o f  sc a le s  a r e  t h o u g h t  to  be 
p r o b a b ly  less effective .  T h e  la t te r  a r g u m e n t  is n o t  
n eces sa r i ly  t r u e  w i th  s t r o n g ly  n o n l in e a r  p ro c e ss e s .

3. Influence o f  w aves  on gas transfer

In  S ec t ion  2, th e  b o u n d a r y  c o n d i t io n s  fo r  a  level 
fluid g a s  in te r fa c e  w e re  rev iew ed .  W e  n o w  c o n s id e r  
effects  c a u s e d  b y  th e  p r e s e n c e  o f  w a v e s  a t  the  
in te r face .  In  g e n e ra l ,  w e  e x p e c t  s e v e ra l  t y p e s  o f  
w a v e  in f luence  (b o th  c a p i l l a ry  a n d  g rav i ty )  o n  g as  
e x c h a n g e ;  th ey  m a y  b e  ro u g h ly  c la s se d  a s  fo llow s:

(1) I n c r e a s e  o f  s u r f a c e  a rea .
(2 )  V a r ia t io n s  in b o u n d a r y  l a y e r  th ic k n e s s  c o n n e c ­

ted  w ith  w a v e  m o t io n .
(3) B o u n d a ry  c o n d i t i o n s  f o rm u la t e d  fo r  level,  no t  

c u rv e d  in te r face .
(4) V a r ia t io n s  in th e  th ic k n e s s  o f  th e  v iscous  

b o u n d a r y  l a y e r  c a u s e d  by  v a r ia t io n s  in 
m o m e n t u m  t r a n s f e r  b e tw een  o c e a n  a n d  a t m o ­
sphe re .

(5) N o n l in e a r  effec ts ,  e.g. i n te r a c t io n s  b e tw een  
w a v e  m o t io n  a n d  tu rb u le n c e  w ith in  th e  w a te r  
a n d  h e n c e  d i s s ip a t io n  o f  w a v e  e n e rg y  in to  
tu rb u le n c e .

D u e  to  the ir  d i f fe ren t  sca les ,  th e  effects  will be 
d if fe ren t  f o r  g r a v i ty  a n d  cap i l la ry  w a v e s ;  w e  will 
t r e a t  g ra v i ty  w a v e s  firs t.

3.1. E ffe c t  o f  g r a v i ty  w aves

( N u m b e r s  r e fe r  to  th e  ab o v e  list ing o f  poss ib le  
in f luences  o f  w a v e s  o n  g a s  e x ch an g e . )
(1 )  C o m p a r e d  to  a  level su r face ,  the  in c r e a se  in 

su r f a c e  a r e a  d u e  to  w a v e s  is o f  o r d e r  S 2, w h e re  
S  is th e  w a v e  s te ep n ess ,  defined a s  th e  r a t io  o f  
w a v e  h e ig h t  to  w a v e  length .  S ince  a ty p ica l  
s te e p n e s s  is 1 /1 7 ,  th e  a re a  o f  e n l a rg e m e n t  is 
on ly  o f  o r d e r  1 % .  E v e n  in the  c a s e  o f  g rav i ty
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w a v e s  o f  l imiting s lope  th e  s u r f a c e  a r e a  
e n l a r g e m e n t  is on ly  a  few p e r  cent .

(2) A s s u m e  th a t  th e  b o u n d a r y  l a y e r  is s t r e tc h e d  o r  
c o m p r e s s e d  w i th  th e  o rb i ta l  m o t io n s  o f  the  
w a v e s .  W h e n  a v e ra g e d  o v e r  a  w a v e  leng th ,  
o n ly  th e  q u a d r a t i c  te rm  in w a v e  s t e e p n e s s  is 
left, w h ich  p ro v id es  an  effec t  o f  th e  s a m e  o rd e r  
a s  j u s t  c a lcu la ted  a n d  th u s  m a y  b e  neg lec ted .  
T h e  n o t io n  o f  th in n in g  a n d  th ic k e n in g  o f  the  
v i s c o u s  s u b la y e r  w ith  w a v e  m o t io n  is a 
f i lm - type  c o n c e p t ,  w h ere  th e  v i sc o u s  s u b la y e r  is 
t r e a t e d  as  a fluid layer  w h ich  r e m a in s  c o h e re n t  
(l ike a  r u b b e r  c lo th) .  It  is q u e s t io n a b le  i f  th is  is 
a  g o o d  d es c r ip t io n ,  s ince  th e  c o n c e p t  o f  a 
v i s c o u s  s u b la y e r  d o e s  n o t  d e s c r ib e  a  p r o p e r ty  
o f  th e  fluid, b u t  r a th e r  th e  a b s e n c e  o f  a  p ro c e s s  
w i th in  the  fluid.  M o le c u la r  t r a n s p o r t  ex is ts  
e v e ry w h e re  in the  liquid. T h e  v i sc o u s  s u b la y e r  
is d is t ingu ished  f ro m  th e  bu lk  o f  th e  fluid on ly  
in  th a t  t u rb u le n c e  is h in d e re d  by  th e  p re se n c e  
o f  t h e  wall  f ro m  being  an  effec tive  t r a n s p o r t  
a g en t .  D i la t io n  and  c o m p r e s s io n  o f  th e  fluid 
w o u ld  n o t  d irec t ly  r e s t r ic t  p e n e t r a t i o n  o f  the  
v i sc o u s  s u b la y e r  by  e d d y  m o t io n s .  T h e  t u r ­
b u le n c e  n e a r  the  in te r face  is in f luenced  m a in ly  
by  c o n t in u i ty  c o n s t ra in t s  n ea r  the  in te r face ,  i.e. 
w e  w o u ld  n o t  e x p ec t  a  d i r ec t  in f luence  o n  g as  
e x c h a n g e  f ro m  w a v e  c o h e r e n t  fluid shee t  
m o t io n s .  T h e re  cou ld ,  h o w ev er ,  be  a n  ind irec t  
in f luence  s ince  th e  p r o d u c t io n  o f  tu r b u le n c e  is 
in f luenced  by  c h a n g e s  o f  th e  sh e a r .  A lso ,  edd ies  
w h ic h  d e c a y  w ith in  th e  v isc o u s  s u b la y e r  w o u ld  
p r o b a b ly  be  in f luenced  by  fluid shee t  m o t io n ,  
so  t h a t  the ir  d iss ipa t ion  ra te  m a y  be  inc rease d  
( m o re  r a p id  d iss ip a t io n  o f  tu r b u le n c e  w o u ld  
lead  to less effective g as  exchange) .

C o m b in e d  effect o f  (1) a n d  (2)

E ffec ts  m e n t io n e d  u n d e r  (1) a n d  (2) a re  n o t  
in d e p e n d e n t ;  e n la rg e m e n t  o f  th e  s u r f a c e  a rea ,  
fo r  in s ta n c e ,  w o u ld  para lle l  th inn ing  o f  th e  fluid 
la y e r .  W it t in g  (1 9 7 1 )  h a s  c a lc u la te d  th e  c o m ­
b in e d  effect fo r  d ifferent  w a v e  types .  H e  
a s s u m e d  th a t  th inn ing  o f  th e  v isc o u s  s u b la y e r  
( the  ru b b e r  c lo th  m odel)  w o u ld  in c r e a s e  gas 
t r a n s f e r ,  w h ich  is d o u b t fu l .  B u t  even  so  fo r  the  
c o m b in e d  effec t  o f  (1) a n d  (2 )  in th e  l imiting 
c a s e  o f  a  g rav i ty  w a v e  a t  th e  v e rg e  o f  b r e a k in g  
( m a x im u m  w a v e  s teepness ) ,  th e  ca lc u la te d  
in c r e a s e  w a s  on ly  3 8 % .  S ince  a t  a  g iven  t im e 
n o t  all g rav i ty  w av es  a re  n e a r  b r e a k in g ,  the

a v e ra g e  effect will c e r t a i n l y  be  c o n s id e ra b ly  
sm aller .

(3) T h e  b o u n d a r y  c o n d i t i o n s  have  b een  d isc u sse d  
for a  level f l u id -g a s  i n t e r f a c e .  O f  c o u r s e ,  the  
se a  su r f a c e  is n o t  a  level  s u r f a c e ,  b u t  c o m p a r e d  
with th e  th ic k n e s s  o f  t h e  v i s c o u s  s u b la y e r  
( f r a c t io n s  o f  a  m i l l im e tre )  t h e  su r f a c e  c u r v a tu r e  
in d u c e d  b y  g ra v i ty  w a v e s  is negligible, e x cep t  
a t  t h e  m o m e n t  o f  b r e a k i n g .  In  th e  c ase  o f  
b r e a k in g  w av es ,  a  s t e a d y - s t a t e  g a s  flux m o d e l  is 
n o t  a p p l ic a b le  a t  b r e a k i n g  lo ca t io n s ,  b u t  is 
p ro b a b ly  ap p l icab le  e l s e w h e r e .  O n  a v e ra g e  
th e  in f luence  o f  c u r v a t u r e  is th e re fo re  n o t  
e x p e c te d  to  a l te r  th e  b o u n d a r y  c o n d i t io n s  a n d  
h e n c e  o f  th e  K ,  ~  z 3 b e h a v io u r .

(4) F o r  a p p l ic a t io n  o f  th e  R e i c h a r d i  m o d e l ,  we 
need to  k n o w  th e  f r ic t io n  ve lo c i ty  in th e  w a te r .  
G r a v i ty  w a v e s  m a y  t a k e  u p  m o m e n t u m  
th r o u g h  c o h e r e n t  p r e s s u r e  a n d  w a v e  fields. It is 
e s t im a te d  t h a t  o n  a v e r a g e  5 to  2 0 %  o f  t h e  to ta l  
m o m e n t u m  flux f rom  th e  a t m o s p h e r e  to  th e  se a  
is t a k e n  u p  b y  g ra v i ty  w a v e s ,  e x c e p t  a t  s h o r t  
fe tches  ( H a s s e l m a n n  et a l . ,  1973;  S n y d e r  e t  al., 
1978). Th is  p a r t  o f  the  s t r e s s  m a y  effectively  
b y p a s s  th e  in te r face .  S i n c e  we d e s c r ib e  the  
tu rb u le n t  d iffus iv ity  in t h e  w a t e r  w ith  th e  aid o f  
w*M., a n d  o b ta in  th is  t e r m  from  a tm o s p h e r i c  
d a t a  by  c o n t in u i ty  o f  s t r e s s  t h r o u g h  the  
in terface ,  we m a y  a s s u m e  an  e r ro r  in the  
d e te rm in a t io n  o f  th e  t r a n s f e r  ve locity  o f  o rd e r  
ze ro  to  1 0 % .  F o r  the  t im e  being ,  th is  se em s  to  
be  a  sm a ll  a n d ,  the re fo re ,  p e rm iss ib le  e r ro r .

(5) G r a v i ty  w av es  d iss ipa te  m a in ly  t h r o u g h  b r e a k ­
ing a n d / o r  t r a n s f e r  o f  e n e rg y  to  c ap i l la ry  
w av es .  E ffec ts  o f  th e  la t te r  will be  d isc u sse d  in 
th e  nex t  s u b s e c t io n .  It  is e v id e n t  t h a t  b re a k in g  
o f  w a v e s  is im p o r t a n t  in b u b b le  p r o d u c t io n  a n d  
in th is  w a y  m a y  in f luence  g a s  t ran sfe r .  A s ide  
f ro m  th e  g e n e ra t io n  o f  c a p i l l a ry  w a v e s  a n d  
bu b b les ,  it is n o t  e v id e n t  to  w h a t  ex ten t  
b r e a k in g  o f  w a v e s  with  its v io len t  o v e r tu rn in g ,  
s p la sh in g  a n d  gene ra l  c o m m o t i o n  c o n t r ib u te s  
locally  to  g as  t ran sfe r .  S in c e  for m o d e r a t e  sea  
s ta te s  the  a r e a  co v e re d  w ith  b re a k in g  w a v e s  is 
a  sm a ll  p e r c e n ta g e  o f  the  to ta l  a re a ,  a c o n - . 
s ide rab le  effec t  w o u ld  be n e c e s s a ry  for th is  to 
b e c o m e  im p o r t a n t  on  the  av e rag e .

Phil l ips ( 1 9 7 7 ,  c h a p .  3 .9 )  h a s  p o in ted  to 
sm a ll - sc a le  w a v e  b reak ing ,  w h ich  d o e s  not  
e n c lo s e  bu b b les  a n d  is less s p e c ta c u la r  t h a n  
w h i te  c a p p in g ,  b u t  is also p r o d u c in g  u n s te a d y
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e d d y  m o t io n ,  a n d  sh o u ld  b e  im p o r t a n t  to  
m o m e n t u m ,  h e a t  a n d  g as  t r a n s f e r  s ince  it 
o c c u r s  u n d e r  all w ind  sp e ed s .  B a n n e r  and  
Melvil le ( 1 9 7 6 )  fo u n d  a  c o n s id e ra b le  in c re a se  
o f  m o m e n t u m  tra n s fe r  by  sm a ll - sc a le  b re a k in g ,  
art ific ial ly  in d u c e d  in a w i n d - w a t e r  tunne l .  
P l a n t  a n d  W r ig h t  ( 1 9 7 7 )  sh o w e d  t h a t  P h i l l ip s ’ 
e x p la n a t io n  o f  sh o r t  w av e  b r e a k in g  in d u c e d  by 
a u g m e n te d  w ind  drift  in th e  v isc o u s  s u b la y e r  is 
n o t  in a g re e m e n t  with o b s e rv a t io n s .  S in ce  the  
p h y s ic a l  p ro c e s s  is n o t  c lea r ,  it c a n n o t  be 
j u d g e d  w h a t  the  im p o r t a n c e  o f  sm a l l - sc a le  
b r e a k in g  is to  m o m e n t u m  a n d / o r  g a s  tr a n s f e r .

O t h e r  n o n l in e a r  effects  o f  g ra v i ty  w a v e s  
w h ic h  w o u ld  e n h a n c e  o r  m o d i fy  p r o d u c t io n  o f  
tu rb u le n c e  a n d  th u s  fu r th e r  g a s  e x c h a n g e  a re  
a s s u m e d  to  be sm a ll  ( th is  is b a s e d  o n  th e  ad 
h o c  a r g u m e n t  t h a t  the  life time o f  g ra v i ty  w a v e s  
is fairly  long  a n d  the  w a v e  m o t io n s  s p a n  a  
c o n s id e ra b le  d e p th  c o m p a r e d  w ith  th e  t h i c k ­
n e s s  o f  th e  v iscous  sub layer) .

In  c o n c lu s io n  we ' ex p ec t  t h a t  the  effec ts  o f  
g ra v i ty  w a v e s  (as ide  f ro m  being  a  s o u r c e  o f  
c a p i l la ry  w av es )  will be sm a ll  e x c e p t  u n d e r  high 
w in d  c o n d i t io n s  w ith  w av e  b re a k in g ,  b u b b le  f o r ­
m a t io n s  a n d  s p r a y  b low n f ro m  th e  c r e s t s  o f  the  
w av es .  T h u s ,  e x cep t  for high w ind  s p e e d s ,  it s e em s  
p erm iss ib le  to  u se  the  R e ic h a rd i  m o d e l  w i th  the  
c o n t in u i ty  o f  s t r e s s  a s su m p t io n .

3 .2 .  E ffe c ts  o f  ca p illa ry  w aves

E x p e r im e n ta l  w i n d - w a v e  tu n n e l  s tu d ie s  o f  g as  
e x c h a n g e  usua l ly  s h o w  an  in c r e a s e  in t r a n s f e r  
ve loc i ty  with  w ind  speed .  T h e  re la t io n sh ip  b e tw een  
t r a n s f e r  velocity  a n d  wind spe ed  is ev id en t ly  n o t  
l inear .  T h is  m a y  a t  leas t  p a r t ly  be e x p la in ed  by  the  
l im ited  leng th  o f  w ind  tu n n e ls ,  b u t  it h a s  a ls o  b een  
o b s e rv e d  th a t  th e  r a te  o f  c h a n g e  o f  t r a n s f e r  veloci ty  
w i th  w in d  spe ed  m a rk e d ly  in c re a se s  w ith  th e  o n se t  
o f  c a p i l la ry  w av es .  R e cen t ly ,  J ä h n e  et al . (1 9 7 9 )  
h a v e  re p o r te d  g a s  e x c h a n g e  re su l t s  o b t a in e d  us ing  
a  c i r c u l a r  w i n d - w a t e r  tunne l ,  a n  ex p e r im e n ta l  
s e tu p  w i th  essen t ia l ly  un l im ited  fe tch .  T h e y  r e p o r ­
ted  l inear  v a r ia t io n s  o f  t r a n s f e r  ve loc i ty  w ith  w ind  
s p e e d ,  w h o s e  m a g n i tu d e  d if fered  f ro m  c o n d i t io n s  
w i th  a n d  w i th o u t  c ap i l la ry  w av es .  T h e  r a t e  o f  
in c r e a s e  w hen  c a p i l la ry  w a v e s  w ere  p r e s e n t  w a s  
c o n s id e ra b ly  g r e a te r  t h a n  w h e n  they  w e re  a b s en t .

T h e  p re se n t  s t a te  o f  k n o w le d g e  is i n a d e q u a te  
c o n c e r n in g  th e  life cyc le  o f  c a p i l la ry  w a v e s ,  their

in te rp la y  w ith  t u r b u le n c e  a n d  the ir  a c tu a l  f o rm s  at 
sea .  T h e re f o r e  a  d i s c u s s i o n  o f  th e  effec t  o f  c a p i l la ry  
w a v e s  m u s t ,  o f  n e c e s s i t y ,  be  sp e c u la t iv e  a n d  o f  a 
p re l im in a ry  n a tu re .  F o r  e a s e  o f  d i s c u s s io n ,  w e  will 
fo l low po in ts  (1) t h r o u g h  (5 )  u se d  in the  p rev io u s  
sec t ion .
(1) C a p i l l a ry  w a v e s  i n c r e a s e  th e  s u r f a c e  a r e a  o f  

th e  w a te r .  F o r  a c e r t a i n  t y p e  o f  c a p i l l a ry  w av e  
(a  tw o - d im e n s io n a l  w a v e  s u p e r im p o s e d  o n  a 
h o m o g e n e o u s  f lo w )  w i th  s h a r p  t r o u g h s  a n d  
r o u n d e d  c re s ts  a t h e o r e t i c a l  u p p e r  l imit to  the  
in c re a se  in s u r f a c e  a r e a  h a s  b een  c a lc u la te d  
( C r a p p e r ,  1957).  O n  th e  o th e r  h a n d ,  it  is not  
k n o w n  if  t h e  c a p i l l a r i e s  e v e r  r e a c h  the 
“ th e o re t i c a l” l imit ( t h e y  m a y  b e c o m e  u n s ta b le  
lo n g  befo re  r e a c h i n g  th e  s ta te ) .  A lso ,  o b s e r ­
v a t io n s  in d ica te  t h a t  th e  cap i l la r ie s  o c c u r  
m a in ly  on  th e  f o r w a r d  s lope  o f  th e  longer  
w a v e s .  T h e re fo re ,  t h e  in c r e a s e  in to ta l  a re a  
c a u s e d  by  c a p i l l a r i e s  m a y  be  o f  o r d e r  5 0 %  o r  
less.  A c c o r d in g  t o  t h e  rev iew er  o f  th is  a r t ic le ,  it 
is im poss ib le  to  v i s u a l i z e  c a p i l l a ry  w a v e s  ever  
in c re a s in g  th e  se a  s u r f a c e  a re a  by  m o r e  t h a n  a 
fa i r ly  sm a ll  f r a c t io n  o f  5 0 % .

(2)  T h in n in g  a n d  th i c k e n in g  o f  th e  v isc o u s  s u b ­
la y e r  by  w a v e  m o t io n  is un l ike ly  to  be 
im p o r t a n t  (bu t  see  i tem  5 b e low )  s ince ,  in the  
a b s e n c e  o f  e x p e r im e n ta l  ev id en ce  fo r  the 
o c c u r r e n c e  o f  ve ry  s te e p  c a p i l la ry  w a v e s  a t  sea, 
it s e em s  r e a s o n a b le  to  a s s u m e  t h a t  v a lues  o f  
w a v e  s te e p n e ss  S  will be less t h a n  o ne .  T h e  
a r e a  in c r e a s e  a n d  t h e  c o r r e s p o n d in g  d e c re a s e  
o f  th e  in terfac ia l  l a y e r  th ic k n e s s  will be  o f  the  
o r d e r  S 2. F o r  th e  c a s e  o f  p u re  tw o -d im e n s io n a l  
c ap i l la ry  w a v e s  o n  h o m o g e n e o u s  f low, the  
s t r e a m l in e s  w e re  d e te rm in e d  b y  C r a p p e r  
( 1 9 5 7 )  (see F ig .  2) .  M a c I n t y r e  ( 1 9 7 1 )  h a s  
ca lc u la te d  th e  ef fec t  o f  su r fa c e  shee t  d i la t ion  
fo r  s inuso ida l  a n d  C r a p p e r  w a v e s :  T h e  effect 
b e c o m e s  large  for C r a p p e r  w a v e s  w ith  large  
w a v e  s te e p n e ss e s— it is d o u b t fu l  w h e th e r  these  
a r e  s tab le  e n o u g h  to  c o v e r  an  a p p re c ia b le  
p e r c e n ta g e  o f  th e  s e a  su r fa c e  a n d  so h a v e  a 
n o t ic e a b le  a v e ra g e  effec t  o n  the  g as  flux.

A s  d isc u sse d  in S ec t io n  3.1 fo r  the c a s e  o f  
g ra v i ty  w aves ,  it is n o t  e v iden t  th a t  th in n in g  o f  
th e  fluid sheets  a t  t h e  in te r face  p e r  se  w ould  
d i rec t ly  fu r th e r  g as  e x c h a n g e  since  n o  c o r r e ­
s p o n d in g  th in n in g  o f  the  v iscous  s u b la y e r  is 
necessa r i ly  implied.
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Fig. 2. Roughness o f  the sea surface. Comparison 
between measured drag coefficients cD =  w*/w{0m 
(numbered lines) and hydrodynamica!  smooth flow 
(curve marked H ). The implication is that the increase of 
mom entum  flow compared  to smooth flow is brought 
about by “ form” drag o f  gravity waves and ripples. The 
average value at moderate wind speeds is fairly well 
known both form direct and profile measurements, while 
the value at high wind speeds is based on few direct 
measurements. Results are taken from (1) Dittmer 
(1977), (2) Brocks and Krügermeyer  (1972), (3) Smith 
and Banke (1975).

C o m b i n e d  effec t  o f  (1) a n d  (2)

A g a in ,  th e  e f fe c ts  a r e  n o t  in d e p e n d e n t ,  s ince  
in c r e a s e  o f  su r fa c e  a r e a  is cou p led  with 
th in n in g  o f  th e  fluid sheet .  U s in g  a  “ ru b b e r  
c lo th ”  t y p e  o f  a s s u m p t io n .  W it t in g  (1 9 7 1 )  has 
c a lc u la te d  th e  c o m b in e d  effect on  h e a t  flow for 
a  C r a p p e r  c a p i l la ry  w ave .  T h e  effect is 
s e e m in g ly  ve ry  s t r o n g ,  in d ica t ing  a n inefold  
i n c r e a s e  in h e a t  flow c o m p a r e d  w ith  a  level 
s u r fa c e .  E v e n  a c c e p t in g  th e  ru b b e r  cloth 
a s s u m p t io n ,  th e  m a g n i tu d e  o f  the  effect will 
c e r ta in ly  be  less in n a tu re .  F irs t ly ,  th e  l a rg es t  
e ffec t  w a s  c a lc u l a t e d  for the  l imiting w a v e  
h e igh t  ( the e x t r e m e  s h a p e  in Fig. 2) a n d  it is n o t  
k n o w n  i f  th is  s h a p e  c a n  ever  be  r e a c h e d  o r  if  
th e  c a p i l l a ry  w a v e s  b e c o m e  u n s ta b le  long  
b e fo re  this. S e c o n d ly ,  the  effect is w ave leng th  
d e p e n d e n t ,  th e  m a x im u m  am plif ica t ion  being 
r e a c h e d  o n ly  fo r  a  w a v e  o f  leng th  1.7 cm , the 
w a v e le n g th  o f  m in im u m  p h a s e  speed ,  c o m ­
m o n ly  ta k e n  a s  th e  b o rd e r  b e tw een  cap i l la ry  
w a v e s  a n d  g r a v i ty  w av es ,  w h ich  m e a n s  t h a t  the  
e ffec ts  o f  g r a v i ty  a n d  s u r f a c e  ten s io n  a r e  a b o u t  
e q u a l ly  i m p o r t a n t .  S ince  g rav i ty  w a v e s  h a v e  
s h a r p  c re s ts  a n d  r o u n d e d  t r o u g h s  a n d  cap i l la ry  
w a v e s  r o u n d  c re s ts  a n d  s h a r p  t r o u g h s ,  it is 
fa i r ly  un l ike ly  t h a t  a  w a v e  o f  1.7 c m  w a v e len g th

h a s  th e  l im it ing  s h a p e  o f  a  p u r e  c ap i l la ry  w ave .  
F o r  o th e r  r e a s o n a b le  a s s u m p t io n s ,  ( sh o r te r  
w a v e s ,  le sse r  s t e e p n e s s )  the  ca lc u la te d  in c rease  
o f  h e a t  f lux w a s  m u c h  less  t h a n  a  f a c to r  o f  9. In  
rea l i ty ,  e f fec ts  (1 )  a n d  (2 )  p ro b a b ly  c o m b in e  to  
p r o d u c e  a n  in c re a se  i n  g as  flux c o m p a r e d  with 
a  level  s u r f a c e  b y  a  f a c t o r  o f  2 o r  so.

(3 )  B o u n d a r y  c o n d i t i o n s  fo rm u la te d  fo r  a 
level, u n c u r v e d  in te r fa c e .  In  sec t ion  2 .2  it h as  
b e e n  a r g u e d  t h a t  the  b o u n d a r y  c o n d i t io n s  a t  a 
fluid in te r fa c e  a re  s im i l a r  to  t h o s e  a t  a  fixed 
wall. In  d e r iv ing  t h e  d e p th  d e p e n d e n c e  o f  
tu r b u le n c e  in tensi ty ,  a  level su r face  h a s  also  
b e e n  a s s u m e d .  T h e  c o r r e s p o n d in g  exerc ise  for 
a  c u rv e d  f l u id - g a s  i n t e r fa c e  h a s  n o t  ye t  been 
d o n e  to  o u r  k n o w le d g e .  B u t  even i f  a n o th e r  
p o w e r  o f  z w o u ld  be  a p p l ic a b le  a t  lo c a t io n s  o f  
s t r o n g  c u r v a tu r e ,  le a d in g  to  m o r e  f a v o u ra b le  
c o n d i t io n s  fo r  g as  e x c h a n g e ,  th e  to ta l  a r e a  
c o v e re d  b y  s u c h  lo c a t io n s  w o u ld  be  sm a ll  and  
th e r e fo r e  th e  a v e ra g e  effec t  o n  g as  e x c h a n g e  
sm a ll  a lso .  S in ce  p e n e t r a t io n  o f  the  v iscous  
s u b la y e r  b y  tu r b u le n c e  is h indered  by  c o n ­
t in u i ty  c o n s t ra in t s ,  qua l i ta t ive ly ,  d e e p e r  p e n e ­
t r a t io n  w o u ld  be  fac i l i ta ted  b y  c o n v e x  c u r ­
v a tu r e  o f  th e  in te r fa c e  (in a t r o u g h )  w h e re a s  
c o n c a v e  c u r v a t u r e  ( a t  a  c res t )  w ould  h inder  
d e e p e r  p e n e t r a t io n .  O n l y  in a s m u c h  a s  f a v o u r ­
a b le  a n d  a d v e r s e  inf luences d o  n o t  a v e ra g e  o u t  
n e e d  a  n e t  effec t  be  co n s id e re d .  A g a in  it m a y  be 
a s s u m e d  t h a t  th e  net  effec t  is o f  o rd e r  S 2.

(4) T h e  r o u g h n e s s  leng th  z 0 o f  the  se a  su r fa c e  is o f  
o r d e r  2 x  IO-4 m  (e.g. K r a u s ,  1972) .-A c c o r d ­
ing to  P ra n d t l  (1 9 3 2 ) ,  the  heigh t  o f  the 
r o u g h n e s s  e le m e n ts  a t  a  so l id  su r fa c e  is 
a p p r o x im a te ly  3 0 z 0, i.e. o f  o rd e r  1 c m  for  the  
v a lu e  o f  z () given  above .  T h is  h a s  rep e a te d ly  led 
to  th e  s im plis t ic  sp e c u la t io n  th a t  cap i l la ry  
w a v e s  a c t  a s  th e  r o u g h n e s s  e lem en ts  in m o m e n ­
tu m  tra n s fe r .  A n  a l te rn a t iv e  line o f  a rg u m e n t  is 
b a s e d  on  th e  o b s e rv a t io n  t h a t  a t  m o d e r a t e  wind 
s p e e d s  ( s a y  u p  to  14 m /s )  th e  d r a g  coeffic ient  is 
on ly  10 to  4 0 %  higher th a n  t h a t  fo r  s m o o th  
flow ov e r  a  flat, solid s u r f a c e  (Fig. 3). T h e  
in c r e a s e  o f  m o m e n t u m  t ra n s f e r  c o m p a r e d  with 
s m o o t h  f low c o u ld  be  exp la ined  by  th e  m o m e n ­
tu m  t r a n s f e r  to  the  waves while  the  m a in  p a r t  
w o u ld  be  t r a n s f e r re d  by m o le c u la r  ac t io n .  I t  is 
n o t  rea lly  k n o w n  w h ich  o r  to  w h a t  ex ten t  ei ther  
o f  th e s e  a r g u m e n t s  is c o r re c t  even as  a  bu lk
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Fig. 3. Streamlines of  capillary waves of  finite ampli­
tude— from C rapper  (1957). Each of  the lower s tream­
lines can be taken as the surface o f  a capillary wave of 
lesser steepness (by permission o f  Cambridge University 
Press).

d es c r ip t io n .  B u t  a s s u m in g  th a t  c a p i l la ry  w av es  

ta k e  u p  m o m e n t u m  f ro m  th e  a tm o s p h e re  a n d  
lo se  it to  t h e  c u r r e n t s  o v e r  the  d e p th  r a n g e  o f  
o rb i ta l  m o t io n s ,  th is  w o u ld  m e a n  t h a t  a  c e r ta in  
p e r c e n ta g e  o f  s t r e s s  b y p a s s e s  th e  v iscous  
su b la y e r ,  a n d  th e  s u b l a y e r  th ic k n e s s  h a s  to  be 
c a lc u la te d  c o n s id e r in g  a c o r re s p o n d in g ly  s m a l ­
ler f r a c t io n  o f  th e  to t a l  s t res s .  T h a t  is, th e  g as  
e x c h a n g e  w o u ld  be  less effective in th e  p re sen c e  
o f  cap i l la ry  w a v e s ,  w h ic h  is c o n t r a ry  to  w h a t  is 
ob se rv ed .

(5) T h is  s u b s e c t io n  o n  n o n l in e a r  p ro cess es  is 
m o r e  sp e cu la t iv e ,  s ince  bo th  ex p e r im en ta l  
ev idence  a n d  th e o re t ic a l  d e v e lo p m e n t  a re  l a c k ­
ing. I f  we p ic tu re  a  s h e a r  laye r  a t  th e  in te r face  
a t  w h ich  c a p i l l a ry  w a v e s  a re  be ing  g e n e ra te d ,  it 
is difficult  to  c o n c e iv e  th a t  th e  s h e a r  a n d  
cap i l la ry  w a v e  m o t io n  will n o t  in te rac t .  S u ch  
in te r a c t io n s  w o u ld  p ro d u c e  tu rb u le n c e  f ro m  the  
ca p i l la ry  w a v e  e n e rg y  r a th e r  t h a n  d is s ip a te  the 
w a v e  e n e rg y  d irec t ly  b y  m o le c u la r  a c t io n .  T h e  
tu rb u le n c e  n e a r  th e  in te r face  w o u ld  m a in ta in  
th e  s h e a r  laye r .  A  r e la ted  non - l in e a r  effect  
w o u ld  be  ins tab i l i ty  o f  the  c ap i l la ry  w aves ,  
w h ich  a g a in  w o u ld  p r o b a b ly  p r o d u c e  t u r ­
bulence.

T h e  s ign i f ican ce  o f  s u c h  p r o d u c t io n  o f  
t u rb u le n c e  by  c a p i l l a ry  w a v e s  m a y  be  seen  in 
th e  fo llow ing .  In  o r d in a ry  b o u n d a r y  layer  
d y n a m ic s ,  th e  f r ic t ion  ve loc i ty  is t r e a te d  as  the 
re lev an t  ve loc i ty  sca le .  I f  in f luences  o f  s tabil i ty  
n e a r  the  i n t e r fa c e  a n d  e ffec ts  f ro m  p re s s u re  
g r a d ie n t s  a re  ig n o re d ,  f r ic t ion  ve loc i ty  a n d  
d i s ta n c e  f ro m  th e  wall a re  th e  sca les  w h ich  
d e t e rm in e  th e  veloci ty  profi le,  th e  p r o d u c t io n  o f  
t u rb u le n c e  a n d  h e n c e  th e  tu rb u le n t  e x ch an g e s .  
W i th  c a p i l la ry  w a v e s  in te rac t in g  a n d  t r a n s ­

p o r t in g  m o m e n t u m ,  t h e  ve lo c i ty  profi le  and  
p r o d u c t io n  o f  t u r b u le n c e  m a y  be  c h a n g e d .  In 
a d d i t io n ,  th e  e n e r g y  o f  tu r b u le n c e  n e e d  not  be 
p r o d u c e d  loca l ly  o r  a d v e c t e d  f ro m  th e  bulk o f  
th e  f luid, b u t  c a n  be  t r a n s f e r r e d  f ro m  the  
tu r b u le n c e  o f  th e  a i r  in to  th e  in te r fa c ia l  layers  
v ia  u p t a k e  by  a n d  d e c a y  o f  c a p i l la ry  w aves .  
P ro d u c t io n  o f  t u r b u le n c e  n e a r  th e  in terface ,  
w h e re  a d v e c t io n  o f  tu r b u le n c e  f ro m  th e  bu lk  o f  
th e  fluid is h in d e r e d ,  w o u ld  c e r ta in ly  e n h a n c e  
g a s  e x c h a n g e  c o n s id e ra b ly .

S in c e  de ta i l s  o f  th e  life cy c le s  o f  c ap i l la ry  
w a v e s  a r e  u n k n o w n ,  th e re  is n o  w a y  to  p red ic t  
t h e  d e p t h  d e p e n d e n c e  o f  th e  tu rb u le n c e  and  
s t re s s .  T h e  a d  h o c  h y p o th e s is  is t h a t  the 
d i s t a n c e  f ro m  th e  in te r fa c e  is the  decisive 
p a r a m e t e r  a n d  th e r e fo r e  th e  tu r b u le n t  s tress  
profi le  will n o t  be  to o  d if fe ren t  f ro m  th a t  a t  a 
so l id  su r fa c e .  T h i s  a t  leas t  ex p la in s  w hy  
a p p l i c a t io n  o f  th e  R e ic h a r d i  f o rm u la t io n  p r o ­
d u c e s  a  r e a s o n a b le  d e sc r ip t io n  o f  th e  h e a t  flux 
t h r o u g h  th e  s e a - a i r  in te r face  fo r  o p e n  s e a  d a ta ,  
w h e re  c a p i l la ry  w a v e s  a re  u b iq u i to u s  (o f  
c o u r s e ,  th e  e x t r a p o la t io n  f ro m  m o m e n t u m  
t r a n s f e r  to  h e a t  t r a n s f e r  is fa r  less d u b io u s  th an  
to  g as  e x c h a n g e ,  s ince  the  r a t io  o f  th e  m o le ­
c u la r  d if fus iv it ies  is a b o u t  10 in th e  first  c a se  
a n d  a b o u t  6 0 0  in th e  lat ter).

3.3. D isc u ss io n  o f  w a v e  e ffe c ts

A  h e r e to fo re  u n u s e d  a r g u m e n t  is th a t  ef fec ts  1, 
2,  3 d i sc u sse d  a b o v e  w o u ld  n o t  o n ly  in c r e a s e  g as  
t r a n s f e r  b u t  a l s o  m o m e n t u m  e x c h a n g e .  S ince  
m o m e n t u m  e x c h a n g e  is r e fe rred  to  a  level su r face ,  
if  th e  o r d i n a r y  d e te r m in a t io n  o f  the  f r ic t ion  velocity 
is u se d ,  a n d  this f r ic t ion  velocity  is a p p l ie d  in the  
g a s  t r a n s f e r  m o d e l  c a lc u la t io n s ,  the  b ia ses  ca u s e d  
by  th e  th re e  effec ts  a p p r o x im a te ly  cance l .  T a k e ,  for 
e x a m p le ,  th e  “ r u b b e r  c lo th ”  a s s u m p t io n  th a t  the 
v i sc o u s  s u b l a y e r  w o u ld  be th in n ed  by  th e  w aves .  If 
th is  v isc o u s  s u b l a y e r  w o u ld  be t h in n e d  a t  s o m e  
p laces ,  n o t  o n ly  t h e  g as  b u t  a lso  th e  m o m e n t u m  
e x c h a n g e  w o u ld  be  fac il i ta ted .  S ince  the  m o m e n t u m  
flux, a s  m e a s u re d  a t  th e  10 m  level, is g iven,  a 
th in n in g  o f  the  v isc o u s  s u b la y e r  m u s t  be b a la n c e d  
b y  a t h ic k e n in g  a t  o th e r  p laces  s u c h  th a t  the  
m o m e n t u m  e x c h a n g e  t h r o u g h  the  in te r fa c e  e q u a ls  
t h e  flux th r o u g h  th e  10 m  level. O n ly  i n a s m u c h  as 
th e re  a r e  n o n l in ea r i t ie s  involved w h ich  w o u ld  affec t  
g a s  a n d  m o m e n t u m  t ra n s f e r  differently  is it really 
n e c e s s a ry  to  a c c o u n t  for (1) th ro u g h  (3).
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I t  is th e re fo re  believed t h a t  th e  k e y  to  an  
u n d e r s t a n d in g  o f  g as  e x c h a n g e  p r o c e s s e s  is the  
n o n l in e a r  in te rac t io n s  b e tw e e n  c a p i l l a ry  w a v e s  a n d  
flow c h a ra c te r i s t i c s  a t  t h e  in te r face .  I t  is  k n o w n  
(see  B ra d s h a w ,  1973) t h a t  s t r e a m w is e  c u r v a tu r e  
e n h a n c e s  t u rb u le n c e  c o n s id e ra b ly .  S in c e  c u r v a tu r e  
is s t r o n g  in cap i l la ry  w a v e s ,  a  s ign if ican t  effec t  on  
tu rb u le n t  f low a n d  h e n c e  v isc o u s  s u b la y e r  t h i c k ­
n ess  is likely.

In  s u m m a r y ,  in c r e a s e  o f  th e  s u r f a c e  a r e a  a n d  
per io d ic  r e d u c t io n  in th e  th ic k n e s s  o f  fluid  l a y e r s  as 
a c o n s e q u e n c e  o f  (quas i  s t e a d y -s ta te )  cap i l la ry  
w a v e  m o t io n  c o u ld  a c c o u n t  fo r  a n  in c re a se  in g as  
flux o f  u p  to  a m a x im u m  o f  a  f a c to r  o f  tw o ,  
c o m p a r e d  w ith  th a t  f rom  a  level su r fa c e .  T h e  r a th e r  
s p e c t a c u l a r  in c re a se  o f  g a s  e x c h a n g e  o b s e rv e d  in 
w in d  tunne ls  with  the  o n s e t  o f  c a p i l la ry  w a v e s  h as  
y e t  to  rece ive  a  full e x p la n a t io n .

4. O bservations

P e n g  et al. ( 1 9 7 9 )  r e p o r te d  r a d o n  def ic iency 
m e a s u re m e n t s  a t  a b o u t  100 s ta t io n s  well d is t r i ­

b u te d  o v e r  t h e  A t l a n t i c  a n d  Pac if ic  o c e a n s .  T h e i r  
m e th o d  gives th e  g a s  t r a n s f e r  ve loc i ty  w i th  a  t im e  
c o n s t a n t  o f  a b o u t  2 .6  d a y s ,  d e p e n d in g  o n  w in d  
spe ed  (u n d e r  c a lm  c o n d i t i o n s ,  3 .8  d ay s ) .  T h e  
o b s e rv a t io n s  m a y  be  c o m p a r e d  with  th eo re t ica l  
p re d ic t io n s  o f  t r a n s f e r  v e lo c i t i e s  v e r su s  w ind  speed .  
S in ce  it  is n o t  rea l ly  p o s s ib l e  t o  inc lude  effec ts  o f  
th e  d if feren t  p r o c e s s e s  d i s c u s s e d  ab o v e ,  th e  c a l c u ­
la t io n  h a s  b een  d o n e  fo r  a  lev e l  s u r f a c e  w i th  the  
th e o ry  given in  S e c t io n  2.

F r o m  th e  i n s t a n t a n e o u s  w i n d  spe ed  a n d  w ith  th e  
a id  o f  a  m e a n  d r a g  co e f f ic ie n t  cD =  1.3 x  IO-3 , a 
f r ic t ion  velocity  a t  th e  g a s  s i d e  o f  th e  in te r fa c e  h a s  
b e e n  c a lcu la ted .  C o n t in u i ty  o f  m o m e n t u m  flux a t  
th e  in te r face  y ields t h e  v a lu e  o f  f r ic t ion  veloci ty  to  
be  u se d  in R e ic h a r d t ’s f o r m u l a .  T h e  resu l t  o f  the  
ca lcu la t io n  d e p e n d s  ( t h ro u g h  t h e  dens i t ies  a n d  the  
diffusivity)  s o m e w h a t  o n  th e  w a t e r  t e m p e r a tu r e ,  as  
sh o w n  b y  the  tw o  l ines in F ig .  4 .

I t  is ev iden t  t h a t  t h e  d a t a  d o  n o t  sh o w  th e  
e x p e c te d  in c re a se  o f  th e  t r a n s f e r  ve loc i ty  w ith  w ind  
sp e ed ,  a n d  th is  c o n c lu s io n  is n o t  a l te red  i f  the  
a v e ra g e  w ind  spe ed  fo r  the  t w o  p re v io u s  d a y s  o f  th e  
c ru ise  is used  ( n o t  s h o w n )  i n s te a d  o f  th e  in-
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Fig. 4. Transfer velocity (cm h _l) as determined on the G E O SEC S Atlantic and Pacific cruises by the Radon 
Deficiency Method (Peng et al., 1979) plotted against  the measured wind speed (m s_l) at the time the samples were 
collected. Wind speeds at nominal 10 m height have been reduced to 10 cm height with the aid of  the logarithmic 
wind profile for better comparison with wind tunnel results. Full line, predictions based on the molecular plus 
eddy diffusivity approaches o f  Deacon (1977) and Hasse (1971) at the temperatures stated, using the temperature 
dependence o f  diffusivity after Himmelblau (1964). Broken line is the least squares fit through the da ta  points.

10 15
M easured  wind s p e e d  ( 10cm) m s ' 1

24 + 8 8 8  
(r = 0  14)
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s t a n ta n e o u s  value. T h e  a p p a r e n t  a b s e n c e  o f  an  
effect o f  w in d  o n  th e  t r a n s f e r  v e loc i ty ,  a s  ev id en ced  
by  the  la rge  s c a t t e r  o f  the  d a t a  p o in ts  in Fig. 4 w h ich  
l eads  to  th e  low s lope  o f  th e  leas t  s q u a re s  l ine  a n d  
the  lo w  co rre la t io n  coeffic ient  b e tw een  th e  v a r iab le s ,  
is v e ry  surpr is ing .  It  s e em s  p h y s ic a l ly  u n rea l i s t ic  to  
find little o r  n o  effect o f  w in d  s p e e d  o n  th e  r a t e  o f  
g as  t r a n s f e r  a n d  all th e  w in d  tu n n e l  s tu d ie s  s h o w  
c lea r  posi t ive  re la t ionsh ips .  T h e  a b s e n c e  o f  a  w ind  
spe ed  effect in  th e  field d a t a  m a y  be  d u e  to  e x p e r i ­
m e n ta l  im perfec t ions  (e.g. J ä h n e  et al ., 1979;  
B ro e c k e r  e t  al., 1978). E v en  so th e  r a d o n  d a t a  will 
still b e  useful for o b ta in in g  g loba l  a v e ra g e  va lues  
f o r  th e  t r a n s f e r  veloci ty  (see P e n g  et al., 1979).

R e c e n t ly  R o e th e r  e t  al. ( 1 9 7 8 )  h a v e  im p ro v e d  
th e  r a d o n  m e th o d  to  a l low  a  m o r e  r a p id  co l lec t ion  
o f  d a ta .  T h e  p r e l im in a ry  re su l t s  o f  a  r e c e n t  field 
e x p e r im en t  (K ro m e r ,  1979) a re  on  a v e ra g e  in 
r e a s o n a b le  a g re e m e n ts  w i th  th e  P e n g  e t  al. ( 1 9 7 9 )  
d a ta .  T h e  m e a n  d if fe rence  is h a r d ly  s ign if ican t  a n d  
m a y  b e  fu r th e r  r e d u c e d  b y  m a k in g  r e a s o n a b le  
a s s u m p t io n s  a b o u t  the  r a d o n  p r o d u c t io n  in the  
m ixed  layer ,  since th e  r a d iu m  c o n te n t  in th e  m ixed  
laye r  w a s  n o t  m e a s u re d  b u t  e x t r a p o la t e d  f ro m  the  
a s s u m e d  r a d i u m - r a d o n  equ i l ib r iu m  b e lo w  the  
th e rm o c l in e .  B u t  even  th o u g h  the re  a re  n e a r ly  4 
w eek s  o f  f re q u e n t  d a t a ,  no  d e p e n d e n c e  o f  the 
t r a n s f e r  velocity o n  w ind  speed  co u ld  be  de tec ted .  
A n  a t t e m p t  to  m a k e  a “ s ta n d in g  c r o p ”  an a ly s is  
failed with  an  a s s u m e d  bi- linear  w in d  spe ed  
dep e n d e n c e .  I t  is ev iden t  f ro m  th e  g iven  t im e 
t r a c e s  t h a t  a n y  s im ila r  a s s u m p t io n  (ex p o n e n t ia l ,  
s q u a r e  law ) w o u ld  n o t  p r o d u c e  a  b e t t e r  d es c r ip t io n .  
A  final  ev a lu a t io n  m u s t  be  left until th e  a c c o m ­
p a n y in g  h y d r o g ra p h ic  d a t a  a r e  a n a ly s e d .

5. Discussion
T h e  results  o f  the  field e x p e r im e n ts  a re  f ru s ta t in g  

in th a t  they  fail to  s h o w  a  c le a r  d e p e n d e n c e  o n  w ind  
speed .  M o s t  o f  the  p r o c e ss e s  w h ich  a p p e a r  to  be 
im p o r t a n t  fo r  g as  e x c h a n g e  o u g h t  to  d e p e n d  in one  
w a y  o r  the o th e r  o n  t u rb u le n c e  o r  w a v e  e n e rg y  a n d  
hen ce ,  a t  leas t  indirec tly ,  o n  m e a n  w ind  speed .

S o  far , we h a v e  n o t  c o n s id e re d  th e  effec t  o f  
b u b b le s  on  g as  e x c h a n g e .  B u b b le s  c a n  t a k e  u p  g as  
f ro m  th e  fluid, rise to  th e  s u r f a c e  a n d  b u r s t ,  th u s  
b y p a s s in g  th e  laye r  o f  s low  d if fus ive  t r a n s p o r t  a t  
th e  in terface .  B ubb les  c o u ld  be  g e n e r a t e d  by  
t r a p p in g  o f  air  by  c a p i l la ry  w a v e s ,  a l th o u g h  
ob v io u s ly  a  m u c h  m o re  effective p ro c e s s  is the

b re a k in g  o f  w a v e s  w h i c h  p r o d u c e s  p a t c h e s  o f  
b u b b le s— th e  w h i te  c a p s .  B o t h  m e c h a n i s m s  o f  
b u b b le  g e n e ra t io n  s h o u l d  p r o d u c e  in c r e a s in g  n u m ­
bers  o f  b u b b le s  w i th  i n c r e a s i n g  w in d  sp e ed .

A n o t h e r  h i th e r to  u n m e n t i o n e d  p r o c e s s  is the  
ef fect o f  su r fa c e  f i lm s  o n  g a s  t r a n s f e r .  S u r f a c e  
ac t ive  m a te r ia l  a r i s i n g  f r o m  n a t u r a l  b io log ica l  
p ro c e ss e s  a n d  m a n - m a d e  ac t iv i t ie s  is u b iq u i to u s .  It 
is a lso  k n o w n  t h a t  s u r f a c t a n t  f i lm s d o  n o t  re m a in  
c o h e re n t  a t  w in d  s p e e d s  o f  a b o u t  fo rce  th r e e  a n d  
above .  T h e re fo re  t h e y  a r e  a s s u m e d  n o t  t o  in f luence  
g a s  e x c h a n g e  d i re c t ly .  E v e n  a t  lo w e r  s p e e d s ,  since 
th e  films o n  th e  o p e n  se a  a re  n o t  h o m o g e n e o u s ,  
the ir  efficiency a s  a  b a r r i e r  to  g as  m o le c u le s  is 
p ro b a b ly  low. B u t  it i s  k n o w n  (e .g . G a r r e t t ,  1969) 
th a t  su r face  f ilms d a m p  c a p i l la ry  w a v e s .  T h e  
p h y s ic s  o r  p h y s i o c h e m is t r y  o f  h o w  s u r f a c e  films 
a c t  in d a m p in g  c a p i l l a r y  w a v e s  a n d  h o w  this 
inf luences t u r b u le n c e  a n d  t h u s  in d irec t ly  g as  
e x c h a n g e  is u n k n o w n .  T h e re  is a t  leas t  a  c h a n c e  
t h a t  th e  su r fa c e  a c t iv e  m a te r ia l  d i sp e r s e d  b y  w a v e  
a c t io n  in the  bu lk  o f  t h e  w a te r  is still a c t iv e  e n o u g h  
to  in f luence  i m p o r t a n t  t r a n s f e r  m e c h a n i s m s  even  if  
it is n o t  able  to  b u i ld  films o r  visibly in f luence  the 
sm a lle r  w aves .  E v e n  th e  fac t  t h a t  is h a s  been 
poss ib le  to  c o r re la te  w in d  spe ed  with m ic r o w a v e  
b a c k s c a t t e r  f ro m  th e  o c e a n ,  w h ic h  s h o w s  th a t  the  
sp e c t ra l  en e rg y  o f  w a v e s  in the  c e n t im e t r e  r eg io n  is 
c o r re la te d  with  w in d  sp e e d ,  d o e s  n o t  p r e c lu d e  an  
influence o f  s u r f a c t a n t s  o n  h ig h e r  f r e q u e n c y  w av es  
o r  F o u r i e r  c o m p o n e n t s .

I n  c o n c lu s io n  it m i g h t  be  sa id  th a t  the  re su l t s  o f  
field e x p e r im e n ts  s h o u ld  be  suff icient  to  c a lcu la te  
g lobal  g as  e x c h a n g e  f luxes  b e tw een  th e  o c e a n  a n d  
th e  a tm o s p h e re  w i th in  a  f a c to r  o f  t w o  o r  th ree .  
T h e re  re m a in  se v e ra l  difficulties w ith  th e  t h e o r y ;  
for e x a m p le  the  t h e o r y  o f  d a m p in g  o f  cap i l la ry  
w av es  (see Phillips , 1 977)  c o n ta in s  th e  k in em at ic  
v iscosi ty  on ly  a n d  is in d e p e n d e n t  o f  th e  su r fa c e  
tens ion ,  while  e x p e r im e n ta l  in v es t ig a t io n s  o f  w av e  
d a m p in g  reveal  a c le a r  d e p e n d e n c e  o n  su r fa c e  
te n s io n  ( G a r r e t t ,  1969).  I t  is safe  to  s a y  t h a t  the  
p h y s ic s  o f  g a s  e x c h a n g e  p r o c e ss e s  r e m a in  la rge ly  
unreso lved .
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rA 300EM EH  HEPE3 nOBEPXHOCTb PA3ÆEJÏA OKEAH-ATMOC4>EPA

ila e T C fl 0630p (})H3HHecKHX n p o u e c c o B  r a 3 0 o 6 M eH a 
n e p e 3 noB epxH O C T b p a 3A eR a O K eaH -aT M O c4> ep a . ,II,rh  
onH caH H H  n e p e H O c a  r a 3 0 B b h c h a k o c tb  b 6 r h 3 h 
rpaHHUbi p a 3A e ^ a  HCriORb3yeTCfl K O H uenuH fl M O ^e- 
KyuapHOM  n i n o e  T y p 6 y jieH T H O ñ a h ^ Í Y ^ h h ,  h t o  
OKa3a ^ o c b  n o n e 3HbiM n p H  r/iaA KO M  oÔTeKaHHH 
T B epA bix  n o B e p x n o c T e ñ .  H a f t a e n o ,  h t o  x o t r  rpaHH- 
HHbie ycnoB H H  n a  c b o ô o a h o î i  rp a H H u e  p a 3A e n a  
OTAHHaiOTCH, OHM BeA yT K CyUieCTBeHHO TaKOH >Ke 
3 3 BKCHMOCTH K0 3 (J)<j)HmieHTa T y p 6 yJieHTHOH An(})4)y - 
3 HH OT paCCTOaHHH AO CTeHKH, n o  K p añ H eñ  M e p e , 
A Rh noB epxH O C TH  p a 3A e n a  * H A K o c T b -ra 3 6 e 3 b o r h .

3 aT eM  o ô c y jK A a e T c a  b r h a h h c  b o j i h .  M 3 M a c u i r a Ô H o ro  
a n a / iH 3 a  o h c b h a h o ,  h t o  b r h a h h c  rpaB H T aiiH O H H bix  
BORH M aR O . M 3 HCCReAOBaHHH B a 3pOAM (iaM H4eCKHX 
T p y 6 a x  M3 B ecT H o, b t o  K a n H R a p iib ie  BORHbi 3 HawHTe- 
RbHO ycH R H B atoT  r a 3 o o 6 M eH . C y m e c iB y io m w e  r n n o -  
T e 3 bl npeACTaBRBKDTCR HeAOCTaTOHHblMH A R« o 6 b -  
RCHeilHfl 3 THX HaÖRHDACHHH. AnaRH3 A3 HHbIX nO- 
R eB bix  H3 M e p e H n ñ  A a:w e y c y ry Ö R a e T  C M T y au m o , 
nOCKORbKH 3TH A aH H bie  H e BblHBRHIOT 05KMA3 eM 0 r 0  
ycHReHHH r a 3o o Ô M e H a  c  y B en H 4eH neM  CKOpocxM  
B e T p a .
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