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T h e  e j e c t i o n  h e i g h t  o f  j e t  d r o p s  f r o m  b u b b l e s  b u r s t i n g  in s e a w a t e r  h a s  b e e n  f o u n d  t o  b e  a  f u n c t i o n  o f  
t h e  l i m e  s p e n t  b y  t h e  b u b b l e  r i s i n g  t o  t h e  s u r f a c e .  D u r i n g  th i s  l i m e ,  a d s o r p t i o n  to  t h e  b u b b l e  o f  t h e  
s u r f a c e  a c t i v e  s p e c i e s  o f  o r g a n i c  m a t e r i a l  in t h e  w a t e r  l o w e r s  t h e  b u b b l e  s u r f a c e  f ree  e n e r g y ,  t h e  s o u r c e  o f  
t h e  k i n e t i c  e n e r g y  o f  t h e  j e t  d r o p s .  E x p e r i m e n t s  w i t h  a  b u b b l e  a g i n g  t u b e  h a v e  s h o w n  t h a t  t h e  t i m e  r a l e  o f  
c h a n g e  o f  d r o p  e j e c t i o n  h e i g h t  is a  f u n c t i o n  o f  n o t  o n l y  t h e  a m o u n t  o f  o r g a n i c  c a r b o n  in s e a w a t e r  b u t  t h e  
s p e c i e s  a s  w e ll .  S i n c e  c h a n g e s  in d r o p  e j e c t i o n  h e i g h t  a r e  p a r a l l e l e d  b y  c h a n g e s  in  d r o p  s i / e ,  t h e  p o s s i b i l i t y  
e x i s t s  t h a t  o r g a n i c s  in  t h e  s e a  c a n  p l a y  a r o l e  in m o d i f y i n g  t h e  d r o p  s ize  s p e c t r u m  p r o d u c e d  by t h e  s e a .  O n  
t h e  o t h e r  h a n d ,  t h e  m o d i f i c a t i o n  m a y  b e  m i n i m a l ,  s i n c e  t h e  o r g a n i c  e f f e c t  is m o s t  p r o n o u n c e d  o n  th e  
l a r g e r  b u b b l e s  ( a b o u t  I - m m  d i a m e t e r )  a n d  less  so  o n  t h e  s m a l l e r  a n d  m o r e  n u m e r o u s  b u b b l e s  p r o d u c e d  
by  n a t u r a l  p r o c e s s e s  in t h e  s e a .

It  is g e n e r a l l y  a c c e p t e d  t h a t  t he  m a j o r  s o u r c e  o f  s e a- s a l t  
a e r o s o l  in m a r i n e  a t m o s p h e r e s  is j e t  a n d  f i lm d r o p s  p r o d u c e d  
by a i r  b u b b l e s  b u r s t i n g  at  t he  s u r f a c e  o f  t h e  sea .  T h e  o r ig in  o f  
t he  d r o p s  is a  th in  m i c r o l a y e r  t h a t  f o r m s  t he  s u r f a ce  o f  the  
b u b b l e  [M acIntyre , 1972],  T h u s  it f o l l o ws  t h a t  a n y  o r g a n i c  
m a t e r i a l  a d s o r b e d  t o  t h e  b u b b l e  s u r f a c e  wil l  b e  f o u n d  in t h e  j e t  
a n d  f i lm d r o p s  in a c o n c e n t r a t i o n  f ar  h i g h e r  t h a n  t h a t  in b u l k  
s e a w a t e r .  H o ffm a n  an d  D uce  [1976]  h a v e  f o u n d  t ha t  s uc h  a 
m e c h a n i s m  c a n  a c c o u n t  for  a t  leas t  p a r t  o f  t he  h i gh  e n r i c h 
m e n t  f ac t o r s  ( f r o m  severa l  h u n d r e d  t o  severa l  t h o u s a n d )  for  
o r g a n i c  c a r b o n  o n  t he  m a r i n e  a e r o so l  [B lanchard , 1968;  Barger 
an d  G arrett, 1970; H o ffm a n  and D uce, 1974].  D e t a i l e d  reviews 
o f  t h e  r e l a t i on sh i p  b e t w e e n  b u b b l e s  a n d  e n r i c h m e n t s  o f  o r g a n 
ics a n d  o t h e r  m a t e r i a l s  o n  t h e  m a r i n e  a e r o s o l  h a v e  been  p r e 
p a r e d  by  B lanchard  [1975]  a n d  D uce an d  H o ffm a n  [1976].

T h e  e n e r g y  fo r  j e t  d r o p  e j ec t ion  is d e r iv e d  f r o m  t he  su r face  
f ree  e n e r gy  o f  t h e  b u b b l e  [B lanchard, 1963].  S i n c e  t h e  a d s o r p 
t ion  o f  o r g a n i c  m a t e r i a l  t o  a  b u b b l e  r i s i ng  t h r o u g h  w a t e r  will  
l o w e r  t h e  b u b b l e  s u r f a ce  f ree e n e r g y ,  o n e  w o u l d  e xp ec t  t o  l ind 
a  l ow e r in g  o f  t h e  h e i gh t  to w h i c h  t h e  j e t  d r o p s  a r e  e j ec t ed ,  a n d  
p e r h a p s  a d e c r e a s e  in t he i r  s ize,  a s  a f u n c t i o n  o f  t i m e  s p e n t  by 
t h e  b u b b l e  r i s ing  t h r o u g h  t he  w a t e r  b e f o r e  b u r s t i n g .  T h i s  has  
b ee n  f o u n d  in e x p e r i m e n t s  w i t h  a f ew s a m p l e s  o f  c oas t a l  
s e a w a t e r  [Lee, 1972;  B lanchard an d  S y zd e k ,  1974] a n d  in w o r k  
a b o a r d  sh i p  wi th  n ea r l y  100 s a m p l e s  o f  o p e n  o c e a n  s e a w a t e r  
o b t a i n e d  n e a r  t h e  G a l a p a g o s  I s l a n d s  a n d  a t  v a r i o u s  p l aces  in 
t h e  N o r t h  A t l a n t i c  [Blanchard, 1977],  H o w e v e r ,  n o  m e a s u r e 
m e n t s  o f  o r g a n i c  c a r b o n  we r e  a v a i l a b l e  fo r  a n y  o f  t hese  s e a 
w a t e r  s amp le s .  I t  is t h e  p u r p o s e  o f  t hi s  p a p e r  t o  p r e s e n t  d a t a  
t h a t  r e l a t e  t h e  o r g a n i c  c a r b o n  c o n t e n t  o f  s e a w a t e r  t o  t h e  r a t e  
o f  c h a n g e  o f  j e t  d r o p  e j e c t i on  h e i g h t  w i t h  b u b b l e  age.

P r o c e d u r e

T h e  e j ec t i on  h e i gh t  ve r sus  b u b b l e  a g e  d a t a  we r e  o b t a i n e d  
w i t h  a b u b b l e  a g i n g  t u b e  ( F i g u r e  I ). D e t a i l s  o n  t h e  c o n s t r u c 
t ion  a n d  use  o f  t h e  a g i ng  t u b e  c a n  be  f o u n d  e l s e w he r e  [Blan
chard, 1963].  O n l y  a  b r i e f  d e s c r i p t i o n  will  be  g i ven  h e r e  o f  t he  
u se  o f  t h e  t u b e  in t h e  p r e s e n t  w o r k .  A  s t i r r i ng  r o d  c a u s es  t he  
w a t e r  t o  m o v e  s l owl y  in a  c o u n t e r c l o c k w i s e  d i r e c t i on .  A s  it 
m o v e s  d o w n  t h r o u g h  t he  c o n s t r i c t i o n  its s p e e d  i nc r ease s  to 
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a b o u t  30  c m  s _1, e s t a b l i s h i n g  a  ve l oc i ty  g r a d i e n t  b e n e a t h  t he  
c o n s t r i c t i o n .  A c c o r d i n g l y ,  a b u b b l e  r e l ea se d  f r o m  t he  ca p i l l a r y  
t i p  r i ses l o  t h e  p o i n t  w h e r e  its r i se s p e e d  is equa l  t o  t h e  
d o w n w e l l i n g  s p e e d  o f  t h e  w a t e r ,  a n d  t he r e  it  r em ai ns .  A t  t h e  
e n d  o f  a n y  d e s i r e d  t i m e  t he  s t i r r i n g  r o d  is t u r n e d  olf ,  the  
d o w n w e l l i n g  c e a s e s ,  a n d  t h e  b u b b l e  r i ses t o  t he  s u r f a ce  to 
b u r s t  a n d  e j ec t  j e t  d r o p s  i n t o  t h e  ai r .  T h e  p r e p a r a t i o n  o f  
b u b b l e - p r o d u c i n g  c a p i l l a r y  t i ps  h a s  b e e n  d e s c r i b e d  by  B la n 
chard a n d  S y zd e k  [1977] ,

E a c h  da y ,  a n d  s o m e t i m e s  t wi ce  a d a y ,  t h e  e n t i r e  a p p a r a t u s  
w a s  t a k e n  a p a r t  a n d  c l e a n e d .  T h e  c a p i l l a r y  t ip  w a s  b u b b l e d  f o r  
20  o r  30  m i n  in a c e t o n e  a n d  t h e n  r i ns ed  in d i s t i l l ed wate r .  T h e  
res t  o f  t h e  a p p a r a t u s  w a s  s c r u b b e d  in a  h o t  d e t e r g e n t  s o l u t i o n ,  
r i ns ed  wi th  h o t  t a p  w a t e r ,  a n d  t h e n  r i ns ed  wi th  d i s t i l l ed w a t e r .

T h e  a i r  f o r  t h e  b u b b l e s  c a m e  f r o m  a  s m a l l  a i r  p u m p .  It  w a s  
f i l t ered t h r o u g h  a c o l u m n  o f  c o t t o n  w o o l  t o  r e m o v e  pa r t i c l es  
a n d  t h en  t h r o u g h  a c t u a t e d  c h a r c o a l  to r e m o v e  a n y  o r g a n i c  
v a p o r s  t h a t  m i g h t  be  p r es e n t .

T h e  w a t e r  s u p p l y  w a s  fed i n t o  t h e  r i g h t - h a n d  b r a n c h  o f  t h e  
a g i n g  t u b e .  T h e  s u r f a c e  w h e r e  t h e  b u b b l e s  b u r s t  w a s  o v e r 
f l owed  f r o m  t i m e  t o  l i me  t o  k e e p  it f ree o f  o r g a n i c  m o n o l a y e r s .  
I t  w a s  n o t  n e c e s s a r y  t o  m a i n t a i n  a  c o n t i n u o u s  ove r f l ow,  f o r  it 
w a s  f o u n d  t h a t  t h e  d r o p  e j e c t i on  h e i g h t s  d e p e n d e d  p r i m a r i l y  
o n  t h e  age  o f  t h e  b u b b l e ,  p r o v i d e d  t h e  w a t e r  s u r f a ce  w a s  c l e a n  
ini t ia l ly.  T h u s  t h e  e x p e r i m e n t s  w e r e  d o n e  by  u s i ng  a n  ove r f l ow 
s u p p l i e d  by  h a n d  p e r i o d i c a l l y  f r o m  a b e a k e r  o f  t he  s a m p l e  o f  
s e a w a t e r .

T h e  b u b b l e s  d i d  n o t  b u r s t  i m m e d i a t e l y  u p o n  a r r i va l  a t  t he  
su r f a c e .  T h i s  s u r f a c e  r e s i d e n c e  t i m e  is n o t  a p a r t  o f  the  b u b b l e  
a g e ,  wh ic h  in this  p a p e r  is t h e  t i m e  s p e n t  b y  t he  b u b b l e  in 
r i s i ng  f r o m  t h e  c a p i l l a r y  t ip  t o  t h e  su r fa c e .  F o r  b u b b l e  a g e s  
<  10 s t h e  r e s i de n c e  t i m e  w a s  g e n e r a l l y  h igh,  s o m e t i m e s  s e ve ra l  
t ens  o f  s e c o nd s ,  b u t  f o r  ages  >  10 s t he  r e s i d en c e  t i m e  c h a n g e d  
l i t t le,  b e i n g  in t he  r a n g e  o f  1-5 s. R e s i d e n c e  t im es  for  b u b b l e s  
a t  a s a l t w a t e r  s u r f a ce  h a v e  b ee n  f o u n d  by G arrett [ I967J  t o  be  
a n  i nve r se  f u nc t i o n  o f  t he  p r e s s u r e  e x e r t e d  b y  a s u r f ac e  f i lm,  
w h i l e  B ikerm a n  [1968]  h a s  s h o w n  t h a t  even  in t h e  a b s e n c e  o f  
s u r f a c e  f i lms,  b u b b l e s  c a n  h a v e  a  r e s i d e n c e  t i m e  o f  t he  o r d e r  o f  
I s. H o w e v e r ,  w h e t h e r  t h e  r e s i d e n c e  t i m e  w a s  1 o r  50 s, t h e  
e j ec t ion  h e i gh t  o f  t he  j e t  d r o p s  in th i s  w o r k  w a s  t he  s a m e .  It 
w a s  a  f u n c t i o n  o n l y  o f  t he  b u b b l e  age.
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Fig. I. T h e  b u b b l e  a g i n g  t u b e .  a  d e v i c e  u s e d  l o  s u s p e n d  a i r  b u b b l e s  
in a d o w n w a r d  m o v i n g  s t r e a m  o f  w a t e r  l o r  a n y  d e s i r e d  t i m e .

T h e  e j ec t ion  h e i g h t  o f  t h e  j e t  d r o p s  w a s  e s t i m a t e d  w i t h  t he  
n a k e d  eye.  A t r a n s p a r e n t  p l a s t i c  m i l l im e te r  sca l e  w a s  m o u n t e d  
ver t i ca l l y  o v e r  t h e  w a t e r  o n l y  2 - 3  m m  a w a y  f r o m  t h e  ve r t i ca l  
p a t h  f o l lo w e d  by t h e  j e t  d r o p s .  W i t h  t he  use  o f  p r o p e r  i l l umi 
n a t i o n  it w a s  a  s i m p l e  m a t t e r  t o  d e t e r m i n e  w i t h i n  a b o u t  I m m  
t he  d r o p  e j ec t ion  h e i g h t s .  A l t h o u g h  se ve ra l  j e t  d r o p s  a r e  
e j ec t ed  p e r  b u b b l e ,  o b s e r v a t i o n s  w e r e  m a d e  o n  o n l y  t h e  t op  
d r op .
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F ig .  3. C h a n g e  in j e t  d r o p  e j e c t i o n  h e i g h t  p e r  s e c o n d  o f  b u b b l e  a g e  
a s  a  f u n c t i o n  o f  t h e  t o t a l  o r g a n i c  c a r b o n  c o n t e n t  o f  t h e  w a t e r  s a m p l e .  
S e e  t e x t  f o r  d e t a i l s .

N e a r l y  20 s a m p l e s  o f  s e a w a t e r  we r e  s t u d i e d  in t he  ag i ng  
t ub e .  M o r e  t h a n  h a l f  w e r e  o b t a i n e d  in N a r r a g a n s e t t  B a y  f r o m 
t he  p i er  a t  t h e  G r a d u a t e  S c h o o l  o f  O c e a n o g r a p h y  o f  t h e  U n i 
ver s i t y  o f  R h o d e  I s l an d .  O t h e r s  c a m e  f r o m  a n e a r b y  h a r b o r  
( Ga l i l ee ) ,  P o i n t  J u d i t h  ( n e a r  t h e  e n t r a n c e  t o  N a r r a g a n s e t t  
Ba y) ,  a  sa l t  m a r s h ,  a n d  f r o m  a  t e f lon- l i ned  55-ga l  d r u m  o f  
S a r g a s s o  s e a w a t e r .  Al l  o f  t h e  l o ca l  s a m p l e s  o f  s e a w a t e r  were  
o b t a i n e d  in J u n e  1976,  a b o u t  1 0 - 2 0  c m  b e n e a t h  t h e  s u r f a c e  in 
a  4-1 p o l y e t h y l e n e  c o n t a i n e r .  A l t h o u g h  t h e  t e m p e r a t u r e  o f  t he  
s a m p l e s  a t  t h e  t i m e  o f  c o l l e c t i o n  va r i ed  f r o m  a b o u t  I 6 ° C  
( N a r r a g a n s e t t  B a y )  t o  3 2 ° C  ( sa l t  m a r s h ) ,  t hey  w e r e  all  r u n  at  
a b o u t  r o o m  t e m p e r a t u r e  ( 2 0 - 2 2 ° C )  severa l  h o u r s  a f t e r  c o l l ec 
t i on .

A n a l y s e s  w e r e  d o n e  o n  13 o f  t h e  s a m p le s .  U n f i l t e r ed ,  they  
w e r e  a n a l y z e d  for  t o t a l  o r g a n i c  c a r b o n  ( T O C )  by  t he  M en ze l  
a n d  Vaccaro  [1964]  w e t  o x i d a t i o n  p r o c e d u r e ,  u s i ng  a n  O c e a n 
o g r a p h y  I n t e r n a t i o n a l  m o d e l  0 5 2 4  t o t a l  c a r b o n  a n a l yz e r .  T h e  
v a l u e s  r e p o r t e d  fo r  T O C  a r e  b a s e d  o n  f o u r  o r  five r ep l i ca t e  
a n a l y s e s .  T h e  s t a n d a r d  d e v i a t i o n s  o f  t h e s e  a n a l ys es  a r e  i n 
d i c a t e d  fo r  e a c h  s a m p l e  by  t h e  w i d t h  o f  t h e  b a r s  in F i g u r e  3. 
T h e  b l a n k  w a s  0 .2  m g  O C / 1 .  T h e  s a m p l e s  w e r e  o x i d i z e d  w i t h  
p e r s u l f a t e  w i t h i n  2 h o u r s  a f t e r  co l l ec t ion .

R e s u l t s

W i t h  t h e  e x c e p t i o n  o f  t h e  t h r ee  S a r g a s s o  sea  s a m p l e s ,  o n e  o f  
w h i c h  is s h o w n  in F i g u r e  4, t he  a g i n g  t u b e  r u ns  f o r  t h e  s a m p l e s  
a r e  s h o w n  in F i g u r e  2. S i nce  o n l y  o n e  ca p i l l a r y  t ip  w a s  used ,  
t h e  b u b b l e  s ize r e m a i n e d  c o n s t a n t  a t  a b o u t  0 . 9 - m m  d i a m e t e r .  
D a t a  p o i n t s  a r e  s h o w n  for  o n l y  o n e  s a m p l e ,  t h a t  o b t a i n e d  a t  
1010,  J u n e  15, in N a r r a g a n s e t t  Bay.  It  w a s  n o t  felt  n e c e s s a r y  t o  
g i ve  d a t a  p o i n t s  f o r  all t h e  s am pl es ,  s i nc e  t h e  a c c u r a c y  w a s  
s i m i l a r  t o  t h a t  s h o w n  for  t h e  first s a mp l e ,  a n d  it is e a s i er  t o  see 
t h e  g r a d u a l  c h a n g e s  in t h e  n a t u r e  o f  t h e  c u r v e s  f r o m  o n e  
s a m p l e  t o  t h e  nex t .  T o  c o m p a r e  t he  d i f fe r en t  c u r v e s  m o r e  
eas i l y ,  t he y  h a v e  been  p l ac e d  as  c l ose  t o g e t h e r  a s  p o s s i b l e  
w i t h o u t  o v e r l a p p i n g .  T h e  d r o p  he i gh t  s ca l e  is t h e  s a m e  fo r  all 
s a m p l e s .  A d j a c e n t  t o  t h e  o r d i n a t e  is a n u m b e r  w h i c h  ident i f i es  
t h e  t o p  j e t  d r o p  e j ec t ion  he i gh t  Tor t he  c u r v e  t o  t h e  r i gh t .  F o r  
e x a m p l e ,  t h e  s e a w a t e r  s a m p l e  for  t h e  t o p  c u r v e  s h o w e d  a d r o p  
h e i g h t  o f  a b o u t  11.3 c m  at  a  b u b b l e  a g e  o f  I s. T h e  he i gh t  
d e c r e a s e d  s t e ad i ly  w i t h  b u b b l e  age,  r e a c h i n g  6.2 c m  a t  a n  a g e  
o f  62  s. I t  r e m a i n e d  a t  t h a t  he i gh t  o u t  t o  an  a g e  o f  110 s, w h e r e  
t h e  e x p e r i m e n t  e n d e d .

N e a r l y  all  t h e  c u r v es  s h o w  a rate o f  d e c r e a s e  o f  d r o p  h e i gh t  
w i t h  t ime ,  d H / d T , w h i c h  a t  first is r e la t ive ly g r ea t  b u t  a t  a 
p a r t i c u l a r  t i m e  c h a n g e s  a b r u p t l y  to e i the r  z e r o  o r  a  very  l ow
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F ig .  4 .  J e t  d r o p  e j e c t i o n  h e i g h t  a s  a  f u n c t i o n  o f  b u b b l e  a g e  fo r  
v a r i o u s  c o n c e n t r a t i o n s  o f  h u m i c  a n d  f u lv i c  a c i d  in S a r g a s s o  s e a w a t e r .

value .  A s e m i o b j e c t i v e  d e t e r m i n a t i o n  c a n  be  m a d e  o f  t h e  a v e r 
a g e  d H / d T  o ve r  t h e  ini t i a l  p a r t  o f  t h e  c u r v e  ( h e r e a f t e r  ca l l ed  
s l op e )  b y  n o t i n g  t h e  d e c r e a s e  in d r o p  h e i gh t  u p  t o  t h e  t i me  
w h e r e  t h e  a b r u p t  c h a n g e  o c c u r s .  F o r  t he  t o p  c u r v e  o f  F i g u r e  2 
a  d e c r e a s e  o f  5.1 c m  o c c u r r e d  in 62 s t o  give  a  s l o p e  o f  0 .082  c m  
s “ ‘. A  s i m i l a r  p r o c e d u r e  w a s  u se d  fo r  all  t h e  s e a w a t e r  s a m p l e s  
w h e r e  a d e t e r m i n a t i o n  o f  t o t a l  o r g a n i c  c a r b o n  w a s  m a d e .  T h e  
r e l a t i on  b e t we e n  t h e  s l o p e  a n d  t h e  o r g a n i c  c a r b o n  ( O C )  c o n 
c e n t r a t i o n  is s h o w n  in F i g u r e  3.

T h e r e  a r e  o t h e r  w a y s  l o  p r e s e n t  t hese  d a t a .  F o r  e x a m p l e ,  
o n e  c o u l d  h a v e  d e t e r m i n e d  H  f o r  a c o n s t a n t  T  for  e a c h  o f  t he  
c u r v e s  in F i g u r e  2 a n d  p l o t t e d  it a g a i n s t  O C .  T h i s ,  h o w e v e r ,  
d o e s  n o t  a p p e a r  t o  b e  a s  m e a n i n g f u l  a s  d e t e r m i n i n g  d H /d T .  
Fi r s t ,  T  w o u l d  h a v e  t o  be  < 1 0  s, f o r  t h e  syl t  m a r s h  s a m p l e s  
s h o w  n e a r l y  a  s t e a d y  s t a t e  H  f o r  T  >  10 s. O b t a i n i n g  H  for  
s u c h  s m a l l  t im es  c a n  i n t r o d u c e  e r r o r ,  s ince o n l y  a b o u t  t w o  
d e t e r m i n a t i o n s  w e r e  m a d e  o f  H  f o r  T  <  10 s. S e c o n d ,  a n d  
p e r h a p s  m o r e  i m p o r t a n t ,  d H / d T  is a d i r ec t  m e a s u r e  o f  t h e  r a te  
a t  w h i c h  t he  d r o p  d y n a m i c s  a r e  c h a n g i n g ,  w h i c h  p r o b a b l y  is 
p r o p o r t i o n a l  t o  t h e  r a l e  a t  w h i c h  s u r f a c t a n t  m o l e cu l e s  a r e  
b e i n g  a b s o r b e d  at  t h e  s u r f a c e  o f  t h e  r i s ing b u b b l e ,  w h i c h  in 
t u r n  s h o u l d  be  p r o p o r t i o n a l  t o  t h e  O C  c o n t e n t  o f  t he  wa t e r .

S in ce  t h e  s l o p e  w a s  l o w e s t  wi th  w a t e r  f r o m  t he  S a r g a s s o  Sea ,  
o n e  o f  t he s e  s a m p l e s  w a s  u s e d  a s  a c o n t r o l  ( F i g u r e  4 ) ,  wh i le  
a g i n g  t u b e  r u n s  w e r e  m a d e  a s  success ive ly  l a rger  a m o u n t s  o f  
o r g a n i c  c a r b o n  in t h e  f o r m  o f  h u m i c  a c i d  w e r e  a d d e d .  T h i s  w a s  
d o n e  in a n  a t t e m p t  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n s  o f  h u m i c  
a c i d  ne c e s sa ry  t o  m o d i f y  t h e  s l o p e  s igni f i cant ly .  F o r  c o m 
p a r i s o n ,  r u n s  w i t h  fulvic  a c i d  a r e  a l s o  s h o w n  in F i g u r e  4.

T h e  n a t u r e  o f  t h e  c u r v es  s h o w n  in F i g u r e  2 is n o t  o n l y  a 
f u n c t i on  o f  o r g a n i c  c a r b o n  b u t  a l so  o f  t h e  s ize o f  t h e  b u b b l e .  
T h i s  is s h o w n  in F i g u r e  5, w h e r e  b u b b l e s  o f  d i f fe rent  s i zes  w e r e  
u se d  in t h e  s a m e  s a m p l e  o f  s e a w a t e r .  T h e  t w o  c u r v e s  we r e  
o b t a i n e d  wi th  a n  a g i n g  t u b e  r u n  m a d e  a b o a r d  s h i p  w i t h i n  an  
h o u r  o r  t w o  a f t e r  t h e  s a m p l e  w a s  co l l ec t ed  [Blanchard, 1977],

D i s c u s s i o n

T h e  a g i n g  t u b e  r u n s  wi th  s a m p l e s  o f  s e a w a t e r  o b t a i n e d  in 
a n d  n e a r  N a r r a g a n s e t t  Bay  p r o d u c e d  c u r v es  ( F i g u r e  2 )  w i t h  a 
v a r i e t y  o f  shape' s.  H o w e v e r ,  n e a r l y  all  o f  t he s e  h a v e  t h e i r  
c o u n t e r p a r t s  in t h e  c u r v e s  t h a t  we r e  f o u n d  fo r  s a m p l e s  o f  
s e a w a t e r  f r o m  t h e  N o r t h  A t l a n t i c  [Blanchard, 1977).  F o r  e x 
a m p l e ,  t he  nea r ly  i de n t i ca l  c u r v es  f o u n d  fo r  t he  t wo  s a m p l e s  o f

J u n e  15, a n d  o n e  fo r  J u n e  19, we r e  c o m m o n l y  f o u n d  in the  
N o r t h  A t l a n t i c ,  a l t h o u g h  t he  b u b b l e  age  a t  wh ic h  a  s t e ad y  
s t a l e  in j e t  d r o p  h e i g h t  b e g a n  w a s  n o t  necessa r i l y  a b o u t  6 0 s ,  as  
is t h e  c a s e  in t h e  p r e s e n t  w o r k .  It  is r e m a r k a b l e  h o w  a b r u p t  the  
c h a n g e  is t o  t h e  s t e a d y  s t a le .  W h e t h e r  this  s ignif ies t he  t i me  
b e y o n d  w h i c h  n o  m o r e  s u r f a c e - a c t i ve  ma t e r i a l  is a d s o r b e d  by 
t h e  b u b b l e  [D etw iler and B lanchard, 1978] o r  w h e t h e r  t he  
a m o u n t  o f  m a t e r i a l  a d s o r b e d  a t  t h i s  t i me  p r o d u c e s  a s t e ad y  
s t a t e  in s o m e  p a r a m e t e r  c o n t r o l l i n g  d r o p  d y n a m i c s  c a n n o t  be 
d e c i de d .

A n o t h e r  c o m m o n  c u r ve ,  a l s o  f o u n d  in t h e  N o r t h  A t l a n t i c  
w o r k ,  is r e p r e s e n t e d  by  t he  s a m p l e s  o f  J u n e  21,  22,  a n d  25. 
T h i s  f o r m  o f  c u r v e  is s i mi l a r  t o  t h a t  a b o v e  in t h a t  i nf l ec t ion  
p o i n t s  a r e  f o u n d  in t h e  ini t i a l  s l op e ,  b u t  it di f fers  in t h a t  a f t e r  
t h e  m i n i m u m  d r o p  h e i g h t  is r e a c h e d  a  s t e a d y  s t a t e  d o e s  no t  
o c c u r .  I n s t e a d ,  t h e  c u r v e  r i ses s l i ght ly  be f or e  r e t u r n i n g  t o  a 
s t e a d y  s t a t e  a t  a n  i nc r ea se d  b u b b l e  age .  T h i s  i n c r ea s e  o f  e j ec
t i o n  h e i g h t  w i t h  b u b b l e  age  n o  d o u b t  p ar a l l e l s  an  i n c r ea se  in 
t h e  k i ne t i c  e n e r g y  o f  t h e  d r o p  a s  it l eaves  t h e  j e t ,  b u t  t h i s  d o e s  
n o t  m e a n  t h a t  t h e  s u r f a c e  f ree e n e r g y  o f  t he  b u b b l e  m u s t  a l so  
h a v e  a  c o n c o m i t a n t  i nc r ease .  T h e r e  a r e  o t h e r  d r o p s  p r o d u c e d  
by  t h e  j e t ,  a n d  w h e n  t h e  e j ec t ion  h e i gh t  o f  t he  i o p  d r o p  
i nc r ea s e s  w i t h  t i m e ,  t h e  h e i gh t  o f  t he  s e c o n d  d r o p  g e n e r a l l y  
de c r ea s e s  [B lanchard  and S y zd e k ,  1972).  T h u s  t h e r e  c a n  be 
t i m e  c h a n g e s  in t he  p a r t i t i o n i n g  o f  k ine t i c  e n e r gy  a m o n g  the 
v a r i o u s  d r o p s  in t he  j e t  set  b u t  in s uc h  a  w a y  t h a t  t h e  t o t a l  
k i ne t i c  e n e r g y  m o s t  l ikely e i t he r  d e c r e a s e s  wi th  t i m e  o r  re
m a i n s  at  a  s t e a d y  s t a t e .  W h y  t h e  p a r t i t i o n i n g  o f  e n e r gy  o c c u r s  
in t he  w a y  it  d o e s  is n o t  k n o w n .  T h e  c o n s e q u e n c e  for  t h i s  w o r k  
is t h a t  a  u n i q u e  c o r r e l a t i o n  b e t w e e n  t he  s l o pe  a n d  t h e  t ime-  
r a t e - o f - c h a n g e  o f  b u b b l e  s u r f a ce  f ree  e n e r g y  p r o b a b l y  d o e s  no t  
exi s t .  H o w e v e r ,  s i nc e  t h e  t o p  j e t  d r o p  h a s  m o r e  k i ne t i c  energy 
t h a n  a n y  o f  t h e  l o w e r  d r o p s  [Blanchard, 1963],  it is p r o b a b l e  
t h a t  t h e  e n e r gy  p a r t i t i o n i n g  p l a y s  a s e c o n d a r y  role.

It  is c l e a r  f r o m  F i g u r e  3 t h a t  t h e r e  is a c o r r e l a t i o n  b e t w e e n  
t h e  s l o p e  a n d  t h e  O C  o f  t he  s a mp l e .  T h e  s a m p l e s  f r o m  t he  
t h r e e  m a i n  s o u r ce s ,  t h e  S a r g a s s o  S ea ,  N a r r a g a n s e t t  B a y ,  a n d  
t h e  sa l t  m a r s h ,  h a v e  a  c o r r e l a t i o n  coef f i c ient  o f  0.97.  T h e  s l o p e  
i n c r ea s e s  b y  a b o u t  0 .05  fo r  e a c h  m i l l i g r a m  p e r  l i ter  o f  O C .  T h e  
s i ng l e  s a m p l e  f r o m  G a l i l e e  H a r b o r  g a v e  a  s l o pe  n e a r l y  twice 
t h a t  g i ven  by  t he  a b o v e  r e l a t io n ,  b u t  p e r h a p s  this  is n o t  s u r 
pr i s i ng .  I t  is p o s s i b l e  t h a t  an  a b n o r m a l l y  h i gh  p r o p o r t i o n  o f  
t h e  O C  w a s  c o m p o s e d  o f  h igh l y  s u r f a c e  ac t ive  m a t e r i a l  f r o m  
t h e  f i sh ing  a n d  p l e a s u r e  b o a t s  in t he  h a r b o r .  T h e  s l o pe  o f  t he  
P o i n t  J u d i t h  s a mp l e ,  a l so  high  for  its low- O C ,  w a s  t h e  only 
s a m p l e  c o l l ec t ed  r i gh t  a t  t h e  s h o r e  a m o n g  r oc ks  w h e r e  w a v e s  
w e r e  b r e a k i n g .  A l t h o u g h  o n e  c a n  s p e c u l a t e  o n  t h e  c a u s e  o f  t he  
h i g h  s l op e ,  it w o u l d  s e e m  b e t t e r  lo su g g es t  f u r t h e r  s a m p l e s  
f r o m  t hese  a n o m a l o u s  l o c a t i o n s  fo r  t es t i ng .  In p a s s i n g ,  it 
s h o u l d  be  n o t e d  t h a t  t h e  T O C  o f  s e a w a t e r  f r o m  t he  u p p e r  few 
m e t e r s  o f  t h e  o p e n  o c e a n  is b e t w e e n  0 .3  a n d  3 m g  I-1, usua l ly  
b e t w e e n  1 a n d  1.5 m g  I " 1 [R iley a nd  C hester, 1971; Sharp, 
1973],

A l t h o u g h  F i g u r e  3 s h o w s  a c o r r e l a t i o n  b e t we e n  t h e  s a m p l e  
s l o p e  a n d  O C ,  it is a p p a r e n t  f r o m  F i g u r e  4  a n d  f r o m  the  
a b o v e - m e n t i o n e d  c o m m e n t s  o n  e n e r g y  p a r t i t i o n i n g  t h a t  this 
c o r r e l a t i o n  c a n  n ev er  be exac t .  It d e p e n d s  on  t h e  n a t u r e  o f  the  
spe c i es  o f  o r g an i c  m a t e r i a l  t h a t  c o n s t i t u t e s  t h e  O C  a s  m u c h  as 
it d oe s  o n  t h e  a b s o l u t e  a m o u n t  o f  O C .  In  F i g u r e  4 w e  s ee  t ha t  
t h e  s l o p e  f o r  a  s a m p l e  o f  s e a w a t e r  f r o m  t h e  S a r g a s s o  S e a ,  wi ih  
its low- c o n c e n t r a t i o n  o f  o n l y  0 .6  p p m  ( m g  I-1 ) O C ,  is q u i t e  
sma l l .  N o  c h a n g e  w a s  o b s e r v e d  w h e n  0 .02  p p m  O C  w a s  a d d e d  
in t h e  f o r m  o f  h u m i c  a c i d .  H o w e v e r ,  t h e  a d d i t i o n  o f  o n l y  0 . 1 
p p m  o f  h u m i c  a c i d  O C  w a s  e n o u g h  l o  i ncr ease  t h e  s l o pe
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! ig. 5. Jo i  d r o p  e j e c t i o n  h e i g h t  a s  a  f u n c t i o n  o f  b u b b l e  a g e  f o r  t w o  
d i l i e r e n  I b u b b l e  s izes .

m a r k e d l y  t o  a b o u t  0 .05,  a v a l u e  a p p r o a c h i n g  t h a t  f o u n d  in t h e  
N a r r a g a n s e t t  B a y  s a m p l e s .  W h e n  a t o t a l  o f  0 .5  p p m  o f  h u m i c  
a c i d  O C  w a s  a d d e d ,  t h e  s l o pe  i nc r ea se d  lo a b o u t  0 .37 ,  a  va l ue  
in excess  o f  t h a t  p r o d u c e d  by  the  sal t  m a r s h  s a m p l e s  w i t h  t he i r  
O C  o f  6 - 7  p p m .  It  s h o u l d  be  n o t e d  t h a t  t h e  t e n d e n c y  o f  this  
c u r v e  l o  a p p r o a c h  z e r o  r ap i d l y  fo r  a  b u b b l e  a g e  o f  a b o u t  60  s 
w a s  n e v e r  f o u n d  in t he  o t h e r  s e a w a t e r  s a m p l e s  o f  this  w o r k  
(F i gu re  2)  n o r  in p r i o r  w o r k  [Blanchard, I977J .  In t h a t  r espec t  
t he  ef fect  o f  h u m i c  a c i d  O C  is d i f fe r en t  f r o m  t he  n o r m a l  O C  
f o u n d  in s e a w a t e r .

T h e  c u r v e s  s h o w n  in F i g u r e  4 for  f ulvic  ac i d  O C  r e s e m b l e  
t h o s e  for  h u m i c  a c i d ,  t h o u g h  fo r  s i mi l a r  c o n c e n t r a t i o n s  t he  
s l o p e  is less for  fulvic  ac id.  A fulvic ac i d  c o n c e n t r a t i o n  n ea r l y  3 
t im es  t h a t  o f  h u m i c  ac i d  (1.4 a n d  0.5 p p m ,  r e s p e c t i ve l y )  is 
b a r e l y  a d e q u a t e  t o  p r o d u c e  e q u i v a l e n t  s l ope s .  T h i s  su gg e s t s  
t h a t  h u m i c  a c i d  is m o r e  s u r f a ce  a c t ive  t h a n  fulvic  ac i d.  S in c e  
h u m i c  ac i d  h a s  t he  h i g h e r  m o l e c u l a r  w e i gh t ,  it is less s o l u b l e  in 
w a t e r  a n d  t h u s  m o r e  l ikely l o  be  a d s o r b e d  a t  i n t e r fa c e s .  T h i s  
spec i es  ef fect  c o u l d  be  clar i f i ed w i t h  e x p e r i m e n t s  u s i ng  S a r 
g a s s o  s e a w a t e r ,  t o  wh ic h  w e r e  a d d e d  k n o w n  a m o u n t s  o f  o t h e r  
c l as ses  o f  o r g a n i c  c o m p o u n d s  f o u n d  in s e a w a t e r .

T h e  r e s u l t s  o f  F i g u r e  4 a r e  in q u a l i t a t i v e  a g r e e m e n t  w i t h  t h e  
l a b o r a t o r y  e x p e r i m e n t s  o f  H o ffm a n  and D uce  [1976] .  T h e y  
p r o d u c e d  n u m e r o u s  b u b b l e s  in N a r r a g a n s e t t  B a y  s e a w a t e r  
a n d  a n a l y z e d  t h e  a e r o s o l  f o r  t he  O C / N a  ra t io .  T h e y  f o u n d  
t h a t  w h e n  t he y  a d d e d  o n l y  0 .45  p p m  O C  in t h e  f o r m  o f  h u m i c  
ac id  t o  s e a w a t e r  w h i c h  c o n t a i n e d  a b o u t  I p p m  O C ,  t h e  O C /  
N a  r a t i o  in t h e  a e r o so l  i nc r ea se d  by  a b o u t  7 l ime s .  T h e  r a t i o  
a l s o  i n c r e a s e d  w i t h  t h e  a d d i t i o n  o f  a  s i m i l a r  c o n c e n t r a t i o n  o f  
f ulvic  a c i d  O C ,  b u t  it w a s  a b o u t  5 l i m e s  less t h a n  t h a t  for  
h u m i c  ac id .  T h e y  c o n c l u d e d  f r o m  this  a n d  o t h e r  r esu l t s  t h a t  
t he  n a t u r e  o f  t h e  c h e m i c a l  spec i es  o f  t he  O C  in s e a w a t e r  m i g h t  
e ve n  be m o r e  c r i t i ca l  t h a n  t h e  a m o u n t  in d e t e r m i n i n g  t he  O C /  
N a  r a t i o  o n  t h e  ae r oso l .

T h e  r esu l t s  wi th  b o t h  h u m i c  a n d  fulvic a c i d s  a r e  i n t e r es t i ng ,  
s i nc e  it a p p e a r s  t h a t  th i s  l a rgely  u n c h a r a c l e r i z e d  c l as s  o f  c o m 
p o u n d s  c o n s t i t u t e s  5 - 2 0 %  o f  t he  t o t a l  O C  in s e a w a t e r  [Stuer- 
m er a nd  H a rvey, 1977],  wi th  fulvic  a c i d  p r e s e n t  in h i g h e r  
c o n c e n t r a t i o n s  t h a n  h u m i c  ac id .  W h i l e  t he s e  a c i d s  c a n  b e  use d  
t o  s i m u l a t e  s o m e  o f  t h e  effects  o f  t he  O C  in s e a w a t e r  e x p e r i 
m e n t s ,  it is c l e a r  f r o m  F i g u r e  4  t h a t  t hey  d o  n o t  d u p l i c a t e  t he  
O C  in s e a w a t e r .  S im i l a r i t i e s  a n d  d i f f e r ences  h a v e  b ee n  d i s 
c u s s e d  by  K err and Q uinn  [1975]  a n d  S tu e rm e r  an d  H a rvey  
[1974,  1977],

F r o m  a c o m p a r i s o n  o f  t h e  p r e s e n t  w o r k  w i t h  t h a t  o f  H o ff
m an  and D uce  [1976] ,  o n e  c a n  c o n c l u d e  t h a t  t h e  a d s o r p t i o n  o f  
s u r f a c t a n t  t o  b u b b l e s  r i s i ng  t h r o u g h  t h e  w a t e r  n o t  o n l y  r esu l t s

in a n  i nc r ease d  O C / N a  r a t i o  in t h e  a e r o so l  bu t  a l so  p r o d u c e s  
c o m p l e x  c h a n g e s  in j e t  d r o p  d y n a m i c s .  T h i s  is a  d i r ec t  r esul t  o f  
t h e  ro l e  p l a y e d  by  t h e  s u r f a c t a n t s  in l o w e r i n g  t h e  s u r f a c e  free 
e n e r g y ,  t he  e n e r gy  s o u r c e  o f  j e t  d r o p  f o r m a t i o n .

A n  u n d e r s t a n d i n g  o f  t he  m e c h a n i s m  o f  c o n t r o l  o f  j e t  d r o p  
d y n a m i c s  by  o r g a n i c  c a r b o n  i s  f ur t he r  c o m p l i c a t e d  by  t he  
f i nd ing  t h a t  b u b b l e  size is an  i m p o r t a n t  p a r a m e t e r  [Lee, 1972; 
B lanchard, 1977],  T h i s  is q u i t e  e v i d e n t  in F ' igure  5. T h e  c u r ve  
for  the  l a r ge r  b u b b l e  ( 90 0  Atm) s h o w s  a  s t e a d y  d e c r e a s e  in d r o p  
h e i gh t  d u r i n g  t h e  first  100 s o f  b u b b l e  age ,  a t  w h i c h  t i me  a 
s t e a d y  s t a t e  is r e a c h e d .  N o n e  o f  this  is f o u n d  fo r  t he  s m a l l e r  
b u b b l e s  ( 5 7 0 /ant) .  A f t e r  a  sm a l l  h e i g h t  d e c r e a s e  d u r i n g  t h e  first 
10 s t h e  he i gh t  r e m a i n s  n ea r l y  c o n s t a n t  o u t  l o  60s ,  a f t e r  whi ch  
a s l ow b u t  c o n t i n u a l  d e c r e a s e  o c c u r s  o u t  t o  140 s, w h e r e  t he  
e x p e r i m e n t  e n d e d .  O n  t he  b a s i s  o f  t he s e  a n d  p r i o r  d a t a ,  it 
a p p e a r s  t h a t  t h e  c o n t r o l  o f  j e t  d r o p  d y n a m i c s  by  O C  is a d i r ec t  
f u n c t i on  o f  b u b b l e  size.  H o w e v e r ,  it is n o t  k n o w n  w h y  this 
s h o u l d  be so.  C l e a r ly ,  f u r t h e r  w o r k  is n e e d e d  i nc l ud in g  an  
i n ve s t i ga t i on  o f  t he  O C / N a  r a t i o  o n  t he  t o p  j e t  d r o p s  f rom 
b u b b l e s  of'  d i f f e r en t  s i zes  a s  a f u n c t i o n  o f  b u b b l e  a g e  a n d  
d i l f e ren t  a m o u n t s  a n d  t ypes  o f  o r g a n i c  c a r b o n .

H o ffm a n  and D uce  [1976]  c o m p a r e d  l a b o r a t o r y  d a t a  t o  field 
d a t a  a n d  e o n c l u d e d  t h a t  t he  e n r i c h m e n t  o f  O C  o n  t h e  m a r i n e  
a e r o s o l ,  c o m m o n l y  1000 o r  m o r e  w i t h  r e sp ec t  t o  t he  O C  in 
s e a w a t e r ,  c a n n o t  b e  e n t i r e l y  e x p l a i n e d  b y  b u b b l e - s c a v e n g i n g  
m e c h a n i s m s  in t h e  sea.  ft  a p p e a r s  t h a t  g a s - t o - p a r t i c l e  c o n 
v e r s i o n  m e c h a n i s m s  m a y  a c c o u n t  f o r  t h e  m a j o r  f r a c t i o n  o f  O C  
in t h e  m a r i n e  a e r os o l  [K etserid is et al., 1976; H o ffm a n  and  
Duce, 1977],  T h o u g h  th i s  m a y  p r o v e  t o  b e  t h e  case ,  O C  in 
s e a w a t e r  c a n  p l ay  a ro l e  in j e t  d r o p  d y n a m i c s  a n d  t h u s  t he  
d r o p  size d i s t r i b u t i o n  p r o d u c e d  b y  b u b b l e s  a t  t h e  s u r f ac e  o f  
t h e  sea.  W h e t h e r  th i s  will  p r o v e  t o  b e  s ign i f i can t  r e m a i n s  t o  be 
seen.  S o m e  e v i de n c e  s u g g e s t s  it m a y  be  minimal ' .  M o s t  o f  the  
b u b b l e s  p r o d u c e d  in t h e  se a  a r e  less  t h a n  5 0 0  Atm in d i a m e t e r  
[Blanchard and W oodcock, 1957],  a n d  t h e i r  j e t  d r o p  e j ec t ion  
he i gh t s  a p p e a r  t o  b e  r e l a t i ve ly  u n a f f e c t e d  b y  O C  ( F i g u r e  5).  
I n d e e d ,  it m a y  b e  f o u n d  t h a t  t he  m o s t  use ful  a p p l i c a t i o n  o f  the  
c u r v es  s h o w n  in F i g u r e s  2 - 5  is in u n d e r s t a n d i n g  t h e  a d s o r p 
t i on  o f  s u r f a c t a n t s  a t  t h e  s u r f ac e s  o f  a i r  b u b b l e s  r i s i ng  in w a t e r  
[D etw iler an d  Blanchard, 1978],

A ckn o w led g m e n ts .  A  p o r t i o n  o f  t h i s  w o r k  w a s  s u p p o r t e d  b y  th e  
A t m o s p h e r i c  R e s e a r c h  S e c t i o n ,  N a t i o n a l  S c i e n c e  F o u n d a t i o n .  W e  
w i s h  t o  t h a n k  J a m e s  Q u i n n  f o r  t h e  u s e  o f  t h e  t o t a l  c a r b o n  a n a l y z e r  a n d  
f o r  h is  c o n s t r u c t i v e  c o m m e n t s  a n d  P a u l  B o e h m  f o r  h u m i c  ac id  a n d  
f u lv i c  a c i d  e x t r a c t s .  W e  a p p r e c i a t e  th e  k i n d n e s s  o f  R o b e r t  D u c e  f o r  t h e  
u s e  o f  h is  l a b o r a t o r y  a t  t h e  R h o d e  I s l a n d  N u c l e a r  S c i e n c e  C e n t e r  
d u r i n g  th e s e  e x p e r i m e n t s .
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