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NOT ICE: The p r o j ect that I s  the s ub j ect of th i s  doc ument was 
app r ov e d  by the Gov e r n i n g  Boar d of the Nat i o nal Re s e a r ch Counc i l ,  
who s e  memb e r s a r e  d r awn f r om the counc i l s  o f  the Nat i o n a l  Aca d emy 
of Sc i ence s ,  the Nat i o n a l  Academy of Engi n e e r i ng ,  and  the 
I n st i tute of Me d ic i ne.  

The s ub j ect matte r of th i s  repo r t ,  a s  we l l  a s  the v iew s 
ex p r e s s e d  h e r e i n ,  a r e  the s o l e  r e s po n s i b i l ity of the a utho r . 

The Nat i onal Re s ea r c h  Coun c i l  was e s tab l i s h e d  by the 
Nati o n a l  Acad emy of Sc iences  In 1 9 1 6  to a s s o c i ate the b r oad 
conmunlty  of s c ience and tech n o l o g y  with th e Ac a d emy's pu r p o s e s  
o f  fu rthe r i ng knowl edge a nd of a dv i s i ng the fe de r a l  gov e r nme nt. 
The Coun c i l  op e r ate s In  ac co r dance with g ene r a l  po l ic i e s  
d et e r m i n e d  b y  the Aca d emy u n d e r  t h e  auth o r ity o f  I ts  
cong r e s s io n a l  ch a r te r  of 1 86 3 ,  whi c h  e s tab l i s h e s  th e Aca d emy a s  a 
p r i v ate,  nonp r ofit,  s e l f - g ov e r n i ng membe r s h ip c o r po r at i o n .  The 
Counc i l  h a s  become the p r i n c i p a l  op e r at ing  agency of both th e 
Nat i o n a l  Ac a d emy of Sci ences  and the Nat i o n a l  Ac ad�my of 
Eng i nee r i ng In  the conduct of th e i r  s e r v ic e s  to the gove r nment,  
the p u b l i c ,  and the s c i e nt i fi c  a nd e n g i n ee r i ng c onmu n l t i e s .  I t  
I s  admi n i s te r e d  j ol nt ly  by both Aca d emi e s  and the I n s t i tute of 

Me d i c i n e .  The Nat i o n a l  Aca d emy of Eng inee r i ng and the I n s titute 
of  Me d i c i n e  we r e  e s t ab l i s h e d  i n  1 9 6 4  and 1 9 7 0 ,  r e s pecti v e l y ,  
u n d e r  t h e  char t e r  of t h e  Nat i o n a l  Academy of Sc i e nc e s .  

SP{)I.ISffi: Th i s  r e p o r t  wa s spo n s o r e d  b y  th e Div i s i o n  o f  Ocean  
Sci ence s ,  of the Nat i o n a l  Sc i e nce Fo u n d at ion  under  c o nt r act No. 
OCE-82 1 2 4 2 6  with the Nati o n a l  Re s e a r ch Cou nc i l .  

Cop i e s  o f  thi s r ep o rt a r e  av a i l ab l e  f r om: 
Boar d on Atmo s p he r i c Sc iences  and Climate 
Nati onal Re s earch Cou n c i l  
2 1 0 1  Con s t itut ion  Avenu e 
Wa s h i ngton,  DC 20 4 1 8 
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PREFACE 

Thi s r e p o r t  I s  my v iew of whe r e  oc e a n  c l imat e r e s ea r c h  
s h o u l d  be h e a d i n g  b a s e d  on t h e  s i tuat ion  I n  1 983. It was 
p r epar ed du r i n g  a p e r io d  s p e nt as a s e n i o r fe l low with the 
Nati onal Re s ear ch Cou nc i l .  F r om  l ite r atu r e  review s ,  
me et i n g s ,  and d i s c u s s io n s ,  I hav e t r i e d  t o  put the v a r iou s 
acti v i t i e s  I n  oc ean c l imate r e s ea r c h  t o g eth e r  I nto a 
c o h e s ive who l e .  Bas e d  on th i s ,  I p r e s e nt a s t r ategy , 
d i r ected to the Nati onal S c i e n ce Fou ndat ion  (NSF) ,  fo r oc ean 
r e s earch  that wi l l  s uppo r t  the developme nt of ou r ab i l it y to 
p r ed i ct c l imate f luctuati on s .  I do not i d e nt i fy spec ific 
r e s ea r c h  that NSF mi ght  s uppo r t. Rath e r ,  I p r ovide 
g u i d e l i n e s  t h at I hope wi l l  ai d NSF an d the r e s ea r c h  
conmu nlty In  s etti n g  p r i o rit i e s  an d e s tab l i s h i n g  p r o c e du r e s .  

When I s tarted my r e v i ew,  I was c r i t ical  of ocean 
c l imate r e s ea r c h  p r o g rams and p lan s :  It s e eme d to me that 
the r e  we r e  too many p l an s ,  that  they we r e  too p oo r l y 
defi n e d, an d that the ha r d  cho i c e s  had not been made.  
fi n i s h  th i s s tudy as an enthu s iast  fo r the potential  
benefi t s  of an oc ean c l imate re s e a r ch p r o g r am. I hope I 
have r etai n e d  a c r i t i cal d i s tance I n  the p r oce s s :  I have 
t r i e d  to s et fo rth  the p r o s  an d co n s  s t r a i ghtfo rwar d l y .  

Th i s  r ep o r t  I s  d i r e cte d t o  NSF manag e r s , t o  c l imate 
p r og r am  man a g e r s in othe r fe d e r al ag en c i e s ,  an d to 
u n i v e r s ity s c i enti s t s  i nv o l v e d  in c l imate r e s ea r c h .  I hope 
to p r e s e nt the con s e n s u s  on oc ean c l imate r e s ea r c h  an d to 
g ive gu i d e l i ne s  on s t rate gy I n  s u ch a way that al l  i nvo l v e d  
wi l l  r e c o g n i z e t h e  conmon p r o b l ems that mu st  be dealt  with .  
Th o s e  o f  u s  who s eek t o  unde r s tand c l imate may hav e 
d i ffe r e nt I d eas about whe r e  to b e g i n  to s eek  un d e r s tan d i n g ,  
b u t  we n e e d  t o  s h a r e  o cean c l imate r e s ear ch object i v e s .  We 
may d i sag r e e  on whi c h  p r o j ects  shou l d  b e  s uppo r te d ,  but we 
need  to ag r ee on the c r ite r ia fo r s u p p o rt.  

Many r epo r t s  have been w r itten about r e s ea r c h  on the 
r o l e  of the  o cean In c l imate - - p e r haps too man y .  A c l ear  
d i r ect ion  is  har d to fi n d ,  and p r i o r it i e s  have not been set .  
On e r e p o r t ,  howev e r ,  has been a g r eat help  to me:  Oc ean 
Re s ea r c h  fo r Un de r s tanding Cl imat i c  Va r iat i o n :  Pr i o r it i e s  
an d Goal s fo r t h e  1 9801s ,  p r ep a r ed b y  a conmlttee of the 
Oc ean Sc ience s Boar d of th e Nat i onal Re s ea r c h  Coun c i l  u n d e r  

v 
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SUMMARY 

Th i s  r e p o r t  I s  Inte n d e d  to g u i de the Na tional Sc ience  
Foundat ion  (NSF) I n  I t s  l e a d  r o le I n  p lan n i n g  and  
admi n i s te r i n g  oc e a n  c l imate r e s ea r c h  with in  th e Nat i o n a l  
Cl imate P r og r am. S ev e r a l  n a t i o n a l  a nd I nte r n ati o n a l  
oceanog rap h i c  r e s ea r c h  p r og rams h ave b e e n  p r o po s e d  t o  ai d in  
deve l op i ng our ab i l ity to p r e d i ct n atu r a l  c l imate 
f luctu ati on s .  The s e  p r o g rams a r e  sumna r i z e d  In th i s  repo r t ,  
and a r e comne ndatlon on a s t r at e gy fo r NSF i n  r e gar d t o  e a c h  
I s  p r e s e nt e d .  

T h e  ocean p lay s a c e n t r a l  r o le I n  th e var iab i l i ty  o f  
g l o b a l  c l imate ( s ee Chapter 2 ) :  It i s  t h e  p r i nc i pal g l obal 
r e s e r vo i r of heat  an d app ea r s  to be as Impo r tant as the 
atmo s ph e r e  In the g l o b a l  t ran s po r t  and r e d i s t r i but ion of 
heat. The p r i nc i p a l  c l imat i c  effect s  on man ar e p r o du c e d  by 
the atmo s ph e r e , and It  I s  thu s  atmo s p h e r i c  c l imat ic  
var i ati o n s  th at we s e e k  to p r e d ict.  Howe v e r ,  in  o r d e r  to  do 
th i s  we n ee d  to d e s c r ibe and  u n d e r stand  the var l a b l l tty of  
the oc e a n ,  I t s  mean state,  and  Its  l a r g e - s c a l e  I nte r acti on s 
with the atmo s ph e r e. 

The I nte r an n u a l  Va r iab i l i ty of th e Trop i c a l  Ocean and 
the Gl o b a l  Atmo s ph e r e  P r og r am  (TOOA) , a p r op o s e d  l a r g e - s ca l e  
ocean - atmo s ph e r e  exp e r iment ( s e e  Chapte r 3), wou l d  be an 
e x c i t i n g  o p p o r t u n ity to study a s t r ong natu ral  c l imate 
s i g n a l ,  i n v o lv i n g ,  amon g  oth e r  th i n g s ,  th e Southe r n  
Os c i l l a t i o n ,  the E l  Nino phenomenon,  a n d  winte r t ime c l imate 
an omal i e s  ove r No r th Ame r ic a .  The ec onomi c benefi t s  of 
p r e d i c t i n g  the s e  c l lmate a n oma l i e s  c o u l d  be g r eat. NSF 
s h o u l d  s u pp o r t  TOOA p l a n n i n g  In ant i c i p at ion  of U. S.  
p a r t i c i p at i on I n  a l a r g e - s c a l e  I nt e r nati onal expe r ime nt. 

The p r e s e nt state of th e· ocean It s e l f, as we l l  as I t s  
va r i a b i l ity ,  mu st  be unde r stood if  we  are  to  u n d e r s tand 
c l imate .  Re l iab l e  g l o b a l  ob s e r vat ion s of the s tate of th e 
ocean and the t ime chan g e s  of that s tate a r e  n ee d e d .  Recent  
tech n i cal  devel opme n t s  have ma de I t  fea s i b l e  to  co n s i der  
car r y i n g  out  a Wo r l d Ocean Ci r c u l at ion Exp e r ime nt (WOCE; s e e  
Chapte r 4 )  t o  u n d e r  s tand th e r o l e  o f  oc ean c i r cu l at ion  In 
c l imate .  P l a n n i n g  fo r WOCE I s  s ti l l  in an ea r l y  s tag e.  NSF 
s h o u l d  s uppo r t  r e s ea r c h  to ai d In that p l a n n i n g ,  though  the 
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2 

extent of NSF c onmi tme nt to WOCE s ho u l d  be d ete rmined 
fo l l owi ng a fu l l e r  defi n i t i o n  of the p r o g ram. 

Bec a u s e  the t r a n s po r t  a n d  sto r age  of h e at by the ocean  
i s  cent r a l  to  a l l theo r i e s  of  the  r o l e  of the  oc e a n  i n  
c lmnat e,  a n umb e r  of p r og r ams have been p r o po s e d  to s t u d y  
ocean  h e a t  fl u x  ( s ee Chapte r 5 ) .  One ,  th e Cag e  expe r mnent,  
wa s s u g g e sted to exami ne the l o ng -te rm mean,  the a nn u a l  
c y c l e ,  and the inte r a n n u a l  v a r i a b i l i t y  of t h e  No r th Atlant ic  
heat  f lux a n d  to e stab l i s h  the  v al id ity of the mea s u r ement 
tech n i q u e s . Aft e r  con s i de r ab l e  sc i entifi c  r e v i ew, It has 
been decided to p r op o s e  Cage a n d  othe r h e at fl ux expe r imen ts 
a s  p a r ts of WOCE and TCX:iA r at h e r  than a s  stand - a lone 
p r og r ams . 

Mon i to r i ng of the oce a n  and atmo s p h e r e ,  that i s ,  the 
co l l ecti on of r e g u l a r  ob s e r v a t i o n s  fo r l ong  p e r i o d s  of t ime , 
wi l l  b e  nec e s s a r y  fo r an u l t imate u n d e r s ta n d ing of c lmnate 
var iab i l ity ( s ee Chapte r 6 ) .  The r e  I s  so far no u.s. 
comnitme nt to e s ta b l i s h i n g  long - te rm ocean c lmnate 
mo n ito r i ng .  NSF - s uppo r te d  ocean c lmnate r e s e a r c h  wi l l  n ee d  
the ba s e  o f  ob s e r v at ion  that c a n  b e  p r o v i de d  b y  mo n i to r i ng ,  
and NSF s h o u l d  wo r k  with oth e r  agenc i e s  t o  ach ieve  lt.  Th e 
next  s teps  i n  deve l o p i n g  oce a n  c lmnate monito r i n g  can be 
smnp l e  o ne s ,  s uch a s  s e a - level  ob s e r v atio n s ,  e x p l o r at o r y  
time s e r i e s ,  a n d  phantom weathe r s h i p s .  

Oce an climate r e s e a r ch that fa l l s  o ut s i d e  the accepte d 
n at i o n a l  and  inte r n at i o n a l  p r o g rams I s  r e v iewe d ( s ee Chapte r 
7 ) .  NSF s ho u l d  r ema i n  f lex i b l e  enough to s uppo r t  good 
c lmnate r e s ea r c h  e v en whe n  It Is  out s i de the "ap p r oved" 
f r amewo r k .  Examp l e s  of p r og r ams th at mi ght be con s i d e r e d  
a r e  g iven . T h e  United State s can  benefit  b y  co ope r at i n g  
wi th ot h e r  count r i e s  I n  th e i r  c l mnate r e s ea r ch p r og ram s .  

P r o g ranmatic  I s s u e s  with fede r a l  a g enc i e s  othe r th a n  
NSF and wi th othe r  count r i e s  a r e  r e v i ewe d ( s ee  Ch apter  8). 
On the nat ion a l  level , a fa vo r a b l e  c.o n s en s u s  from u.s. 
oceanog r ap h e r s  a nd a c omnl tment by c a p a b l e  s c i enti s t s  to 
par t i c i pate a r e  needed If  the s e  la r ge oc e a n  c lmnate r e s ea r c h  
p r og r ams a r e  to go forwa r d .  Recomnend atl o n s  f o r  NSF act ion  
i n  i t s  l e a d  fe der a l  r o l e  a r e  p r o p o s e d .  

The r ep o r t  conc l u d e s  ( s ee Ch apte r 9 )  with a s umna r y  o f  
t h e  recomne n d at lon s co nta i n e d  he r e i n  fo r NSF str ategy a n d  
acti on.  
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2 INTR<IXJCTION 

The foc u s  of th i s  r ep o r t  Is  o c e an r e s ea r c h  that wi l l  
l e a d  t o  o r  s uppo r t  ou r ab i l i ty  t o  p r e dict  y ea r - to-y ea r  
natu r a l  var i at i o n s  I n  c l imate o ne s ea s o n  I n  a dvance.  The 
r e po r t  sunma r l z e s  what we al r e a dy know about th e r o l e  of the 
ocean I n  c l imate v a r i ab i l i ty.  The r e  Is a l i s t of r efe r e n c e s  
that Inc l u d es many k e y  pape r s .  

Again s t  th i s  bac k g r ound  a d i s c u s s i o n  I s  p r e s ente d on 
what ocean r e sear ch s ho u l d  be done to he lp  dev e l op an 
ab i l i ty to p r e dict  c l imate var iat ion s ,  p a r ti cu l a r l y In 
ag r i c u l tu r a l r e g i on s  wh e r e  the eco nomic benefit  of s u ch 
p r e d i c t i o n s  wou l d  be g reat . 

The var iab i l i ty  of c l imate on scal e s  lo n g e r  than th e 
I nte rannu a l ,  and long - t e rm c l imate change a r e  b r ief ly  
co n s i de r e d, but ar e not th e p r i n c i p a l  co nc e r n  of th i s  study.  

Oce anog r a phe r s  and meteo r o l og i s ts hav e p r op o s e d  a 
numb e r  of nat i o n a l  and  I nte r nati o n a l  r e s ea r c h  p r o g r ams 
d e s i g ne d  to enha nce ou r unde r s t a n d i n g  of c l imate.  Some 
pa r t s  of the s e  p r o g r ams a r e  al r e ady  un d e r  way.  Th i s  repo r t  
b r i efly d e s c r i b e s  a n d  then evaluates  the p r o p o s a l s  fo r two 
lar ge - s ca l e  oceanog rap h i c  r e s ea r c h  p r o g r ams :  the I nt e r annual 
Var iab i l ity of the T r o p i cal Ocean and the Glo b a l  Atmo s p h e r e  
(TOOA) an d t h e  Wo r l d  Oce an Ci r c u l at i on Exp e r ime nt (WOCE) .  
I n  a dd i t i o n ,  p l a n n i ng fo r l ar g e - s cale  oc ean heat fl ux 
expe r iments Is  r e v i ewe d. (A fu l le r  de s c r ipt ion  of th e s e  
p r og r ams c an b e  fou nd I n  the r efe r ence s . )  Th i s  r ep o rt 
offe r s  adv i c e  on s t r ate g i e s  fo r each fo r NSF u s e .  

I n  a r ep o r t  of  th i s  k i nd,  whe r e  g ene r a l  s t rate g i e s  a r e  
co n s i de r e d, I t  I s  p r ob a b l y  unwi s e  t o  attempt t o  sp e l l  out 
s p e c i fic  r e sear ch p r og r ams t h at s ho u l d  be s u p p o rted.  
Ne v e r the l e s s ,  the confl ict ing  nee d s  fo r s u ppo r t  mu s t  be 
r e s o lv e d ;  that I s ,  we need to s et p r i o r it i e s .  Thi s Is  
u s ua l l y  d iffi c u lt  beca u s e  a l l th e p r op o s e d  p r o g rams appear 
to be exci t i ng .  But I f  we try to s u p p o r t  e v e r yth i ng ,  we 
r i s k  fai l u r e  by sp r e a d i n g  the r e s o u r c e s  too th i n .  I n  o r der  
to  be g in to  r e s o lv e  t h i s  p r ob l em, p r i nc i p l e s  (or  a s t rategy) 
fo r re s ear ch wi l l  b e  e s t ab l i s h e d  he r e i n  whe r e by p r i o r i t i e s  
c a n  b e  s et.  

Th i s  r ep o r t  al s o  look s at po s s ib l e  ocean c l imate 
r e s ear ch th at i s  not e xp l i c i t l y  I n c l uded  In the ex i s t i n g  
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p r op o s a l s  fo r l a r g e - s cale e x pe r iment s .  Has s omethi ng 
Impo r tant bee n  l e ft out ? Not al l good sc ientif ic  I dea s fit 
I nto the f r amewo r k  that has been e s tab l i s hed.  S ome 
sc ienti s t s  have not s uc c e e d e d  I n  s e l l i ng the i r  I dea s about  
oc ean c l imate r e s ea r ch to the i r  c o l l eagu e s .  Oth e r s  p r efe r 
to wor k  al one.  The nee d to s uppo rt  s ome k ind s of ocean 
c l imate r e s ea r ch that may n ot have the b l e s s i ng of the 
"e stab l i s hment" Is  the r e fo r e  con s i de r e d .  

T h e  p r opo s a l s  for  oce an c l imate r e sear ch s eem to e x c e e d  
the r e s o u rce s avai lab l e .  T o  go fo rwa r d  now with t h e  p r o g rams 
p r op o s e d ,  s i gn ifi cant new mon i e s  wou l d  p r o b a b l y  have  to be 
fou n d ,  or ocean  re s ea r c h  might swal l ow up suppo rt  that now 
I s  go i ng to othe r d i s c ip l i n e s .  

Some of t h e  l a r g e - scale  ocean cl imate r e s e a r ch p r o g r ams 
b e i ng p r o po s e d  l ack a fu l l  defi n it ion  of ob j ecti v e s  and 
ta s k s .  Bec a u s e  of  th i s ,  the r e s ou r c e s  nee ded to accomp l i s h  
them have not y et b een dete rmi ned.  Th i s  mak e s  the s etti ng 
of  p r io r it i e s  even mo r e  difficu lt.  Whe r e  p r i o r it i e s  a r e  
I ndi cated h e r e ,  they s h ou l d  b e  o p en t o  mod i fi cati on a s  
chan g e s  I n  ob j ect ives  o r  r e s o u r c e  leve l s  oc cu r .  

The p r i nc i pal ob j ective o f  the ocean c l imate r e s ea r ch 
con s i de re d he r e  I s  the developme nt of a p r e dict i v e  
capab i l i ty  fo r fo r eca s ting I nte r annua l  s e a s onal c l imate 
var iati o n s .  The r e s e a r c h  I n v o l v e d  fal l s  Into th r e e  
c ate g o r i e s :  

l. Re s ea r c h  I s  ne e d e d  t o  obt a i n  a d e s c r i pt ion  o f  the 
ocean - atmo s ph e r e  s y stem. We need to Imp r ove our k nowle dge 
of oc ean cl imat o l o g y ,  an d we nee d to define l a r g e - scale  
ocean - atmo s ph e r e  co r r e lati on s .  

2 .  Res e a r c h  I s  needed t o  u n d e r s tand ocean p r oce s s e s  
that r e late t o  c l imate v a r i ab i l ity.  F o r  examp l e ,  wh at I s  
the r o l e  o f  the oce an fn heat t r an s p o r t  a n d  what a r e  It s 
v a r iat i on s ?  Can we c on s t r u ct mode l s  that s imu late the 
Impo r tant ph y s i cal  p r o ce s s e s ? 

3 .  Tests  of ou r p r e dict ive capab i l i t y  a r e  nee ded.  
Mode l s  wi l l  be deve lope d  who se pu r p o s e  Is  to p r e d ict 
c l imat i c  v a r i ation s .  Val i dat ing  and te s t i n g  the s e  model s 
wi l l  be Imp o r tant acti v it ie s .  Thu s ,  In  p lanni ng fo r ocean 
c l imate r e s ea r c h ,  we should  look  fo r oc c a s i o n s  to deve l o p  
an d test  ou r p re d ictive s k i l l .  

The l a r ge - s c a l e  ocean exp e r ime nts d t s c,.s s e d  he r e  do not 
fit n eat ly I nto th e s e  cate g o r i e s .  Each comb i n e s  
de s c r i pt i o n ,  p r o ce s s  stu d ie s ,  a n d  mo d el s and h a s  s ome 
e lements r e l ate d to p r e di ct i on .  Neve r th e le s s , fn a s s e s s i n g  
th e s e  p r og rams a s  pa rt  of setting p r i o r it i e s ,  we shou l d  a s k  
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how each cont r i butes  to Imp r ov i ng the d es c r i pt i on of t h e  
ocean - atmo s ph e r e  s y stem, t o  defi n i ng th e nat u r a l  p r oce s s e s  
that affect c l imate v a r i a b i l ity ,  a n d  to Imp rovi ng p re d ict ive 
abflfty .  

Anoth e r  ap p r oach to sett i n g  p r io r it i e s  is  to a s k  what 
facto r s  are Impe d i ng p r og r e s s . Are  c e r t a i n  key  e l ements  
act i n g  a s  ob s t ac l e s ,  s uch a s  th e l ack  of an ob s e r v ing  
t ec h n o l o gy ,  o r  a mi s s ing  l i nk i n  the ch a in of k nowle dg e  
about i nte r act ing  natu r a l  p r o ce s s e s ?  If  a p i ece o f  
knowledge  i s  mi s s i ng ,  s omet ime s i t  i s  d iffi c u lt t o  know 
exact ly  wh at it i s  th at ho l d s  u s  bac k .  I n  othe r  c a s e s , 
the r e  may be gene r a l  ag r eement t h at a c e r t a i n  techni que 
( s uch as  an a l t lmet r i c sate l l it e )  i s  needed  befo r e  we can 
p r oc ee d .  Tho se facto r s  th at appe a r  to  be c r i t i c a l  I f  we are  
to a dv ance wi l l  he r e  be I dentif ie d. 

The Nat io n a l  Sc i e nce Fo undat ion h a s  been i d entif ied as 
the l e a d  fe de r a l  agency fo r the Oce a n  He at T r a n s po r t  and 
Sto r ag e  "p r i n c i p a l  th r u st" of the Nat i onal Cl imate P r o g r am. 
The National  Cl imate P r o g r am  Plan  (U. S.  NCPO, 1 980 ) 
d e s i g n at e s  s l x p r i n c i p a l  th r u s t s ,  two of wh i ch d eal with 
r e s ea r c h .  A p r i n c ipal th r u st  ha s h i g h  p r io r it y ,  Is of ma j o r 
Imp o rtance to the goa l s  of the p r og r am, and p romi s e s  
s i gn if icant  oppo r tu n it y  fo r p r o g r e s s .  Th i s  r e p o r t  con s i de r s 
po s s i b le ocean c l imate r e s e a r ch r o l e s  of the conce r ne d  
fe de r a l  agenc i e s  a n d  I n d icate s whe r e  wo r k  s uppo rte d b y  each 
agency m i g ht f l t  I nto the context  of the total  n at i onal 
oc e a n  c l imate r e s ea r c h  p r og r am. 

Fi nal l y ,  the r e p o rt c on s i d e r s  the  Inte r nat i on a l  
s etti n g .  Ma n y  co unt r i e s  a r e  pa r t i c i p at ing In  th e p lan n i n g  
of a g l o b a l  r e s e a r ch p r og r am  t h at a dd r e s s e s a l l  a s p ects of 
the p r ob l em  of c l imate:  the Wo r l d Cl imate Re s e a r ch P ro g r am  
(WCRP) . The WCRP p l an s  fo r ocean c l imate r e s e a r ch 
compon ents  a r e  In v a r y in g  state s of developme nt. Thi s 
r e p o r t  r e v i ews th e s e  p l a n s  a nd a dv i s e s  on U. S.  I nv o l v ement,  
that I s ,  how Ame r i c a n  oc e a n  cl imate r e s ea r c h  act i v it i e s  can 
fit wi th in  the wo rld p r og r am, c an al d It ,  and c an benefit 
f r om lt .  
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3 1HE ROLE OF 1HE oc::FAN IN Q..IMATE 

Th i s  r e p o r t  I s  p r i n c i pally conc e r n e d  with und e r  s tand i n g  
t h e  r ole of t h e  oc ean in i nte r a nnual c l imate v a r i a b ility.  
Th at I s .  what a r e  the mec h a n i sms . if  any. by whi ch th e oce a n  
influences  y e a r  - to - y e a r  v a r i ati o n s  i n  t h e  e a r th's climate ? 
Doe s  the oc e a n  pla y a r o le in  p r o ducing  c l imate anoma l i e s .  
s u ch a s  d r ought s .  fl ood s .  h eat wa ve s .  a n d  abno rma l f r o s t s ? 
I f  it doe s .  can we under  s tand  th e p r oc e s s e s  whe r e by th i s 
occu r s ? Can we d e v e l op a c a p ab l l lty fo r p re d i ct ing  c l imate 
ch a n g e ?  

Th i s  chapte r p r o v i des  a r e v iew o f  what I s  
r ole o f  t h e  o c e a n  I n  t h e  ea r th's c l imate s y stem. 
Inf luenc e s  the me a n  climate state of the ea r th .  
g rowi ng e v i dence th at the ocean h a s .  a s  well .  a 
influ ence. on climate v a r i ation s .  

known o f  th e 
The ocean 

The r e  is  
rna J or  

Th i s  r e v iew wi l l  not  be e x h a u s t i v e .  since man y  e x i s ti n g  
documents a n d  p a p e r s  p r e s ent th e s ci e ntific b a ck g r ound.  
Th i s  ch apte r s imply sets  th e sta g e  fo r th e r e s t  of the 
r e p o r t  with a r e v i ew of the s c i entif ic  b a s i s  fo r s t u d i e s  of  
climate var l a b i l i ty  and the r o l e  of the oc e a n .  The l i s t of 
refe r en c e s  wi l l  p r ov i d e  g u i d ance to the exten s i v e  
l i t e r atu r e .  

Te rms s uc h  a s  "climate state" a n d  "climate v a r i a b ility" 
a r e  u s e d  th r o u g hout th i s  r ep o r t. Th e s e  te rms h a v e  been  
defi n e d  by  the U.S. Coomittee fo r th e Global  Atmo s p h e r i c 
Re s e a r c h  P r og r am  ( 1 9 7 5 )  and  a r e  r e p r o duced h e r e  I n  Ap p e n d i x  B. 

MFAN CLIMATE STATE 

The o c e an pla y s  a ma j o r r ole In dete rmi n i ng the me an 
c l imate s tate of th e wor l d. I t  cover s 70 p e r cent  of  th e 
s u r face of the e a r th a n d  I s  a s o u r c e  of mo i s tu r e  fo r the 
atmo s ph e r e . As s uc h .  it  is  c r i t i cal In contr olli n g  glo b a l  
patte r n s  o f  p r ec i p itation a n d  e v a p o r at ion.  

The heat  capacity  of th e ocean is  huge .  The upper  3 m 
of the ocean can conta in  a s  mu ch h e at a s  the ent i r e  
atmo s ph e r e. The ocean ab s o r bs ene r gy f r om the s un and 
r e l e a s e s  en e r gy to the atmo s ph e r e  at t ime s and p l a c e s  
d i s tant  f r om th e point  whe r e  the ene r gy wa s r e c e i ved.  The 
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s eas o n al tempe r atu r e  r a n g e  i s  r e du c e d  o v e r  land a r e a s  
adjacent  t o  t h e  oc ean  b ec a u s e  o f  the la r ge h e a t  i n e r t i a  of 
the ocean . 

The polewa r d  fl u x  of heat  in  th e oc e a n  i s  of the same 
o r d e r  of ma g n itude as th at in the atmos phe r e ,  but  the 
p r oce s s e s  of th e oce an i c  tr a n s po r t  a r e  not we ll  un d e r s too d.  
An y attempt to u nd e r stand  the me an c l i mate s tate of the  
wor l d  mu st take accou nt  of  th e r ole of th e oc ean  in 
estab l i sh i n g  and mai nta i n i n g  the glo b a l  h e at b a lance.  

The me a n  climate state of the oce a n  is  not  now we ll  
und e r  stood.  Unle s s  we can  def ine  oceanic  v a r i ab ility in  
te rms  of  i ts  d ep a rtu re  f rom s ome me a n  state,  we may b e  
un able t o  e x p l a i n  t h e  r ole o f  t h e  ocean  i n  mai nta i n i ng o r  
mod ify ing  g lobal climate. 

O..IMATE VARIABILI1Y 

Both ocean and atmo s p h e re  s how c l imate v a r iabi l ity on 
time scal es of month s to centu r i e s .  The ann u a l  or seasonal 
c y c l e  is g e n e r al l y  la r ge ,  b ut the non s ea sonal var i ability 
can exce e d  the seasonal in  some r e g i o n s ,  pa r t i c u larly in  
some oceanic  a r eas . 

Ocean heat  sto r a g e ,  tr a n s po r t , and tran s fe r  to th e 
atmosph e r e  a r e  var i a b l e . It may be that s uc h  v a r i ation s a r e  
the p r i n c i pal oc e a n i c  facto r con t roll i n g  climate 
v a r iabi l ity .  Thu s  an u nd e r stand i n g  of  the uptake, 
t r an s po r t, s torage,  and relea s e  of heat by the ocean may 
l ead to an u n d e rsta nd i ng of globa l climate var i at ions. Th is 
r e po r t  r e v iews plan s fo r l a r g e - scale  ocean heat flux 
exp e r ime nt s ,  s u ch a s  Cag e .  

Mod els  of t h e  atmo s phe r e  w i t h  an d without a mo v i n g  
ocean s how that oc e a n i c  effects  i nflu e n ce t h e  mean 
atmos ph e r i c tempe r atu r e  d i s t r ibution (Manabe an d Br yan, 
1 96 9; Spe lman and Manabe,  1 9 83 ) .  The c i r cu lation of the 
oce a n  ap p e a r s  to affect climate v a r i a b i l ity  on all s c ales. 
Thus th e r e  a r e  p r oposals to stu d y  the g e n e r al c i r culation of 
the oc e a n  an d the climate state of the ocean . I n  th is 
r e po r t  the p ropo s al fo r a World Oc ean Ci r culation Ex pe r iment 
(WOCE) is r e v iewe d. 

Oce an he at t r a nspo r t  and storage p r oces s e s have 
lifet imes  that are long i n  compar i son with those of 
atmo s ph e r i c p r oce s s e s .  Atmo s p h e r i c  p r e d ictabi l i ty  ma y 
i nh e r e n t l y  be limited to a week or two. But the chai n of 
e v ents involv e d  with th e Sou th e r n  Osc i l lation , a global ­
s cale atmo s phe r i c and oce a n ic climati c anomaly , has a 
du rat ion of about 1 8  month s .  Thou gh th e ocean an d 
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atmo s ph e r e  inte r act,  th i s  long t ime s c ale seems to be  
domi nated by  the  h i gh the rmal and mec h a n i cal i n e r t i a  of  the  
oc e a n .  Thu s long - ran g e  climate for ec a s t i n g  p r ob ably mu st  
take ocean p r oc e s s e s  i nto accoun� 

The la r ge s t  non s e a s o n al v a r i able climate s i g n a l  i s  the 
i nte r a n nual, wh i c h ,  pa rt icula r ly In  s ome t r o p i c a l  r e g i o n s ,  
may be la r ge r  th an th e ann u al o r  s e a s o nal s i g n al s .  Yea r - to­
y ear var iat i o n s  i n  the ea rth's c l imate a r e  of  g r eat economi c 
impo rtance. Effect s  s uch a s  un u s u al rai nfall, d ro u g ht,  o r  
heat wav e s  can have s i g n i fi c ant ag r i cultu r al Impact s .  
Ocean i c  therma l  var iat i o n s  r elate d t o  c l imate v a r i ab ility 
can affect ma r i ne fi s h e r i e s .  Thu s ,  th e r e  a r e  economic 
ince nt i v e s  to s e e k  to develop a p r e d ict i v e  abil ity.  

Va r i ation s In  climatic c ondit i o n s  can  affect ma r i ne 
fi s h e r ie s .  Ch a n g e s  I n  temp e r atu r e ,  l ight ,  an d oc e a n  
cu r r ents can affect s u ch facto r s  a s  t h e  r ep r o du ct i o n ,  
fee d i n g , and locati on of fi s h  I n  t h e  s e a .  Re g i o n s  of 
a dvect ion ,  upwe l li ng ,  and conv e r g ence c an be co r r e l ated with 
the abun d an c e ,  o r  lack the r eof,  of fi s h .  

T h e  s ub j ect of climate and  I ts  Impact on t h e  li v i ng 
r e s o u r c e s  of the s ea I s  sc ient ifically an d economi c a lly 
I nte r e st ing  and d e s e r v e s  fu r t h e r  study.  It  i s , howe v e r ,  n ot 
d i r ectly with in  the scope of thi s study . 

As h a s  a l r ea dy b een ment ione d,  some I nte r an n u a l  climat e  
s i g nal s a r e  pa rt icu l a rly s t r o n g  In  th e t r o p i c al oc e a n .  The 
s t r on g e s t  of the s e  s i gn a l s ,  known b e st a s  the Southe r n  
Osc illation an d d i s c u s s e d  In  the next ch a pte r ,  i s  an 
I nte rannual atmo s ph e r ic and oce a n i c  s i g n al that h a s  global 
dimen s i o n s  (W r i ght ,  1 9 7 8 ) .  S ea - s u r face tempe r atu r e  
anomal i es, c h a n g i n g  wi nd p atte r n s ,  ex c e s s ive pr e c i p itat i o n ,  
an d conti ne ntal co ld  sp ells a r e  among th e man i fe s tati o n s  
that sometimes a r e  a s s ociate d with t h e  Southe r n  Osc illat ion . 
In th i s  r e po r t ,  pla n s  ar e r e v iewe d fo r a study of th i s  
phenomenon and the i nte r action o f  the t r o p i c a l  oce an and t h e  
g l obal atmos phe r e  (the TOGA study) .  

Climate v a r i at ion s  h a v i n g  s c ale s of app rox imately a 
dec a d e  a r e  known to e x i s t  but a r e  le s s  we ll documente d th a n  
those of ann u al t ime s cale .  Th e i r  economic effects a r e  als o 
le s s  well docume nte d,  but they can be Imp o r tant.  The "du st ­
bowl y ea r s "  we r e  po s s i b l y  a r e s u lt of d eca d a l  c l imate 
var i ation s . 

The r e  i s  e v i dence th at  th e oce an p l a y s  a r ole In 
d e c a d al c l imate var iab ility , and s ome p r oposal s fo r l a r g e ­
scale oce an exp e r iments  t o  u n d e r  stand  decadal v a r i a b i l ity  
have been mad e .  The con s en s u s  s e ems to be th at to dev e l o p  a 
p r e d ict i v e  capab ility,  r e s e a r c h  on Inte r annu al climat i c  
p h enomena should have fi r st p r ior ity . At th i s  t ime, no  

Copy r i gh t  ©  Na t i ona l  Academy  o f  Sc iences .  A l l  r i gh t s  rese rved .

An  Ocean  C l ima te  Resea rch  S t ra tegy
h t t p : / /www.nap .edu /ca ta log .php? reco rd_ id=19384

http://www.nap.edu/catalog.php?record_id=19384


9 

pla ns for ocean s t u d i es e x pli c itly d i r ecte d to d e c a d al 
climate s c ales h a v e  eme r g ed in  th e Wo r l d Climate Rese a r ch 
P r og r am  (WCRP) . 

Long - pe r i o d  climate v a r i a b il ity,  h a v i n g  t ime sc ales 
b etween d e c a d es a nd c e ntu r i es, I s  not well docume nte d 
{Hec ht ,  1 9 8 1 ). The study of such phe nome n a  ob v iously 
r e q u i r e s  a long -te rm conmitme nt. The economi c imp act i s  
unce r t a i n . I t  Is even uncle a r how we would today  ma ke use 
of the knowle dge of long - t e r m  climatic v a r iat i on If  it  we r e  
a v a i lable . 

O.. IMATE � 

The pale oclimatic r ecor d shows e v i d ence of climate 
c h a n g e  o v e r  th e mille n n i a .  I n  add it ion to these natu ral 
effects, the climate may be c h a n g i n g  as a r esult of ma n's 
act i v it ies. Such i n a dv e r tent  mod ifi cat ion  of climate has 
r e c e i v e d  consi d e r a ble p ublic  attention.  In  parti cula r ,  the 
climatic  imp act of c h an g i n g  ca rbon d i o x i d e  lev els has been 
the subject of extensi ve  d iscus s ion. 

The Issue of possible ch a n g es In  the ea r th's climate as 
a result of man - i n duced ch anges In the lev el of c a r bon 
d i o x i de ha s been and Is b e i n g  r e v iewe d els ewhe r e  {Climate 
Bo a r d , 1 9 8 2; Ca r bon Dioxi de Assess ment Conmittee,  1 9 83)  and  
is out s i de the  sc ope of  th is stu d y .  A majo r sc i e nt if ic  
p r oblem is  that  of d i s t i n g u ish i ng a nth r opog e n i c  climate 
c h an g e s  from those that would have happen e d  n atu r ally . 

The ocean mu st be consi d e r e d  i n  any  ex ami n ation of the 
c a r bon d iox i de q u e s t ion . The la r ge th e r mal i n e rt ia  of the 
ocean will affe ct the r espo nse of the atmosphe r e  to wa rmi ng .  
Thus the actu al wa r m i n g  at a n y  time could be  less th an th at 
calculate d on the a ssumption  that the rmal e q u il ib r i um  is 
q u i c kly r e ac h e d .  The ocean will, a s  well, absorb ca r bon 
d io x i d e  and p rov i d es a long - t e r m  g e oc h emi c al buffe r i ng of 
the atmosphe r i c ca r bon d iox i d e .  Oce a n  wa rming  could melt 
polar I c e  an d t r i gg e r  fee db ack effe cts th at in tu r n  could 
mo d ify th e atmosph e r i c  th e rmal r esponse. The conclusion of 
the Climate Boa r d  { 1 9 82) is that "the r ole of the ocean i n  
t ime - depend ent climat ic  response dese r ves spec ial attent ion 
i n  futu re  mod eli ng s t ud i es, st r essing  the r e g i onal n a tu r e  of 
oc e a n i c  the r mal i n e rt ia  and atmosph e r i c ene r gy t r ansfe r 
mec h a n isms. "  

Ca r bon d iox i de Is not th e only r a dlatl vely important 
t r ace substance t h at c an affect the e a r th's r a d i ation, and 
h e n c e  he at,  balance {Chambe r la i n  et al. , 1 9 8 1  ). Substanc es 
s u ch a s  ozone,  ox i d es of n it r ogen ,  and  wate r v a por can hav e 
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a n  effect s imila r to that o f  c a r bon d io x i d e .  The total 
Infl u ence of all the s e  othe r s ub s tance s could be a s  g r e at as 
that of c a r bon d io x i d e ,  though the r e qu i s ite s t u d i e s  to 
dete rmi ne the actu al effects h a ve y et to be ma de.  Ag a i n ,  
t h e  ocean p l a y s  a r o l e  i n  g lo b a l  sto r age  a n d  t r a n s p o r t. 

Se dime nts and r ema i n s  of l i v ing  o r  gan l sms on th e s e a  
floo r  can g i v e  u s  a r ec o r d  of p a s t  climate s .  T h e  s t u dy o f  
paleo - ocea nog r a phy i s  a n  impo r tant  component o f  th e s t u d y  o f  
climate v a r i at ions  on s c a l e s  of centu r i e s  o r  long e r  
(Geoph y s i c s  Study Catmittee ,  1 9 8 2) .  The s e  i n v e s t i g a t i on s ,  
howeve r ,  a r e  g ene r a lly not d i r ectly r elated t o  the oceanic  
p r oc e s s e s  inv olve d  in c l imate va r i ab ility at the s c a l e s  we 
a r e  con s i d e r i n g  he r e .  (An i nte r e st ing except ion i s  the u s e  
of r a d ioca r bon mea s u reme nts of co r als in the Ga l a p a g o s  
I s la nd s t o  c o n s t r uct a t ime s e r i e s  o f  E l  Nino occu r r e nc e s  
(Dr uffe l ,  1 9 8 1 ) . ) The knowle dg e we g a i n  about natu r a l  
p r oc e s s e s  a t  s u ch long t ime s c a l e s  (millennia) ma y  be  mo r e  
clo s ely r elated  t o  s o l a r  phe nome na .  Though impo rtant  t o  an 
ov e r all  unde r standing of  the g l obal c l imate, this  s u b j ect i s  
not with i n  the scope  of th i s  s tu d y .  
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4 TI-fE INTERNNJAL VARIABILI1Y OF TI-fE TROPICAL OCEAN 
AN:> 1liE GLOBAL ATMOSPHERE 

The Southe r n  Os c i llat i o n ,  a family of natu r ally 
occu r r i ng ,  I nt e r act ing  p h e nome na i n  the ocean a n d  atmos ph e r e  
th at p r o du c e s  climate anomalie s ,  p r o v i d e s  u s  with the 
oppo r tunity  to c a r r y  out e x pe r ime nts In  I nte r a nn u al climate 
fo r ec a s ti n g  and to develop a climate p r e d ict i o n  c a p a b ility.  
The phenome n a  t h at ma k e  up the  South e r n  Os c illa t ion family 
( e . g . ,  anomal ie s of s e a - s u r face temp e r at u r e ,  atmo s p he r i c  
p r e s s u r e , p r e c i p i tat i o n ,  and tempe r atu r e ) a r e  fo und  in  the 
t rop i c a l  oce a n  and  global atmo s ph e r e. I n  add iti o n ,  the 
South e r n  O s c illati on,  cent e r e d  i n  the Pacific Oce an,  may 
h a v e  analog u e s  in  th e oth e r  t r o p i cal oc e a n s .  A study of 
th e se phenome n a ,  the i r  p rope r ti e s ,  the i r  l inkag e s ,  and the i r  
climate con s e qu ence s hold s p r omi s e  o f  p r o v i d i n g  u s  with a 
p r e dict ive  c a p a b i l i ty that  far  excee d s  what we a r e  li k ely to 
a c h i e v e  th r o u g h  atmo s ph e r ic stu d ie s  alone.  

1liE SOl.nHERN OSCILLATI<N 

The South e r n  Osc illation Is a la r g e - s cale exch a n g e  of 
a tmo s ph e r i c  ma s s  in the atmo s ph e r e  between the easte r n  and 
we s te r n  hemi s p he r e s  i n  th e tr op i c s .  It can be detecte d in  
s e a - le v el atmo s ph e r i c p r e s s u r e r ec o r ds a s  a s e e - s aw of  h i g h  
p r e s s u r e in the South Pac if ic  Oce a n  a n d  low p r ess u r e  In the 
I nd i an Oc ean alte r n at i n g  with the oppos i te cond i t i o n s  in  the 
oth e r  pha s e  of th e cycle. I t  has a cha r acte r i sti c c y cle 
le ngth of a couple of y ea r s  a n d  ma y occ u r  at 2 - to 1 0 - y e a r  
i n te r v als. It I s  the mo s t  obv iou s I n s tance of Inte r a n n u al 
c l imate v a r i ab il ity.  

The South e r n  Osc illat ion comp r i s e s  a global family of  
climatic ally v a r y i n g  phenome n a .  Among th e s e a r e  s e a - s u rface 
temp e r at u r e  anomali e s  in th e Pac if ic ,  I n d ian , a n d  Atlanti c 
ocean s .  The chan g e s  i n  the e q u ator i al cu r r ent s ystem a n d  
the  h e a t  content o f  the Pac if ic  Oce a n  a r e  p a r t i cularly 
ma r k e d .  The la r g e s t oc e a n i c  osc illat ion i s  El Nii'lo, an 
a n omalo u s wa rmi n g  off  th e coa s t  of South Amer i c a .  El Nii'lo 
b r i n g s  de str uction to the fi s h e r i e s  off P e r u  and Ec uado r .  
Pla nkto n ,  fi s h ,  a n d  b i r ds, dep e n d ing  In  a ch a i n  fo r 

1 1  
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nut r ients  p r o v i d e d  by the u pwe l llng of cold s eawat e r  off the 
coa s t , dle . Th i s  ha s economi c effects on th e glo b a l  ma r k et s  
f o r  fi s h ,  poult r y ,  a n d  fe r t i l i z e r .  E l  Nltlo a l s o  b r i ng s  
heavy  co a s tal r a i n s  th at c a u s e  floo d i n g  a n d  dama g e  c r o p s  
along t h e  South Ame r i c an coa st.  

The South e r n  Os clllatlon ha s climate s i g n if icance 
beca u s e  It I s  a s t r o ng s i gnal and becau s e  of Its  time s c ale. 
Thou gh the Southe r n  Os c i llati o n  doe s not occu r r e gu l a rly ,  an 
occu r r en ce h a s  c o r r e l ate d man ife s tati on s that n o rma lly 
pe r s i s t  fo r nea r l y  two yea r s  from fi r s t to la s t  appe a r an c e .  
Th i s  du r at ion  offe r s  t h e  p otent i a l  fo r u s  to develop a 
p r e d ict ive  c a p a b ility of pe r h a p s  a few month s .  The s t a g e s  
of the osclllat ion a r e  pha s e - locked to the a n n u a l  cy cle. 
That I s ,  the compone nt phenome n a  of th e South e r n  Osc illat i o n  
no rmally occ u r  a t  s pec ific s e a s o n s  o f  t h e  y e a r .  

F r om th e v i ewpo int  o f  th e Unite d State s ,  th e 
co r r elati on s of the South e r n  Osc ill at ion wi th No r th Ame r i c a n  
climate anomali e s  p r e s e nt an Intr i g u in g  c h a l le n g e. Can we, 
with a b ette r unde r s ta n d i n g  of the Southe r n  Os c illat ion,  u s e  
It to p r e dict  wi nte r t ime climate an omali e s  o v e r  the United  
Stat e s  a s ea son  In  a dvance ? 

Let u s  r e v iew th e e v i dence .  Co r r elat i o n s  between th e 
South e r n  Os c il lat i on a n d  No rth Ame r i can climate a nomalfes  
we r e  fi r s t des c r ib e d  I n  th e 1 9 30 s  by S ir  Gilb e r t  Wa l k e r .  
S i n c e  th at time, th e r e  h a s  been  g rowi ng  e v i d e n c e  o f  the 
r e ality of the s e  co r r e l at ion s .  Winte r time climate anoma l i e s  
In  the No r the r n  Hemi s phe r e  a r e  c o r  r elate d with e a r li e r  
atmo s ph e r i c p r e s s u r e anoma l i e s  ove r  the Sou th Pac if ic  and  
w i th  s e a - s u r face tempe r atu r e anoma l ies I n  the e q u ato r i al 
Pac if ic  Oce a n .  Wa rm s e a - s u r face  temp e r atu r e s  a r e  followe d 
by h i g h  atmo s p h e r ic p r e s s u r e  o v e r  Indone s ia a n d  Au st r a l i a .  
Th r o u g h  a g lobal-sc ale p r oce s s o f  physi c a l  lfn k s ,  which  ha s 
be en  cal led  "teleconnecti on ,"  th e s e  e v e nts  a r e  co r r elate d 
with abo v e - n o rmal winte r t ime tempe r atu r e s  I n  th e 
s o u th e a s te r n  Un ite d State s a n d  below- no rma l wi nte r time 
temp e r atu re s In no r thwe s te r n  Can a da.  

Du r i ng a n o rmal ev ent,  an El Nltlo be g i n s  I n  Janu a r y .  
Du r i n g  the y ea r ,  wa rme r - th a n - no rma l s ea - s u rface tempe r atu r e s  
s p r e a d  ove r  v a s t a r e a s  of the e a ste r n  and cent r a l equ ato r i a l  
Pac if ic .  By the followi n g  Septemb e r ,  s u r face  atmo s p h e r i c  
p r e s s u r e  ov e r  Indone s i a  r e ac h e s  a max imum. Wi nt e r t ime 
temp e r at u r e  anomali e s  o v e r  No rth Ame r i ca  may follow In 
Decemb e r  th rough  Fe b r u a r y  (Ho r el and Wal lace ,  1 9 8 1 ) .  The 
ch a i n  of events  In  the oc e a n  and atmo s p h e r e  may be a b a s i s  
fo r p re d iction . Howe v e r ,  we mu st  b e  ca r eful not to 
over  state the ca s e . 
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Du r i ng th e wi nte r of 1 9 8 2 - 8 3 ,  the s tron g e s t  El Nii'lo 
e vent e v er ob s erved took place .  It was  not fo r e c a s t ,  it wa s 
n ot recogn ized a s  an El Nino occu r r e nee until It was well 
developed ,  and its s ub s e qu ent e v olut ion  and  du r at ion  we r e  not 
ant ic i p ate d .  Con s i d e r able r ese a r ch h a s  b een s t imulate d by 
th i s  event,  whi ch un d e r li n e d  th e incomplete state of our 
under stand i n g .  

Correlation s of Nor th American  temperature s with 
ea rl ie r Pac ific s e a -su r face temperatu r e  anomali e s  a r e  found 
only duri n g  th e winter se a son and only  o v e r  th e northwe s tern 
and s outh e a s te r n  p arts of the c onti nent.  Ov e r  mos t  of the 
Un ited State s ,  th e co r relat ion s are not s i g n if icant. Where 
the cor relat i o n s  a r e  si gn i f ic ant, they account for 
c o n s i dera bly le ss th an half th e v ari ance In tho s e  r e g i o n s  
(Barnett, 1 9 8 1 ) .  Nev e r th ele s s ,  Horel and  Walla ce ( 1 9 8 1 ) 
s ug g e s t  that  th e patte r n s  of cor r elat ion  ma y be blu rre d 
imag e s  re s ulti ng f r om  the s upe r po s i t ion  of an en s emble of 
s h arpe r pattern s th at cor r e s pond to th e v ari ou s s tate s of 
the e q u atori al ocean and atmo s p h ere. I f  so, then a sh arp er 
sp ecif ic ation of the equ ator i al s e a - s u r face temp e r ature and 
of tro p i c al r a i n fall mi ght,  with effecti ve  mod eli ng of the 
proc e s s e s  of teleconnection , le a d  to better a dv ance climate 
an omaly pre d i ction s ov e r  the Un ited State s than is now 
po s s ible. Th i s  hope moti v ate s th e gen eral e xc iteme nt th at 
toda y  e x i s t s  among oceanog r aphers and meteorolog i st s  for a 
la r ge - s c ale ocean - atmosph ere expe r ime nt to explore the 
i nteran n u al v ariab ility of the t r o p i c al ocean and the global 
atmo s ph ere (TOGA) . 

O..IMATE PROCESSES IN THE TROPICAL 
ATI..ANI'IC AND INDIAN OCFANS 

The l ink between the t r o p i c al Pac ifi c Oce an and th e 
atmo s ph e r e  h a s  att r acte d c on s i d e r able s c i entif ic attenti on.  
The Atlant ic  and I nd ian oc e a n s  als o  p r o v i d e  in tere s t ing  but  
d i ffe r e nt ex ample s of l a r g e - s cale i n teract ions betwe en the 
t r op i cal oc e a n  and the global atmo s p here. 

Atlantic  s e a - s u r face temperature a nomalies correlate 
with dro u g h t s  in  B r azil. Tho s e  i n  th e I n d i a n  Oce an 
c o r relate with v ari ati o n s  i n  the Ind i an monsoon.  As in  the 
Pacif ic ,  t r op i cal s e a - s urfac e  tempe r atu r e  anomali e s  
i n fluence and i n  turn are i nflu e nced b y  the atmosp he r e . 

An El Nitlo -li k e  phe nome non may occur in th e trop ical 
Atlantic (Hi s ard,  1 9 80; Me rle, 1 9 80) ,  but the smaller 
d bne n s ion  of the Atlanti c ba s i n may be th e re ason fo r the 
lack of cle a r  ev i d e n ce for i ts  ex i s te nce (Moore et al. , 
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1 9 7 8) . Th e t r o p i c al ocea n s  r e s pond to c h a ng e s  I n  the 
atmo s ph e r ic  wi nd s t r e s s . The c i r culation  In the ocean i s  
for ced b y  the wi n d s  In  a way that I s  d i s ti ncti ve I n  each  
oc e a n . Fo r e x ample . the p r o pa gati o n  time of  p l aneta r y  wa ves 
ac r o s s  the ocean ba s i n Is a c r iti c a l  facto r .  The Pac i fi c  
Oce a n .  be ing  wi der  th a n  th e At lant ic .  r e s pond s d iffe r e ntly 
to a s imilar  wi nd fo r c i ng .  a n d  a s t r ong El Ni fto th e r eby 
occu r s . 

The I n d i a n  Oce an r e g i o n  appe a r s to p l a y  an impo r tant 
r ole In the Southe r n  Os c il lat ion .  I n  a dd i t ion .  th e r e  Is  a 
la r g e s e a s onal ch a n g e  in the I nd i an Oce a n  i n  r e s po n s e  to the 
mo n s oon. The Somali Cu r r e nt. fo r i n stance.  r ev e r s e s  i ts  
d i r ecti o n  s e a s o nally . The Indian  Oce a n  th u s  p r o v i de s  a 
u n i que  l oc at ion fo r study i n g  s ome k i n d s  of l a r g e - s c a l e  
inte r act i on between the ocean and  t h e  atmo s ph e r e. Indeed.  
the e a rly e volut ion  of the  South e r n  Osc illat ion appea r s  to  
occu r i n  the atmo s p he r i c c i r cu l at ion  o v e r  the South e r n  
I n d i an Ocean .  

TI-lE TOOA PROPOSAL 

A la r g e - s c ale ocean - atmos phe re  expe r iment to s t u dy the 
South e r n  Os c illati o n  family of  phe nome na has  been p r opo s e d. 
I t  i s  c a l le d  the Inte r annual Va r i a b i l ity of the T r o p i cal 
Ocean and the Glob al Atmo s p h e r e  Expe r ime nt (TOOA) . (Othe r  
n ame s for components  of the s ame inve s ti gat ion  a r e  the El 
Nlflo an d th e South e r n  Os c tllat lon  Expe r iment (ENSO) and the 
Oc ean Atmos ph e r e  Climate I nte r action Stud i e s  (OACIS ) . ) The 
ba s i c a lms of the TOOA stud ie s a r e  as follows (TOOA Stu d y  
Gr oup. 1 983) : 

1 .  to dete rmi n e  th e natu r e  of th e inte r annu al 
v a r i a b ility of the t r op i c al oceans  and  g l ob al atmos ph e r e. 
and 

2. to und er  s tand  th e mech an i sms th at  dete rmi n e  the 
i nte rannual v a r i ab i l ity and the p r ed ictab ility of the 
v a r iat ion s. 

The s e  a lms encompa s s  the p r i n c i p a l  pla n eta r y - s c a l e  a lm s  
of a r elate d atmosph e r i c  r e s e a r ch p r og r am. the Mon s oon 
Climate P rog r am. 

TOOA a s  p ropo s e d  today would inclu d e  th e s e  elements : 

• a d e s c r i pt ion of  the t ime table and  c h a i n  of ev ent s 
i n  the South e r n  Osc i llat ion  and  El Nino . 

• the r elat ion s h ip  of the South e r n  O s c illat ion  to the 
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r e g u l a r  a nn u a l  c y c l e ,  
* the fl ux e s  of  heat  a c r o s s the Pac i fi c ,  
• the coup l i ng between t h e  o c e a n i c  mi x e d  l a y e r  a n d  the 

d e e p e r  wate r s ,  
* th e re l a t i on s h i p  between equ ato r i a l  co n v ecti o n  and 

p r ec i p itat ion  a nd s ea - s u r face tempe r atu r e  anoma l i e s ,  
* t h e  condit i o n s th at  l e a d  t o  a rna J o r  v e r s u s  a mi no r El 

Ni ft o ,  
* the re l a t i o n s h i p  between  se a - s u r fa ce temp e r atu r e  

a n oma l i e s  and  atmo s p h e r i c  p l a neta r y  wave p atte r n s ,  
* the r e l a t i o n s h i p  between se a - s u r face temp e r atu r e  

a n oma l i e s  and  h i g h e r  - f r e qu ency f luctu at i o n s  s u ch a s  s to rm 
t r ac k s  a n d  atmos p h e r i c  b l oc k i n g ,  a n d  

* the ob s e r v i ng s y stem needed to p r e d i ct c l imate c h a ng e  
a s s o c i ate d wit h  the South e r n  Osc i l l a t i o n . 

The Cl imate Re s e a r ch Conmittee ( 1 9 8 3) h a s  p r opo s e d  the 
fo l l owi ng  s c i e nt i fi c  and op e r at i o n a l  object i v e s  fo r ENSO: 

1 .  To d e v e l op an imp r oved  unde r s t a n d i n g  of the i n  
s itu l o c a l  a n d  r emote atmo s p he r i c  fo r c i n g  o f  a n d  r e s po n s e  to 
f l u ctuati o n s  in e q u ato r i a l Pac i fi c  s ea - a i r  t r an s fe r s  of 

moi s tu r e  and  se n s ib l e  h e at du e to se a - s u r face temp e r atu re  
a n oma l i e s .  

2 .  To i dent ify the p r o ce s se s  th at  contr o l  th e 
d e v e l opment a n d  time e v o l ut ion  of the th e rma l a noma l i e s  
a s s o c i ate d with th e South e r n  Os c i l l at ion  a n d  the E l  Ni fto i n  
t h e  e q u ato r i a l  Pacif ic  Ocean .  

3 .  To  un d e r s ta n d  th e l a r g e - s c a l e  oce a n - atmo s phe r e  
i nt e r acti o n s  r e s po n s i b l e  fo r mu ch of  t h e  s h o r t - te rm 
i n te r annu a l  f luctu ation s of the cou p l e d  c l imate s y stem and 
to  dete rmi ne the p r ed ictab i l ity of the s y stem. Of 
p a r t i cu l a r  i n te r e s t  a r e  r e l a t i on s h i p s  between  the Southe r n  
O s c i l l at ion  p h e n ome non and ( 1 ) c l imate f lu ctu ati o n s  i n  mi d ­
l at itud e s ,  p a r t i cu l a r l y  No rth  Ame r i c a ,  and  ( 2) i nte r a n n u a l  
v a r i at i o n s  i n  the As i an mo n s oon ,  i n c l u d i ng both i t s  r e g i o n a l  
c h a r acte r i s t i c s and  i ts  r e l at i o n s h i p  to t h e  p l aneta r y  
c i r cu l at ion .  

4 .  To  develop  imp r o v e d  s ch eme s  fo r p r e dict ion of  
s h o rt - te rm c l imate v a r i a b i l ity .  

5 .  To d e s i g n  th e optimum ope r ation a l  ob s e r v i n g  s y stem 
r e q u i r e d  to p r ov i d e  the d ata b a s e  fo r s u ch p r e d i c ti on s .  

TOOA i s  a n  exci t ing  op por tu n i t y .  The South e r n  
Os c i l l at ion i s  a s t r ong c l imate s i g n a l .  The economic 
b e n e fi t s  th at cou l d  be d e r i ve d  from p r e dict i n g  s ome of th e 
a s s o c i ated c l imate a n oma l i e s  cou l d  be g r e at. A numb e r  of 
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e x c e l l e nt s c i ent i s t s  a r e  e nthu s i a s ti c ally wo r k i n g  o n  the 
p r ob l em. P r o g r e s s  is  being ma de i n  data analy s i s ,  fi e l d  
e x pe r iments , a n d  theo r eti c a l  wo r k .  

On the negat ive  s i de ,  th e r e  i s  a s  y et n o  comp r eh e n s ive 
theo r e t i c a l  f r amewo r k  fo r TOOA. The fi r st f r a gmen t s  of  a 
theo r y  e x i st ,  and  s ome l i n k ing  phy s i c a l  me c h an i sms h a v e  bee n 
hypothe s i z e d .  Howe v e r ,  we do not yet  have a s t r o n g  e n o u g h  
b a s e  of th eo r y  t o  be ab l e· t o  des i g n  a fu l l  TOGA exp e r ime n t  
with a s s u r ance.  

Cor r e l at ion  doe s not a lwa y s  i n d icate ca u s a l i ty .  I n  a 
s y stem wh e r e  p r oc e s s e s  a r e  known to be  t ied  to the a n n u a l  
c y c l e ,  i t  i s  pa r t i cu l a r l y  r i s ky t o  i n fe r  ca u s a l ity  s imp ly  
from c o r r e l at i o n s  a n d  t imi ng .  Stati s t i c a l ly  s i g n i fi c a nt 
co r r elati o n s  c a n  b e  fou n d  amon g  th e South e r n  Os c i l l a t i o n  
I nd e x ,  e q u ato r i a l  Pacif ic  s ea - s u r fa ce temp e r atu r e  a n oma l i es ,  
the El Nii'lo, and  wi nte r t ime temp e r at u r e  and p r e c i p itat i o n  
anoma l i e s  ov e r  p a rts  of  No r th Amer i c a .  The s e  c o r r e l at i o ns 
do not  imp ly  ca u s a l  l i n k s ,  howeve r .  We cannot  s a y  th at  th e 
South e r n  Os c i l l at i on cau s e s  the othe r ob s e r v e d  c l imate 
v a r i ation s .  Bec a u s e  the events  in the South e r n  Osc i l l a t i o n  
fami ly a r e  e a ch l i nk e d  t o  p h a s e s  i n  t h e  c y c l e  of  a n nu a l  
v a r i at i o n ,  we cannot  s a y  th at  e v ent  A ca u s e s  e v en t  B ,  s imp l y  
b ecau s e  A u s u a l ly p r ece d e s  B .  Both A a n d  B cou ld  b e  d u e  to 
oth e r  ca u s e s .  What is n e e d e d  i s  a p l a u s i b l e  ph y s i c a l  
me ch a n i sm to e x p l a i n  why A i s  u s ually fo l lowed by B .  The n  
expe r iments  c a n  be de s ig n e d  t o  te s t  th at  hypoth e s i z e d  
me c h a n i sm. W e  mu s t  s ee k  a t e s t a b l e  theo r et i c a l  f r amewo r k  t o  
exp l a i n  why a n d  how the South e r n  Osc i l lati o n ,  the E l  Nitlo, 
and the temp e r ate la t itude c l imate a n oma l i e s  a r e  p hy s i c a l l y  
l i nk e d. 

A TOGA STRATEGY FCR NSF 

NSF s ho u l d  s uppo r t  TOGA pla n n i n g  with a n  eye  to 
imp l eme nti n g  a l a r g e - s c a l e  oceanog r ap h i c  and atmo s p h e r i c  
e x pe r iment.  Ocea n i c  a nd a tmo s p h e r i c  s c i e n c e s  wi l l  h a v e  to 
co l l ab o r ate,  and  the s c a l e  of the p r ob lem wi l l  r e qu i r e  
s t r on g  c o o r d i n at i o n  b etween NSF, l'oDAA, an d  NASA. The e ffo r t  
r e qu i r e d  t o  d e s i g n  a n d  imp lement  TOGA i s  j u st i fi e d  b y  the 
b e nefits  that mi ght  be d e r i v e d .  A p r e d i ct i o n  of r e g i o n a l  
c l imate c h a n g e s  o v e r  No r th Ame r i c a ,  fo r e x amp l e ,  cou l d  h ave 
g r e at s oc i a l  and  economic r ewa r d s .  

With i n  the Uni ted  State s ,  the s ub j ect of TOGA i s  
r e c e i v i n g  co n s i de r ab l e  atte nti on .  Pa r a l l e l  p r og r ams t h at 
h a d  been develop ing  sepa r ate l y  (E l  Nii'lo and the South e r n  
Os c i l l at ion  Exp e r iment (ENSO) ,  b e i n g  p r e p a r ed u n d e r  the 
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a u s pi ce s  of the Cl l mate Re s e a r ch Coomittee of the Nat i o n a l  
Re s e a r ch Cou nc i l ,  a n d  Oce a n  Atmo s p h e r e  Cllmate I nte r act ion  
Stud i e s  (OACI S) , b e i n g  p r ep a r e d  by NOAA) are being  me r ge d .  
The me r ged  p r o g r am  wi l l  Uke l y  be  a major U. S .  cont r i but ion  
to  T<XiA. 

I n  a d d it io n ,  s e v e r a l  ongoi n g  a n d  p r o po s e d  Ame r i can  
oc e a n  r e s e a r ch p r o g r ams are  r e l ated  to T<XiA: the Equ ato r i a l  
Pacif ic  Ocean Cl lmate Stud i e s  (EPOCS), the S ub -T r o p i c a l  · 
Atl a nt ic  Cl imate Study ( STACS) , the Pac if ic  Equ ato r i a l  Oce a n  
Dy n ami c s  Ex pe r ime nt (PEQXD) , t h e  S e a son a l  Re s po n s e  of the 
Equ ato r i a l  Atl a nt i c  ( SEQUAL) , and  the T r o p i c  Heat  
Expe r ime nt. Th e s e  p r og r ams c a n  s e r v e  a s  comp o n e nt s  of a 
U.S .  contr i buti o n .  Even mo r e  impo r t a n t l y ,  th e s e  p r o g r ams 
p r ov i d e  a r e s e r voi r of s c i enti s t s  p r e p a r e d  to wo r k  on the 
c l imate l i n k s betwe e n  the t r op i c a l  ocean and th e atmo s p h e r e .  

A d e c i s ion  wi l l  h a v e  t o  be made conce r ni ng t h e  extent 
of U. S .  comni tment  to T<XiA. P l a n n i n g  i s  p r ocee d i n g  acti v e l y  
f o r  a Pacific - ba s e d  p r og r am  to s tudy t h e  South e r n  
O s c i l l at ion  (ENSO, OACIS) . Howe ve r ,  o u r po s i t ion  with 
r e g a r d to r e s ea r ch i n  the At l antic a n d  I n d i a n  oce a n s  is  not 
c l e a r .  A l a r g e - s c a l e  U. S .  p r o g r am, the Sea s o n a l  Re s p on s e  of 
t h e  Equ ato r i a l  At l ant ic  ( SEQUAL) , i s  b a s e d  in the At l antic  
but doe s not a dd r e s s  a l l  the  b r oa d  i s s ue s  of  atmo s ph e r ic and 
o c e a n i c  c l imate l i n k ag e s .  NSF s h o u l d  p a r ti c i p ate with othe r 
a g en c i e s  and th e un i v e r s it i e s  i n  a d i s cu s s ion of ou r o ve r a l l  
i n v o l v ement  with T<XiA. 

Can the Un ite d State s affo r d  to be inv o l ve d  i n  a l l 
th r ee o c e an s ?  The q u e s tion  of s etti ng p r i o r iti e s  b e c ome s  

mo r e  d iffi c u l t  i f  th e U. S .  p r og r am  i s  t o  be g l o b a l .  Or 
s h ou l d  U. S .  i n v o l v eme nt be p r i n c i p a l l y  i n  the Pac i fic  Oce an ,  
wh e r e  th e South e r n  Osc i l l at i o n  s tu d i e s  a r e  cente r e d ?  I f  the 
U n i te d  Stat e s  does concentr ate i ts  e ffo r t s  and r e so u r ce s  i n  
o n e  a r e a ,  what  s hou l d  b e  th e e x t e n t  of U. S .  co l l abo r ation 
w i th othe r count r i e s  who ma y ,  for the i r  own r ea s o n s ,  need to 
concentr ate the i r  e ffo r t s  somewhe r e  e l s e ?  

A s  T<XiA dev e l o p s ,  NSF and the oth e r  a g e n c i e s  s hou l d  
foc u s  on fi r st obtai n i n g  an swe r s t o  a s e t  of ba s i c  qu e s t i o n s  
a s  a p r e l ude to a fu l l - s c a l e  p r og r am. S ome of th e s e  
q u e s tion s a r e ,  What i s  t h e  c h a i n  of e v ents ·  in  th e oc e a n  a n d  
t h e  atmo s p h e r e  and  wh at impo s e s  t h e  t i me  s c a le o n  the 
South e r n  Os c i l l ation ? How a r e  the component  e l ements l i n k e d  
to  t h e  a n n u a l  cyc l e ?  What d iffe r e nti ate s a major E l  Nino 
f r om a m i n o r  on e ?  

The s e  ba s ic qu e s t i o n s  wi l l  not a l l  b e  an swe r e d  i n  th e 
e a r l y  s t a g e s  of T<XiA. Keep i n g  them i n  mind,  howe v e r ,  wi l l  
he l p  t o  foc u s  the p r o g r am to p r o v i d e  a phy s i c a l  
und e r s t a n d i ng l e a d i n g  t o  a n  imp r ov e d  p re d i ct ive  s k i l l .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

A n  O c e a n  C l i m a t e  R e s e a r c h  S t r a t e g y
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 3 8 4

http://www.nap.edu/catalog.php?record_id=19384


1 8  

INTERNATIQW.. INVOLVEMENI' IN TOGA 

As th i s  r e p o r t  was bei n g  p r e p a r e d, a stateme nt of  
10GA's i nte r n ati o n a l  objecti v e s  wa s a l s o  being p r e p a r e d .  
T h e  Comnittee on Cl imati c  Cha n g e s  a n d  th e Oce a n a  (<XXX>) a n d  
t h e  Joint  S c i e nt i fi c  Conmi ttee f o r  t h e  Wo r ld Cl imate 
Re s e a r ch P ro g r am  ( JSC) h a v e  e s ta b l i s h e d  a TOGA Stee r ing  
Conmi ttee th at I a  d e v e l o ping a s c i e nt if ic  f r amewo r k. 

Among the qu e s ti o n s th at  nee d to be a n swe r e d  i s ,  Sho u l d  
TOGA i n c l ude a l l  t r opi ca l  oce an a ? A th r e e - ocean  TOGA h a s  
s ome att r act i v e  a s pect s .  Each ocean h a s  i t s  s p e c i a l  
p r oc e s s e s ,  and i t  may b e  t h at l a r g e - s c a le ocean - atmosphe r e  
inter action s c a n  b e s t  be  un d e r stood  by exami n i n g  the 
contr a s t s  between the th r ee ocean b a s i n s .  

Some co untr i e s  ma y  be  p r e pa r e d  t o  pa r t i c i pate l n  TOGA 
i f  they can  do s o  i n  the Atl a nt ic  o r  I n d i a n  ocean s ,  whe r e a s  
a TOGA con fi n e d  t o  th e Pac ifi c Ocean mi ght  not be  accepta b l e  
t o  them. Th i s  wa s ,  i n  fact, t h e  c a s e  fo r s ome count r i e s i n  
the Fi r s t GARP Glo b a l  Expe r ime nt. The Uni te d  Stat e s  shou l d  
s ee k  a b a l a nce between s c i entif ic  a nd p o l it i c a l  facto r s  i n  
con s i d e r i ng the qu e s ti o n  o f  th e scope  o f  TOGA. P a r t i cu l a r l y  
i f  t h e  Un ited State s s h o u l d  d e c i d e  t o  r e s t r i ct i t s  TOGA 
p r og r am to th e Pac if ic  Oce a n ,  it  wou l d  p r obab l y  be  unwi s e  to 
take a fi rm i n t e r nat i o n a l  pos i t ion  befo r e  e x p l o r i ng the 
co n s equence s .  

An E l  Nino - l i k e  ph e nomenon  s ometime s occu r s  i n  th e 
t r op i c a l  Atl ant ic ,  but o u r  o b s e r v a t i o n s  a r e  not a d e q u ate to 
be c e r ta i n  about it s ex i s tence.  In gene r a l ,  the Atl anti c 
p r ov i d e s  an oppo rtun ity to s tudy l a r g e - s c a l e  t r o p i c a l  a i r ­
s e a  inte r a ctio n s  without  th e comp l i c at i n g  effect s of a 
s t r ong El  Nino. If a p r og r am  we r e  to be dev e l oped s imp l y  to 
l ook at equ at o r i a l  oce a n i c  p r oc e s s e s ,  the At l an ti c  might be 
a b ette r  choi ce th an the Pac i fi c ,  fi r s t, b e ca u s e  the a n n u a l  
c y c l e  i s  mo r e  r e gu l a r  and ,  s e c o n d ,  beca u s e  t h e  r e g i o n  t o  b e  
cov e r e d  l s  sma l l e r .  

La r g e - s c a l e  expe r iments  i n  th e Atl ant ic  Ocea n  a r e  
a l r ea dy u n d e r  wa y .  The U. S.  p r o g r am  SEQUAL a n d  the F r e n c h  
p r og r am F r a n � a i s Oc6an Cl imat Atl anti que  Equ ato r i a l  (FOCAL) 
a r e  wo r k i ng c oope r at i v e l y  to und e r s tand the o c e a n i c  r e s p on s e  
to s e a s o n a l l y  v a r y i n g  win d s .  A s t u d y  of t h e  c o r  r e s po n d i n g  
atmo s ph e r i c ,  and  he nce c l imate,  r e s po n s e  to t h e  c h a n g i n g  
oc e a n i c  cond it i o n s  i s  n o t  an exp l i c it pa r t  of th e s e  
p r og r ams . The potenti a l  imp o r tance o f  SEQUAL and FOCAL to 
u n d e r  s t a n d i n g  g l o b a l  c l imate v a r i ab i l ity  i s  g re at ,  but s ome 
effo r t  wi l l  have  to be mad e  i f  the r es u lt s  of th e s e  p r og r ams 
a r e  to be ch ann e l e d  effect i v e l y  i nto the c l imate r e s e a r ch 
p r og r am  s t r e am. 
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The South e r n  Os c l l la t ion  exte n d s  i nto th e Ind i a n  Oce a n ,  
wh e r e  the mon soon p r ov i d e s  a s h a r p  a l te r n at ing  s ea - s u r face 
fo r c i ng .  The Southe r n  OscU l at ion  appea r s  to have o r i g i n s  
i n  South e a s t  As i a  ( though a ppe a r ances  ma y be decei v i n g ) .  

The r e  ma y be s ig n ifi cant  oc e a n i c  e x ch a n g e  o f  ma s s  a n d  heat  
b etween the we s te r n  Pac if ic  and the e a ste r n  Ind i a n  ocean.  
Thu s it  ma y be s c ient i fi ca l ly v a l u a b l e  to  inc l u d e  th e Ind ia n  
Oc e a n  a s  p a r t of TOGA, t o  compl ement a majo r Pac i fi c  Oc ean 
TOGA expe r ime nt. 

No U. S .  ocean c l imate pr o g r am  is cu r r ent ly  under  way in  
t h e  Ind i a n  Ocean . Some Ame r i can ocea nog r aphe r s  a r e  
co op e r at i n g  i n  a F r e nch p r o g r am, S IN<DE  ( S u r face Ind i a n  
Ocean  Dy n ami c  Exp e r iment) , wh o s e  pu rpo s e  i s  t o  s t u d y  the 
se a s o n a l  and inte r a n n u a l  v a r i a b i l ity  of th e cu r r e nt s  and 
he at content of the u p p e r  l a y e r  of the n o r thwe st I n d i an 
Oce a n .  

F r e n c h  r e s e a r c h  acti v it i e s  i n  the Ind ian  Oce an a r e  
p r ov i d i n g  b e nefits  to Ame r i can r e s e a r ch.  I f  the t r o p i c a l  
I n d i a n  Ocea n  i s  inc l u d e d  with i n  t h e  U. S.  TOGA p r og r am, th e 
b e nefits  f r om  the wo r k  of oth e r  count r i e s c o u l d  outwe i g h  the 
a dd iti ona l expen s e s  th at mi ght  b e  incu r r e d .  

T o  s umna r i z e, t h e  South e r n  Os c i l l at ion ,  cente r e d  i n  the 
Pac ifi c ,  p r e s e nt s  an e x c i t i n g  natu r a l  s i gna l that seems to 
p r omi se  a p r e d i ct ive c apab i l ity fo r c l imate v a r i ati o n s  i n  
temp e r ate l at i tu d e s . The op po r tun i ty  t o  s t u d y  th i s  
ph enomenon s ho u l d  not be mi s s e d ,  and  the Un ite d  Stat e s  
s h ou l d s up p o r t  a rna j o r  TOGA expe r iment  in  t h e  Pac if ic .  At 
the s ame t ime , c omp lementa r y  TOGA r e s e a r ch acti v it i e s  s hou l d  
b e  s u p p o r t e d  i n  th e Atlant ic  a n d  I n d i a n  ocean s ,  th ough it 
may be that oth e r  n at io n s  wi l l  p l a y  the p r i nc i p a l  r o l e  
there .  
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5 1HE W<RLD OCEAN CIRCULATI(JI.I EXPERIMENT 

We mu s t  und e r stand the g l ob a l  o c e a n i c  c i r cu l at ion  to 
u n d e r s ta n d  the r o l e  of th e oce a n  i n  ma i n ta i n i n g  the pr e s e nt 
c l imate state and  i n  i n fl u e n c i ng c l imate v a r i a bi l ity .  
Wi thout thi s knowl e dg e we a r e  u n l i k e l y  to be  ab l e  to pr e d ict  
futu r e  c l imate v a r iat ion s .  

A l a r ge - s c a l e  oceanog r aph i c  expe r iment t o  examine 
g lo b a l  ocean  c i r cu l at i on and o c e a n  c l imate p r oc e s s e s  i s  
be ing  p r opo s e d. The Wo r l d Oce a n  Ci r c u l at ion  Expe r ime nt 
(WOCE ) wi l l  be d i r e cted at d e s c r i b i ng the c i r cu l at ion  of the 
oc e a n ,  defi n i n g  the l i n k ing ph y s i c a l  p r o ce s s e s  i n  the ocean­
atmo s ph e r e  c l imate s y stem, and  u nd e r s t a nd i ng the s e n s i ti v it y  
of  t h a t  s y stem t o  fo r c ing  by c h a n g e s  i n  t h e  atmo s phe r e .  

TI-lE GENERAL CIROJLATI(JI.I OF TI-lE OCFAN 

The r o l e  of the ocean i n  c l imate c h a n g e  can  be we l l  
und e r stood o n l y  if we und e r stand the p r e sent  c l imate s tate 
of the oce a n  i t s e lf ,  inc lu d i n g  it s  c i r c u l at ion  and  the 
t r a n s ient  p r o ce s s e s  with wh i ch i t  i nte r acts . Thu s  we need  
r e l i a b l e  g loba l  ob s e r v ati o n s  of th e state of the  oc e a n  and  
of the  chang e s  of that s tate wi th time . 

Re l ia b l e  ob s e r v at i o n s  of a natu r a l  s y stem can  o n l y  b e  
ma de i f  the v a r i ab i l ity i s  fi r st u n d e r stoo d .  Thi s  
v a r i a b i l ity  wi l l  gove r n  the s amp l i n g  p r o c e du r e s  nee d e d  to 
obta in  a r ep r e s entati ve  d e s c r ipt ion .  If  the s amp l i ng 
p r oc e du r e s  a r e  imp r op e r l y  des i g n e d ,  th e p r o ce s s e s  that we 
a r e  t r y i n g  to o b s e r v e  c o u l d  be ov e r looked o r  mi s id e nti fied .  
Ou r cu r r ent  des c r i pt ion  of the oce a n ,  b a s e d  on d ec a des  o f  
ob s e r vat i o n s ,  may b e  a d e q u ate i n  s ome p l a c e s  a nd fo r s ome 
oc e a n i c  p r o ce s s e s .  I n  ma ny p l ace s ,  howeve r , ou r de s c r ipt ion 
I s  not ade quate,  a nd the c l a s s ic set  of oceanog r aphic  

me a s u r ements doe s not  defi n e  a l l of the  pr oce s s e s  occu r r i n g  
I n  the ocean  that a r e  Imp o r tant I n  the c l imate s y s t em. 

Recent  oceanog r ap h i c  stud ie s h a v e  e x p o s e d  th e ex i s te nce 
of a numb e r  of p r o ce s s e s  that co u l d  be Imp o r ta nt to the 
oc e a n's r o l e  in c l imate v a r i ab i l ity :  mesos c a l e  edd ie s ,  
t r o p i c a l  wa v e s ,  i s op y c n a l  mix i n g ,  the s e a s o n a l  v a r iat ion  of 
the mi x e d  l a y e r , mi c r o  s c a l e  mi x i n g  i n  the inte r i o r  of the 
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2 1  

oce a n .  We have  a l s o  devel oped compute r mo d e l s of the l a r g e­
s ca le  ocean  c i r cu l at ion .  The mod e l s  unde r l i ne the 
Impo rtance  of s ome of the pr oce s s e s  ju st l i sted.  Thu s ,  to 
o b s e r v e  and und e r  stand the c l imate of the ocean,  we n eed to 
d e s c r i b e  the sma l l - s c a l e  pr oc e s s e s  In  the oce an In enoug h 
d eta i l  to mod e l  them r e a l i s ti c a l l y .  

A ma j o r o b s t a c l e  t o  obta i n i n g  obs e r v at ion s o f  th e ocean 
Is  the d i ffi c u lty of  obt a i n i ng mea s u r ements  ov e r  l ong t inie 
s ca l e s  an d over  g r e at d i s tance s .  But  r e c e nt tec h n i c a l  
d e v e l opments  a nd new mea n s  o f  ma k i ng mea s u r ements h a v e  ma d e  
i t  fea s i b l e  to con s i de r  ca r r y i n g  o u t  a g l o b a l  expe r ime nt to 
unde r stand the r o l e  of ocean  c i r c u l at ion  i n  c l imate.  
O r b i t i n g  s a te l l ite s give p r omi s e  of r e gul a r  g l o b a l  
me a s u r ements  of s e a - s u r face tempe r atu r e ,  s u r face  cu r r e nt s ,  
a n d  the wind st r e s s  o n  the s e a  s u r face.  I f  the s e  
o b s e r v at ions  a r e  c omb i ned with s u b s u r face  r emote s e n s i ng, i t  
ma y be po s s ib le t o  develop a des c r ipti on  o f  th e oce an th at,  
fo r the fi r st time, wou ld  begin to b e  as complete as o u r  
d e s c r i pt ion  of t h e  atmo sph e r e. 

The i dea of a wor ld oce a n  c i r c u l at ion  exp e r iment ha s 
e n c o unte r e d  s ome r e s i stance.  Phy s i c a l  o c e a nog r aph e r s have a 
t r a dit ion  of r e s e a r ch p r og r ams that a r e  r e g i o n a l  I n  scope.  
Some of them are  s u spi c i o u s  of a n y  pr og r am with "wo r l d" o r  
" g l o b a l "  I n  i t s  t i t le .  The pe r s o n  a I co s t  o f  wo r k i n g  with 
o th e r s I n  a l a r g e  p r og r am  c an b e  g r eat.  Some o ce anog r a ph e r s  
who h a v e  t r i e d  I t  p r e fe r  to avoi d the ha s s le s  and st ick  to 
p r og r ams that a r e  sma l l  enough that they can  r et a i n  c o nt r o l  
o f  th e i r  l i ve s . 

Some meteo r o lo g i s t s  a r e  s u s pi c i o u s of a wo r l d ocean 
c i r cu l at ion  e x pe r ime nt b ec a u s e  they v i ew It  a s  an  attempt to  
u s e  the Wo r l d Cl imate Re s e a r ch P r o g r am  (WmP) as  a 
j u s t i fi c a t i o n  fo r l a r g e - s c a le oceanog r aphi c  r e s e a r ch that 
ma y not have d i r ect  l i n k s to c l imate.  

In s p ite of th e s e  h e s itat ion s ,  the con s e n s u s  is  that 
un d e r s t a n d i n g  g l oba l ocean c i r cu l at ion  is e s s enti a l  to 
u n d e r stand i n g  c l imate.  A g lo b a l  p r o g r am  wi l l  c omp l eme nt 
r e g i o n a l  oceanog r ap h i c  pr og r ams and wi l l  p r o v i de 
ob s e r v at i o n s  th at wi l l  bene fit th em. Th e c l imate state of 
th e oc e a n  i s  a s  nuch a pa r t  of g l o b a l  c l imate as the c l imate 
s tate of  the atmo s phe r e .  Ce r ta i n l y ,  the atmo s ph e r e  h a s  mo r e 
d i r ect imp act  on huma n s  and  th e i r  acti v it ie s th a n  doe s the 
oce a n .  Howe v e r ,  I f  we wa nt to u n d e r  s ta n d  how the c l imate 
s y stem wo r k s, we cannot  conti n u e  to t r e at the c l imate of the 
o c e a n  a s  s ec o nd a r y, a s  someth i n g  that c a n  s imp l y  b e  
p a r amete r i z e d  o r  tr eate d  with bu l k  fo rmu l a s .  

The c h a l l en g e, then ,  i s  t o  defi ne the g lo b a l  ocean 
e x pe r ime nt th at i s  j u st i fi e d  by the nee d s  of th e c l imate 
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r e s e a r ch p r o g r am  a n d  th at wi l l  p r ov i d e  t h e  und e r stand i n g  o f  
the oc e a n  th at  we so c r i ti c a l l y  nee d.  

An u n r e s o lv e d  que s ti o n  Is  th at of the de pth to whi ch 
the ocea n Inte r a ct s  with the atmo s p he r e  on time s c a l e s  
r e l e v a nt t o  c l imate v a r i a b i l ity.  On o ne h and,  I t  I s  often 
a s s wne d  (mo s t l y  by meteo r o lo g i s ts ) th at the uppe r 1 00 to 3 0 0  
m of the ocean I s  s uffi c i e nt t o  def ine t h e  s ea - a i r  
I nte r action s ,  at lea s t  o n  time s c a l e s  s h o r te r  th an d ec a d e s . 
On the oth e r  h an d ,  s ome ( o ceanog r a ph e r s )  conte n d  that th i s  
I s  not s uffi c i ent.  The y  b e l i e v e  that a l l  of th e oc e a n  nee d s  
t o  b e  taken I nto account I n  o r d e r  t o  unde r s t a nd c l imate 
v a r i ab i l i ty on  s c a l e s  of a yea r o r  l o n g e r .  

Qu antitative e s timat e s  o f  the d epth o f  the ocean  
Inte r acting with the  atmo s p h e r e  are  ha r d  to come by . One 

me a s u r e  u s e s  the time I t  wou l d  take to wa rm the o c e an I n  t h e  
ca s e ,  fo r examp le ,  of t h e  g l o b a l warmi n g  th at  mi ght  b e  
p r o duced by r i s i ng lev e l s  of c a r b on d i o x i d e  I n  the 
atmo s ph e r e .  The rma l time con s tants  we r e  ca l c u l ated (Cl imate 
Bo a r d ,  1 9 8 2) u s i ng downwa r d  mi x i ng mod ified by the c h a ng i ng 
s e a - s u r face equ i l ib r i um  a s  the ocean wa rms . The r e s u l t s  
s h ow t h a t  fo r a n ew e q ui l i b r i um  temp e r atu r e  3"C h i g he r ,  t h e  
o c e a n  wou l d  wa rm t o  a depth o f  5 0  m I n  3 y e a r s ,  t o  500 m i n  
3 0  y ea r s ,  and  t o  5000 m I n  300 yea r s .  Th i s  type o f  
c a l cu l at ion h a s  b e e n  c ited a s  e v i d e nce t h a t  c l imate mod e l s 
need  o n l y  look  at th e uppe r 200 m of the ocean fo r time 
s c a l e s  s h o r t e r  than d ec a d e s .  Tho s e  that counte r th i s  type  
of  c a l c u l at ion  po i n t  out th at mi x i n g  downwa r d  I s  not 
un ifo r m. T r iti um me a s u r eme nt s ,  fo r e x amp l e  ( Os tl und et a l . ,  
1 9 7 6 ,  Flgu r e  2) , show mi x ing  d own to 5000 m a t  h i g h  
l atitu d e s  I n  t h e  No rth Atl antic  with in  a few y e a r s  • .  

'IliE WOO:: PROPOSAL 

A s tated objective of WOCE I s  "to d e s c r ibe and  
unde r s tand qu antitati v e l y  th e gene r a l  c i r c u l at ion  of the 
ocean,  I n  o r d e r  to a s s e s s  with i n  the WffiP the s e n s it iv ity o f  
the c l imate s y stem t o  ch a n g e s  I n  exte r n a l  fo r c i n g ,  wheth e r 
n atu r a l  o r  anth ropogenic ,  on  time s c a l e s  of d e ca d e s  to 
ce ntu r i e s "  (CXXD- IV, 1 9 8 3) .  The p r o po s a l  fo r WOCE ha s th r ee 
typ e s  of s c i e ntif ic o bj ectl v e s : 

1 .  To de s c r i b e  th e gene r a l  c i r c u lat ion  of th e oce a n .  
2 .  T o  unde r stand the r at e s  a n d  p r oc e s s e s  of  wate r -ma s s  

t r  a n  s fo rmatl on . 
3 .  To de s c r i b e  th e s p e ct r um  of s e a s o n a l  and  b r o a d - ba n d  

ocean v a r i ab i l ity .  
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Th e WOCE S c i entifi c  Ste e r i ng G r o up h a s  b e e n  ch a r g e d  
(a::co- IV, 1 9 8 3 )  with devel oping  a c l ea r des c r ipt ion  o f  the 

WOCE o b s e r v at i o n a l  and mod e l i ng p r og r am. 
WOCE objecti ves  have  y et to b e  s p e c i fi ca l l y defi n e d ,  

a n d  t h e  e x i st ing  documents g i v e  on ly  a g e ne r a l I n d i c at ion  o f  
what  WOCE wi l l  co n s i s t  o f .  Cu r i o u s l y ,  th e Tok y o  Study 
Co nfe r e n c e  I n  I ts  defi n it ion  of WOCE o b s e r vat iona l  n ee d s  
d o e s  n o t  h i g h l ight  th e n e e d  fo r dete rmi n i n g  th e gen e r a l  
ci r c u l at ion  o f  the ocean.  No r d o e s  I t  emph a s i z e  the need  
fo r s uch tech n i q u e s  a s  g lobal  sate l l ite a l t lmet r i c  
me a s u r ements o f  ocean s u r fa ce c u r r e n t s .  Thi s  ove r s i ght wa s 
co r r ected at CX:X:O- IV ( 1 9 8 3 ,  Append i x  I I I ) ,  and the p r ima r y  
o b s e r v a t i o n a l  wo r k  defi ned fo r WOCE i n c l ud e s  stud i e s  of the 
fo l lowi n g :  

1 .  The g l o b a l  c i r cu l at ion  of th e oce a n .  
2 .  The fi e l d s  o f  s u r face fo r c in g :  wi nd s t r e s s ,  n et 

s u r face heat  fl u x ,  an d net s u r fa c e  mo i s tu r e  flu x .  
3 .  Oce a n i c  tempe r atu r e  a n d  s a l i n ity  d i s t r i buti on s .  
4 .  T h e  stat i s t i c s  o f  me s os c a l e  eddie s In  o r der  to 

c h a r acte r i z e  l ate r a l mix i ng .  
s .  Dete rmi n at ion  of venti lat ion  time s and  wate r -ma s s  

co nv e r s ion  p r o c e s s e s .  
6 .  L a r g e - s ca l e  s u r veys  o f  s i gn atu r e s  o f  wate r -ma s s  

c o nv e r s i o n .  
7 .  L a r g e - s c a l e  a spects  o f  the s e a s o n a l  c y c l e .  
8 .  Br oad - b and i nh e r e nt v a r i ab i l ity .  

The ob s e r v at i o n s  nee d ed fo r th i s  l i s t  of studie s inc l u d e  
me a s u r ements of wi nd a n d  wi nd  s t r e s s ,  sea  l e v e l, s o l a r  
r a d iati o n ,  d i ffu s e  atte n u at ion  coeffi c i e n t s ,  a n d  tota l 
p r e c i p itab l e  wate r .  Al so  n eeded a r e  d e ep d e n s ity s ecti on s ,  
t r a c e r  s ampl e s ,  a n d  exten s i ve i n  s itu tempe r atu re,  s a l i n i ty, 
a n d  v e l oc ity mea s u r ement s .  

T o  pr o v i de t h e  ba s t s  o f  knowledg e t o  u n d e r s ta n d  th e 
s tate of the o ce a n ,  we mu st d e s c r ibe  the mean c i r cu l at ion  of 
the oc e a n  over  s e v e r a l  y ea r s  as wel l  a s  th e space - time 
v a r t a b t l tty on  t ime s c a l e s  of month s to y ea r s .  Thi s  mi ght 
in p a r t  be  done a s  a g l oba l e xpe r ime nt l a s ti ng 5 to 1 0  
y e a r s .  I n  a dd iti on, s pe c i a l  stud i e s c o u l d  foc u s  on 
p r oc e s s e s  th at wou l d  e l u d e  an expe r ime nt of th i s  du r ati o n .  

I t  i s  evident f r om  t h e  a bove s unma r y  that we a r e  not 
y et fu l l y  beyond the sh oppi ng - H a t stage.  Th e r e  is b r oa d  
a g r e eme nt th at the c l  r c u l at ion  o f  the ocean h a s  a s t r ong 
I nf l u ence on c l imate and the r e fo r e  mu st be under  stoo d .  The 
n e x t  s tep mu s t  be to define the c i r cu l at ion  mea su r ements  
that  a r e  nee d e d  I n  qu antitati ve te rms . A WOCE wo r k shop , to  
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be h e l d  I n  t h e  s umne r  of 1 98 3  unde r t h e  a u spi c e s  of the 
Nation a l  Re s e a r ch Cou nc i l ,  s h ou l d  be  an Impo rtant  step In 
c l a r i fy i ng pl a n s  for the U.S.  c ompo nent of WOCE. Today's 
s k etchy WOCE p l a n s  s h o u l d  matu r e  Into a c r i t i c a l  compon ent  
of the c l imate r e s e a r ch p r og r am.  

A WOCE STRATEGY FCR NSF 

WOCE p l a n n i n g  h a s  not y et begun I n  deta i l ,  and  the 
documents  s o  fa r p r epa r e d  (OCOO- I I I ,  1 9 8 2 ;  WOCE De s ign  
Opt ion s Study  Gr o up, 1 9 8 2 ;  OCOO- IV, 1 9 8 3 )  do not defi ne wh at 
WOCE wi l l  be.  The r e  I s ,  In  fact, sti l l  s ome ambi gu ity about 
the p r imar y  objective:  Ia I t  to e x ami ne g l ob a l  o c e a n i c  and 
atmo s ph e r ic pr oce s s e s  or Is It  to d es c r i be g l o b a l  ocean 
c i r cu l at i o n ?  Th i s  s tate of affai r s  I s  p r o b a b l y  n o rmal at  
th i s  s tage  of p l an n i ng fo r a l a r ge unde r t a k i n g .  The 
unce r t a i nty I n  the defi n it ion  of WOCE points  to the wo r k  
that r ema i n s  t o  b e  done I n  developi ng a l a r ge - s c a l e  oc e a n  
ex  p e r  lment. 

NSF ma y wi s h  to s uppo r t  s ome · r e s ea r c h  to a i d  In 
p la n n i ng fo r WOCE. A l a r g e - s c a l e  c onmltment to WOCE s h o u l d  
awai t  a defi n it ion  o f  what th e expe r ime nt comp r i s e s  a n d  a n  
Inte r n at i o n a l  ag r eeme nt on t h e  s c ope o f  t h e  p r o g r am.  WOCE 
i s  Inte n d e d  to b e  a g l o b a l  expe r iment, and  hence 
i nte r n at i o n a l  ag r e ements are e s s enti a l  to I t s  p l a nn i ng.  NSF 
s h ou l d  note th at  a l a r g e - s c a l e  WOCE i s  not nece s s a r y  fo r 
s ome of the ob s e r vat iona l  stud i e s  l i sted I n  the p r e v i o u s  
secti o n .  The s e  mi ght  be  ca r r ie d  o u t  a s  s e p a r ate p r oject s  
whe th e r  o r  not WOCE I s  d e v e l oped .  

The stated WOCE object ives  h a v e  s ome s imi l a r it i e s  to 
tho s e  th at have been p r e s ented fo r Cage ( s ee the next 
ch apte r ) . The ·pr opo s e d  mo de of Imp l eme ntati on Is  not the 
s ame, howev e r :  WOCE p r opo nents talk of  g e ne r i c  stud i e s ,  
whi l e  pr oponents  o f  heat fl ux  exper lme'nts ( s ometime s the 
s ame I nd i v i du a l s )  have a dv o c ated s pe c if ic  e st imate s of h e a t  
b u d g et s .  Ne v e r the l e s s ,  both I n v o l v e  e s t imat ing  s u r face 
fl uxes  of heat  and  moi stu r e ,  dete rmi n i ng wate r -ma s s  
conver s i on p r oc e s s e s ,  a n d  me a s u r i ng  s o l a r  r a diat ion  and  
atmo s ph e r i c  fl ux d i v e r g ence s .  Thu s the r ec e nt d e c i s ion 
(<XXX>- IV, 1 9 8 3 )  to und e r ta k e  heat fl ux e s t imat e s  a s  pa r t  of 
the p r ecu r s o r s  to and ob s e r vati o n s  fo r the ma i n  WOCE 
expe r iment i s  a l o g i c a l  step i n  p l an n i n g .  

NSF s hou l d  ant i c i p ate fu rther  s o r t i n g - out of WOCE ( a n d  
h e a t  fl ux ) objecti ves . The compo n e nt gene r i c  stu d i e s ought  
to be mo r e  fu l ly def i ned and  defended.  Are  a l l  e qu a l l y  
nece s s a r y ?  I f  we we r e  t o  s uppo r t  a s e qu ence o f  stu d ie s a s  
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p a r t  of  W()(E o r  a s  a p r ecu r s o r  t o  W()(E, how s h o u l d  th at 
s e qu e n ce be o r d e r e d ?  That i s ,  whe r e  should  we b e gi n ?  NSF 
s h o u l d  s eek  to h av e  the se q u e s t i o n s  r e s o l v e d  b e fo re mak i ng a 
fu l l - s c a l e  conmi tme nt to WOCE, not bec a u s e  W()(E I s  of 
u n c e r ta i n  v a l u e ,  but s imp l y  becau se  many of the b a s ic steps  
i n  p r o g r am d efi n it ion  have y et to be ta ken .  WOCE Is  st i l l  
y o u n g .  The I d e a s  and ob J ecti v e s  n ee d  t o  matu r e .  

A conmon th r e a d  in  ma ny W()(E component stud ie s I s  an 
e a r th - o r b i t i n g  s ate l l ite t h at mea s u r e s  s ea - s u r face e l e v at ion  
by  a lt imet r y  and s u r face win d  s t r e s s  by s c a tte r omet r y .  Such 
a s ate l l ite (TOPEX S c i e nce Wo r k i ng  Gr oup,  1 9 8 1 )  wou l d  
p r o v i d e  a f r amewo r k fo r a b r o a d  r a n g e  o f  c l imate stud ie s .  
S e a - s u r fa ce e l ev at ion  can d e fi ne the fie ld o f  s u r face 
g e o s t r oph l c  cu r r ent s .  With comp l eme nta r y  mea s u r eme nt s ,  s uc h  
a s  of t h e  d e n s ity fi e l d  I n  t h e  inte r i o r  of  t h e  o c e a n ,  the 
cl  r c u l at i o n  of the oce a n  might  be  dete rmi n e d .  Dr i ft i ng  and 
fi x e d  buoy s cou l d  a l s o  p r ov i d e  c omp l ementa r y  me a s u r eme nt s .  
An i nt r i gu in g  po s s ib i l ity  i s  t o  comb i n e  sate l l ite ob s e r v at ion s 
o f  a l t ime t r y and wi n d  s t r e s s  with o cean acou stic  tomo g r aphy 
(Munk a n d  Wun s c h ,  1 9 8 2 )  a s  a means to p r o v i de an ocean ­
o b s e r v i ng s y stem. Th i s  mi g ht be a ma j o r step i n  p r ov i d i ng 
th e k i n d  of s ynopt ic  i n fo rmation In  the oce a n  that we have  
l ong t a k e n  fo r g r anted in  the  atmo s ph e r e. 

P r o po s a l s  with i n  NASA fo r an a l t lmetr l c  s ate l l ite h a v e  
n o t  b e e n  a ccepte d  s o  fa r by t h e  a dmi n l s tr a to r .  Th i s  ma y  In  
p a r t  b e  du e to lack of a pe r ce i v e d  con s e n s u s  need  fo r s uch a 
s ate l l ite .  I t  ma y be  that W()(E c a n  go  ahead without a U. S.  
o c e a n i c  topog r ap h i c  s ate l l ite.  The  Eu r o p e a n  Space Agency I a  
p l a n n i ng  a SEASAT - l l k e  s ate l l ite that wi l l  mea s u r e  
a l timet r y ,  t o  b e  l a unched  i n  1 9 8 7 .  J ap a n  ma y l a unch a 
s ate l l ite with an a ltimete r  i n  1 990 .  The p r e c i s i on of th e s e  
s a te l l ite s ma y  not b e  a s  g r eat  a s  th at p r op o s e d  fo r a U. S.  
a l t lmet r i c  s ate l l ite (TOPEX) , but  they could a l l ow WOCE to 
p r o c ee d. 

I f  WOCE goes  ah e a d  without a U. S.  s ate l l ite fo r s e a ­
s u r fa ce e l evat ion  and wi n d  s t r e s s ,  U. S .  oceanog r aphe r s  cou l d  
b e  a t  a d i s a dv antage.  The po l ic i e s of t h e  fo r e i gn s p ace 
a g e n c ie s  wi th r e g a r d  to d ata ava i l ab i l ity a r e  not c l e a r ,  but 
It  i s  po s s i b l e  that U. S .  r e s ea r c h e r s  mi ght have to walt  to 
o bt a i n  acce s s  to the data unti l afte r fo r ei g n  s c i e nt i s t s  
h a v e  h a d  t h e  r i ght  t o  fi r s t u s e .  

S ate l l ite a l timetr y and  s c atte r ometr y a r e  es s enti a l  fo r 
Wcx::E, fo r ocean c l imate monito r i ng ,  p o s s i b l y  fo r h e at fl ux 
stu d i e s ,  and po s s ib l y  fo r TOGA. NSF thu s  s h o u l d  note th e 
v i t a l  n ee d  fo r an  e a r th - o r b iti ng s ate l l ite to p r ovide  
i n fo rmat i on on s u r face oc ean  cu r r ents  and  th e win d  st r e s s on  
the  s ea s u r face for  futu r e  ocean and c l imate r e s e a r c h .  NSF 
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s en i o r  ma n a g ement should  d i s cu s s  thi s I s s u e  with NASA a nd 
NlAA. I f  we a r e  to p r oc e e d  with l a r g e - s c a l e  ocean 
e x pe r bnents I n  the  next decade,  we wi l l  s oon need  to  mak e  
conmltments fo r s a te l l ite s to s upp o r t  tho s e  expe r iments . 
NSF s h o u l d  be awa r e  of wh at NASA I s  l i k e l y  to do I n  o r d e r  to 
ma ke I ts  own p l an s .  

INTERNATICJW.. INVOLVEMENT IN WOCE 

WOCE I s  I n  need of tech n i c a l  defi n it ion  and  p l anni n g .  
Its  p r e s e nt state of developme nt I s  I n s uffi c ient  t o  defi n e  
the a ctiv i t ies  o r  the level  o f  s uppo r t  that wl l l  b e  n eeded.  

We need to e s tab l i s h  an Inte r nati ona l  p r og r am offi c e  that 
can p l a n  and that can d e a l  with the I s s u e s  on a tec h n i c a l  
l e v e l .  Add ing  t o  e x i s ti n g  s ec r eta r i a l  act iv i t ies  o r  
c r eati ng a n  offi ce th at I s  p a rt of a s ec r eta r i at ( l i k e  that 
of the Inte r go v e r nmental  Oce anog r a phic  Comnl s s lo n )  wi l l  
l i k e l y  not r es u lt I n  a g r oup that I s  techn i c a l ly c a p a b l e  of 
s c ie ntifi c  and tec h n i c a l  p l a n n i n g .  
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6 HFAT TRANSPCRT STlDIES 

T r a n s po r t  and sto r age of h e at by the ocean a re cent r al  
to a l l  theo r i e s  of the role of the oc ean  i n  g loba l  c l imate 
a n d  thus centr a l  to ou r hope fo r dev e l o p i ng the s k i l l  to 
p r e d ict c l imate v a r i ation s .  In th i s  chapter the p r o b l em  of 
e s timati ng h e at t r an s po rt p r oce s s es i n  the ocean i s  
c o n s i de r e d, and p r op o s a l s  fo r l a r ge - s ca l e  e xpe r iments th at 
focu s  on t h i s  ques tion a r e  reviewed.  Though the se  
expe r iments are  now l i ke ly  to  take p l ace aa  components of  
Woc.E and TOGA, they are  he re  di s cu s s e d  I n  a s e p a r ate ch apte r 
bec a u s e  of the i r  impo r tance and th e exte n s ive s c i e ntific 
r e v i ew they have r eceived. 

OCEAN HFAT TRANSPCRT AN> STCRAGE 

The ocean domi n ates  the ene r gy sto r age of the combined 
oc e a n - atmo s phe r e  s y stem. Heat can be sto r e d  in the ocean 
fo r p e r i o d s  that are l o ng i n  comp a r i s on with atmo s ph e r i c  
r e s idence time s .  The oce a n  can tr an s po r t  th i a  heat a n d  c a n  
g i v e  i t  up t o  t h e  atmo s phe r e  fa r f r om  t h e  p l ace whe r e  I t  wa a 
r e c e i ved.  Oo r t  and Yon der  Haa r  ( 1 9 7 6 )  estimate th at the 
o c e a n  h a s  a heat t r a n s po rt polewa r d  from the t r opics  to mi d ­
l atitud e s  a s  l a r ge a s  or  l a r ger  th an the co r r e s ponding mi d ­
l atitude atmo s phe r i c  t r a n s po r t.  

As wa s d i s cu s s e d  i n  the ch apte r on TOOA, we have found 
co r r e lati o n s  between t r opica l  s ea - s u r face tempe r atu r e  
anoma l ie s  and s ub s e qu ent c l imate v a r i at ions  in  temp e r ate 
l at i tude s .  Such co r r e l at ions  have been known fo r some time 
( e . g . ,  B j  er kne s ,  1 9 6 9 ) ,  but recent  wor k  (e . g . ,  Hor e l  and 

Wa l l ace,  1 9 8 1 )  p rov i d e s  a hypoth e s i s  of the phy s ic a l  
p r oce s s e s  th at b r ing  th i s  about. The co r r e lat ions  between 
the t r op i c a l  Pacific  and No r th e r n  Hemi s ph e r e  ext r at r op l c a l  
l atitudes a r e  n o t  st r o n g .  But t h e  co r r e l at ions  do s u g g e s t  
that  v a r i at i o n s  I n  o c e a n i c  heat s to r age and  t r an s po r t  may 
mo du l ate atmo s phe r i c  fluctu ation s on time s c a l e s  that a r e  
t i e d  t o  the oceanic  p r oce s s e s .  

Heat flux  i s  a cent r a l  v a r i ab l e  In  a l l  ocean c l imate 
mo de l s .  For model  te st ing ,  we need to be ab le  to dete rmi ne 
expe r imenta l l y  the po lewa r d tr an s po r t  of he at by the oc e a n a  

2 7  
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and I ts  v a r i ati ons  wi th t ime. Tec hniques  fo r e s timati ng 
oce a n  heat t r a n s po r t  a r e  s ub j ect to unc e r ta i nty. Befo r e  we 
can confi d ently deal  with the qu e s ti on of oce an h e at 
tr a n s p o r t, we wi l l  have to develop me a n s fo r me a s u r i ng It s o  
that we can h a v e  a s s u r ance I n  our  e s timate s .  Ou r a im  s h ou l d  
be  t o  mea s u re the oce an's r o le I n  heat flux In  o r de r  to 
unde r stand the magnitude of po lewa r d  h e at t r an s p o r t  by the 
ocean and the atmo s p he r e ,  the d i s t r ibution of th i s  t r a n s po r t  
by r e g i o n ,  and the p r oce s s e s  that cont r o l  the mag n itude a n d  
time s c a l e  o f  t h e  tr a n s po rt .  

niE CAGE PROPOSAL 

Oce an heat flux expe r ime nts have been p r op o s e d  
nation a l ly a n d  I nte r n ation a l ly t o  explo r e  t h e  sto r a g e ,  
t r a n s po rt,  a n d  t r an s fe r  o f  heat by t h e  o c e a n .  The Cage 
expe r iment was p r opo s e d  by a g r oup led by F.W. Dob s o n  
(Br ether ton e t  a t . ,  1 98 2 )  t o  e x amine the l o n g - t e rm me an h e at 
flux ,  the an nu al  cycle ,  and the Inte r annu al v ar i ab i l i ty  over  
the  No rth At lant ic.  

The Cage ob j ective I s  to  comp a r e  the r e s ults  of th r e e  
d iffe r ent techni ques fo r e s timati ng the heat fl ux f r om  the 
ocean to the atmo s phe r e  over an ocean b a s i n .  The th r e e  
method s a r e  a s  fol lows : 

1 .  Estbnatton u s ing the d i s t r i bution of tempe r atu re  an d 
v e l oc ity wi thin the ocean (the Hal l  and Br yden ( 1 9 8 2 )  
metho d ) .  

2 . Estimat ion b y  a r e a  Inte g r ation o f  t h e  h e a t  t r a n s fe r  
ac r o s s  t h e  a i r - s ea I nter face (the Budyko ( 1 9 7 4 )  and Bunk e r  
( 1 9 7 6 )  metho d ) .  

3 .  Estimation from the n e t  r a diation a t  t h e  top o f  the 
atmo s p h e r e  together  with e s timates of atmo s phe r i c  fl ux 
d iver gence an d oc eanic  heat s to r age ( the  Oo r t  and Yonder 
He a r  ( 1 97 6 )  method) . 

Al l th r e e  meth o d s  a r e  s ub j ect to ma j o r unce r t a i n t i e s . 
We n eed to know how we l l  we c an dete rmi ne ocean h e at flux 
befo r e  we can begin to con s i der I ts  Inte r annual  v a r i a b i l ity .  
We want to  k now the  r andom and s y s temati c e r ro r s  a s soci ated 
with each.  By comp a r ing  the th r ee tech n i q u e s  over an oc e a n  
b a s i n ,  I t  mi ght then b e  p o s s i b l e  t o  e s t imate the I nte r annu a l  
v a r i ab i l ity o f  heat t r a n s p o r t  and I t s  s e n s it iv ity  t o  long -
te rm c l imate change.  The se expe r iments wou l d  be u s efu l  I f  
e a c h  o f  t h e  th r ee metho d s  cou l d  e s t imate t h e  he at fl ux 
wi thin an unc erta inty of 10 p e r cent.  At l e a s t  5 y e a r s  of 
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me a s u r ement h a v e  b e e n  p r opo sed ove r  an ocean -wi de region  
boun d e d  ea s t  and  we s t  by conti n e nt s  and n o r th and south by  
t r a n s oceanic  s ecti on s .  The goal  of Cage wou l d  be to 
dete rmi ne  the me a n  heat fl ux to the atmo s ph e r e  over the 
No r th At l antic  to a d e s i r e d  2 0  pe r cent accu r acy.  

The Cage p r op o s a l  was co n t r o v e r s i a l .  Unc e r taint ies  In  
the I nd i v i d u a l  components  of the s ea - s u r face flux budg et a r e  
ab o�t 30  t o  40 per cent.  Wi th mea s u r eme nt techniques  now 
a v a i l a b l e ,  o n l y  by taki ng g l o b a l  a v e r a g e s  can th e s e  
unce r ta i n t i e s  be r e du c e d. Cr it i c s  s a y  that t o  obta in  an 
e s timate of heat fl ux that I s  accu r ate wi thin 2 0  p e r cent,  we 
mu s t  ave r a g e  exte n s i v e l y  (over  the enti r e  ocean  ba s i n ,  over 
a l l  d epth s ,  over  long p e r i o d s  of time ) .  Thi s  much ave r ag i n g  
wi l l  p r o duce an I nte g r a l  r e s u l t  th at  wi l l  n o t  r e s o l v e  the 
t ime - and s p ace - dependent p r oce s s e s  that cont r o l  the 
p o l ewa r d  fl ux  of heat.  

A fu rthe r p r o b l em Is  that s ate l l i te r a d i ation 
me a s u r ement s ,  s u ch a s  mi ght be made by an Ea rth Rad i at ion  
Bud g et Expe r ime nt (ERBE) s ate l-l ite,  ma y not be a v a i l a b l e  
du r i n g  Cag e. Should  Cage go a h e a d  without s uch a s ate l l ite ? 
A k n owledge  of the r a d i ati ve fl u x e s  at the top of the 
a tmo s ph e r e  I s  fundamental  to obta i n i n g  the heat b a l ance ov e r  
an  oce a n  b a s i n .  Wi thout ERBE, Cag e  wl l l  be s e r iou s ly 
we a k e ned.  

To e s t imate the heat fl ux from the net r a diation at the 
top of the atmo s ph e r e ,  we wi l l  need e s timate s of the 
atmo s ph e r i c  d i v e r gence of l atent and s e n s i b l e  heat and of 
potent i a l  and k i netic e n e r gy ov e r  a n  ocean b a s in .  We do not 
k n ow If  s uch mea s u r eme nts  can be ma de with the r e qu i s ite 
a c cu r acy  ( l e s s  than 1 0  W/m2 ) .  Fu rthe rmo r e ,  we do not y et 
h a v e  a p r ocedu re whe r e by we can te s t  s uch e s timate s fo r 
b i a s .  

At the Toky o  Study Con fe r ence (ax:x>, 1 9 8 3 ) ,  I t  wa s 
s u gg e sted that,  at l e a s t  In the Atl ant ic ,  the I nte r annual  
v a r i ab i l i ty In  heat flux Is  about  10  W/m2 . I f  th i s  Is  the 
c a s e ,  It  Is conte nde d,  a l l  components  of an  At l antic Cage 
expe r iment need not  be done s imu ltaneou s ly .  In p a r ti cu l a r , 
s ate l l ite mea s u r ements  could  be mad e  at s ome l ate r stage,  
whe n  a s ate l l i te become s ava i l ab l e .  

It  wa s thus  p r op o s e d  a t  the Tokyo Study Confe r ence that 
the  No r th At l ant ic  Cag e  expe r ime nt be r e defi n e d  Into a step ­
b y - step p r oce s s . Thi s  wou l d  beg in  wi th a study of the 
Inte r a n n u a l  v a r i abi l i ty  of each of the heat budget 
component s .  If th i s  study shows that the I nte r a nn u a l  
v a r  l a b i l ity o f  the s e  components  I s  g r eate r t h a n  I s  now 
app a r ent,  It mi ght be nece s s a r y  to r etu r n  to a s imu l taneous 
Cag e  expe r ime nt.  
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Fin a l l y ,  at the fou rth se s s io n  of a:x::o (CX:X::O- IV, 1 9 8 3 )  
the l a aue of an exp l i c it Cage expe r iment wa s a dd r e a aed.  The 
conmlttee fe lt  that lnte r c ompa r i aon s between differ ent 
techn i qu e s  fo r est imati ng heat fl ux we re r e qu i red.  Only  by 
th i s  me an s  can s y stematic diffe r e n c e s  In  the e s timate s 
p r oduced by the techn iques  be identified .  Howeve r ,  r ather 
than pl anning  fo r a s i n g l e  comp r e he n s i v e  expe r ime nt,  
opportunit ies  for p a i rwi s e  i nte r compa r i s on s  should be  
exploite d in  W<X:E and TOOA, and po s s ib l y  I n  spec i a l  re gion s 
s uch a s  enc l o sed  ocean b a s i n s ,  p a rt icu l a r ly I n  the No rth 
At l anti c .  

The conmlttee u r ged wo r k  to  Imp r o ve ou r techniques  fo r 
dev e l oping atmo s p h e r ic a s s imi l ati on mode l s  and fo r obta i n i n g  
d i r ect e s timate s of s u r face fl ux e s .  The h e a t  t r a n s p o r t  
e s timates r econmended b y  the Cage Stu dy Group s hould  be 
unde r ta k en a a  pa r t  of the p r ec u r s o r s  to and ob s e r v ation s fo r 
the main WOCE expe r ime nt. 

niE PAniS PROPOSAL 

The Pac ific Tr a n s p o r t  of He at and S a l t  (PAniS ) P r og r am  
h a s  s ometime s  been refe r r e d  to a s  a "Pac ific Cag e , "  but a s  
p r e s ented b y  t h e  Pacific Cage Study Gr oup ( 1 9 8 3 ) ,  led  by 
G.A. McBe a n ,  it h a s  s i gn ificant diffe r ence s In  ob J ect lves  
a n d  a p p r oach.  The  p r i n c i p a l  ob j ectl ve  I s  to unde r s tand the  
ho r i z onta l p r oce s s e s  of la r ge - s c a l e  tr a n s po r t  of he at and  
s a lt i n  the  mi d - l atitude No r th Pacific  Oc ean.  The  study  
should  I n v e s t i g ate th e sho r t - te rm c l imat ic  v a r i a b l l l.ty I n  
t h e  d i s t r i buti o n s  o f  h e at and s a l t in  both t h e  s u b a r ctic a n d  
s ubt r op i c a l  gy r e s  o f  t h e  No rth Pac ifi c ,  o n  time s c a l e s  of 
month s to ye a r s ,  fo r a p e r iod of a pp r ox imate l y  1 0  y e a r s . 
The me a s u r ement should  g i v e  the net fl ux of heat and wate r 
f r om  the ocean to the atmo s ph e r e. The p r i n c i p a l  focu s ,  
howeve r ,  i s  Inte r n a l  heat r e dl s t r  ibutlon by hor  l z ontal  
p r oce s s e s .  

Anothe r ob j ective I s  to e s timate t r a n s po rt s  and ai r - s e a  
fl uxes  fr om time :.. dependent me a s u r ements  o f  heat a n d  s a lt 
s to r a ge.  The s o uthe r n  bo und a r y  cou l d  be 30CN. Tog ethe r 
with the At l antic stud i e s ,  th i s  wou l d  c l o s e  off the g l obe 
north  of  30CN and pe rmit a z on a l l y  a v e r a g e d  e s timate of th e 
me r i d iona l  heat t r a n s po rt.  

A po s it i v e  featu r e  of Pac ific  heat flux s tu d i e s  Is th e 
exten s ive  ex i s ting  d ata ba s e .  The J a pane s e  I n  p a r ti c u l a r  
h a v e  col lect e d  r e gu l a r  mea s u rements  I n  t h e  we s te r n  Pac ific 
fo r sev e r a l  decades  and p r o duce ana ly s e s  b a s e d  on them. In  
th i s  count r y  a s  we l l ,  p r o g r ams s uch a s  the No r th Pac ifi c 
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Ex pe r bnent (NCRPAX) and the No r th Pacific s h ip - of­
oppo rtunity p r o g r am  known a s  'IRANSPAC have accumu l ated a 
a l gn i fl c a nt d ata b a s e. The se p r o g r ams a r e  ongoing,  and 
co o r d i n ation of them ( by ax:x>) I s  ma i n l y  what  I s  needed.  

Howe v e r ,  I f  the Pacific  heat fl ux  i s  to  be e s timated to  
the s ame accu r a c y  a s  th at p r o_p o s e d  fo r Cag e  I n  the No rth 
At l a nt i c  ( s a y ,  withi n  0. 2 x 1 0 1 5 W ) ,  the o b s e r v ational  
dema n d s ma y be  more s t r i n g ent. The s u r face area  of the 
Pac i fic  no rth of 2 5� I s  a bout 3 5  p e r cent g r eate r than that 
of the Atlantic .  Thu s th e co r r e sponding  ave r age s u r face 
fl ux of heat wi l l  be l e s s ,  p e r ha p s  about 5 Wfm2 .  

Me a s u reme nts accu r ate t o  th i s  level  wi l l  be d iffi cu lt,  and 
I t  Is  not y et c l e a r  that they are tech n i c a l l y  fe a s i b l e. 

The PATHS plan s I n c l u d e  a numb e r  of component 
a c ti v it ie s .  I n  the Ku r o s hio  r e g i o n ,  the J ap an e s e  a r e  
p l a n n i ng s e ve r a l  expe r iments . The Oce an Heat T r a n s po rt 
Ex pe r bnent (OHrEX) wl l l  o b s e r v e  the Ku r o s h i o  with a cu r r e nt 
me te r  a r r a y fo r on e yea r .  The Ocean Mi xed Layer  Expe r iment 
(OMLET) wl l l  mon itor  the v a r i a b i l ity of the mixed l ay e r ,  

me a s u r in g  the p r oc e s s e s  th at a r e  I n v o l v e d  In  heat fl u x e s  and 
d e v e l op i ng the techniques  needed to ca r r y  out the 
me a s u r ements . An Ame r ic a n  p r og r am, Heat Adv ection 
I n v e s ti g at i o n s  in  the Ku r o s hio  (HAIKU) , wl l l  o b s e r v e  the 
Ku r o s h i o  s o uthe a s t  of th e Ryu kyu I s l an d s ,  a r e g i o n  th at ma y 
be a n a l ogou s in  ocean - ba s i n  h e at t r a n s p o rt to the we l l ­
s t u d i e d  Flo r i da St r a it s .  PA'IliS a l s o  p r op o s e s  that a 
t r a n s oc e a n ic s ecti on be made to me a s u r e  the heat t r a n s po r t  
a n a l ogou s t o  the e s timate o f  Hal l  a n d  Bryden  ( 1 9 8 2 )  i n  the 
At l a ntic.  

The PATHS Study Gr ou p ha s p r o p o s ed a set  of component 
p r og r ams withi n  a b r oad fr amewo r k .  The r e s ultant p r og r am  
ap p e a r s  to lack  the over a l l  s tr ate g i c  fl avor  th at 
ch a r acte r i z e d  the Cage p r op o s a l .  I f  Pacific h e at flux p l an s  
a r e  fu rthe r dev e l o p e d, the y  ma y come t o  r e s emb l e  mo r e  
c l o s e l y  tho se o f  Cage. 

No rth Pac ific Inte r a n n u a l  v a r i a b i l ity  is  le s s  we l l  
k n own than that i n  the At lant ic ,  but appea r s  to be 
r e l at ively  l a r ge compa r e d  to the me a n .  Thu s , ·  un l i ke Cage,  a 
n o n s lmu ltaneous  PATHS expe r ime nt h a s  not been p r opo sed.  

Fo r PATHS a s  with Cag e ,  CCOO- IV ( 1 9 8 3 )  recomne n d e d  th at 
the h e at t r a n s p o rt wo r k  be done a s  p a rt of WOCE and 'fOGt\. 
The conmittee note d th at PATHS ha s a s t r ong r e s emb l ance to 
ma ny a s p ects of WOCE. Exp e r i ence g a ined J n  PATHS c o u l d  
c o n t r ibute t o  WOCE p l an n i n g .  Thu s  PATHS mi ght be con s i de r e d  
a p r ecu r s o r  t o  WOCE. 
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1HE GINS CAGE PROPOSAL 

The Greenl and,  I c e l and,  and No rwe g i an S e a s  Cage 
Expe r iment (GINS Cag e ) is a p r op o s e d  p r o g r am  to study 
c l imate p r oce s s e s  I n  the n o r th e r n  po l a r  s ea s .  To b e g i n ,  a 
study of s e a - a i r - lee p r oce s s e s in the Gr e e n l and Sea i s  
p r op o s e d .  The r e g i on o f  the Greenl and S e a  i s  fav o r able fo r 
s tudie s of the inte r action s amon g  ai r ,  s e a ,  and l ee .  The r e  
i s  v i g o r ou s  exch ange of  e n e r gy between the l e e - cov e red a n d  
the Ice - f r e e  oc e a n .  The s e a s on a l  a n d  Inte r a n n u a l  v a r i at i o n s  
of l ee cov e r  a r e  l a r g e  a n d  p r ov i d e  a s t r ong s i gn a l  for 
study.  The d ata ba s e  is l a r ge bec a u s e  of exte n s ive s h i p p i n g  
i n  the re g i on.  

The Gre e n l a n d  Sea a r e a  i s  we l l  co n figu r e d  fo r 
ob s e r v ation s :  the r e  a r e  n a r row p a s s ag e s  to n o r th and s outh , 
the r e  i s  a co a s t  to the we st,  and the r e  i s  an unconfined lee  
bound a r y  to the  east .  S ince the  domi n ant s u r face flow i s  
ne a r ly un i d i r ection a l ,  d r i fte r s  can b e  u se d  effic ient ly .  
Fi n a l l y ,  the  r e g ion is  acce s s ib l e  and Is  a l r e a dy s u r r ounded 
by a r e l at i v e l y  den s e  networ k of meteo r o l o g i c a l  ob s e r ving 
s tation s .  

Plan s a r e  st i l l  being deve loped,  b u t  th e es s e nti a l  
r e s e a r ch e l ements c a n  b e  s unma r t z e d:  l e e  dy n ami c s ,  the r o l e  
o f  the oce an mi xed l a ye r  I n  the heat b a l ance o f  the bottom 
s u r face of the l e e ,  and l a r g e - s c a l e  c onvection and Its  
connecti on  to l owe r latitu d e s  th r ou g h  deep fl ows into the 
No rth and South At l antic.  After  5 ye a r s  of monito r i ng ,  the 
wo r k  cou ld  be exte n d e d  from its  Gre e n l a n d  Sea ba s e  to 
i n c l ude the No rweg i an Sea. The p r opo s a l i s  tentative ,  
pending fu rth e r  stu d i e s  of ocean  t r a n s p o r t  d ata ac r o s s the 
p a s s ag e s  of the GINS Cage a r e a .  

Rea ction t o  the GINS Cag e  I dea ha s b e e n  mi xed.  On th e 
po s itive s i d e ,  the r e g i on i s  n i c e l y  defi n e d ,  the s i gn a l  i s  
l a r ge,  and the r o l e  o f  lee  I n  g l oba l c l imate i s  worthy of 
study.  On the n e g ative s i de,  a Greenland  Sea  study fo l l owed 
by a GINS Cag e  expe r ime nt wou l d  ta ke con s i d e r a b l e  effo r t. 
Ma ny of the Cage enthu s i a s t s  wou l d  r ather s pend th at much 
e ffo r t  on a fu l l :. b l own No rth Atl antic Cag e  expe r iment. 
Fu rthermo r e,  becau se u nc e rtainti e s  i n  mea s u r ement a r e  
r e duced b y  a r e a  inte g r at i o n ,  a Cag e - type expe r ime nt become s 
mo re  d i ffi cu lt the sma l l e r  the a r ea.  Though the heat f lux 
s i g n a l  Is  l a r ge in  the GINS a r e a ,  we do not y et have a 
ca r efu l e stimate of the fe a s i b i l ity of a Cage expe r iment in  
that  r e g i o n .  

Oce anog r aph e r s  a n d  meteo r o l o g i s t s  with an inte r e s t  i n  
the p o l a r  r e g i o n s  a r e not nume r ou s ,  a n d  thu s the enthu s i a sm 
fo r GINS Cag e  at s c i e nt if ic  meeti ng s s uch a s  the Tok y o  Study 
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Co nfe r e nce is not g r eat.  Fu rthe rmo r e ,  a c r iti c a l  que s t ion 
i s  whethe r the r e  is  a s uffi c ient numb e r  of conmltted 
s ci enti s t s .  If  the p r ob l ems are wo r thy of s tudy,  we mu st be 
a s s u r e d  th at enough qu al if ied r e s e a r ch e r s  a r e  avai l ab l e  and 
wi l l i n g  to take them up.  The i s s ue is  fu r th e r  compl i c ated 
by or gan l z at i o n a l  facto r s .  In  the fun d in g  agenc i e s  and In 
the NRC, p o l a r  matte r s  s ometimes a r e  s ep a r ately  con s i d e red.  
Conmon dev e l o pment of r e s e a r c h  p l a n a  In  po l a r  r e g i o n s  
the r e by r e qu i r es an a ddit io n a l  e ffo rt  t o  a s su re  
co or  d ln at i o n .  

A HFAT FL UX  STRATEGY FOR NSF 

The qu e st i on of s t r ate gy to be fo l lowed h e r e  I s  a 
s t icky one.  Ocean he at fl ux ma y be a key  facto r I n  
c o n t r o l l i ng g lo b a l  c l imate v a r i ab i l ity.  Howeve r ,  ma ny 
o c e a no g r aphe r s  qu e s tion  ou r ab i l ity  to d e s i g n  an d ca r r y  out 
an  a d e qu ate l a r g e - s c a l e  heat flux expe r iment I n  th i s  decade.  
Befo r e  ma k i n g  a conmltment to s uch expe r iments ,  NSF shou l d  
be a s s u r ed that a l l th r ee methods  fo r e s t imating the h e at 
fl ux a r e  techn i c a l l y  fea s i b l e  within  the des i r e d  accu r a cy, 
that I nfo rmati on on p r oce s s es and not s imp l y  I nteg r a l  
r e s u l t s  wi l l  be obta i n e d ,  a n d  th at a n y  p r o po s a l  fo r a 
n o n s imu ltaneous  Cage -type expe r iment wi l l  be documented with 
qu antitat i v e  e s timate s of the Inte r a n n u a l  v a r i a b i l ity of the 
comp o n e nt p r oce s s e s .  

I f  tech n i ca l l y  fea s i b l e ,  s h o u l d  we ca r r y  out both No r th 
At l a ntic and No rth Pacific exp e r iments ?  Can the Un ite d 
State s o r  the I nte r n ation a l  c l imate r e s e a rch conmun lty 
affo r d  to do both ? If we can only a ffo r d  to do one,  whi ch 
o n e ?  The r e  a r e  a r gume nt s  In favo r of each oce an ba s in .  The 
polewa r d  oceanic  h e at f lux appe a r s  to be g r e ate s t  In the 
No r t h  Atl anti c .  As a con s equ enc e ,  the r a diation level s pe r 
u n i t  a r ea  a r e  g r e ater  th an ove r the No r th Pacific,  and a 
p r ec i s e  e s t imate wi l l  be ea s i e r  to obta i n ,  an a r gume nt In  
fav o r  of the Atl antic.  The No r th Pacifi c ,  on the oth e r  
h a n d ,  ma y be a bette r choice bec a u s e  I t  I s  n o t  comp l icated 
by s t r o ng I nte r ch an g e s  with the Ar ctic b a s i n ,  a s  Is  the 
No rth  Atl anti c .  It  i s ,  In  effect, c l o s e d  off  to the no r th ,  
t h u s  s imp l i fy i ng the geog r aphy and the heat f lux.  Deep and 
bottom wate r fo rmation is  ab s e nt In  the No rth Pac ific.  On 
the neg ative s ide ,  the p o l ewa r d  h eat flux may be l e s s  In the 
Pac i fi c .  Bec a u s e  the a r e a  of th e No r th Pacif ic  I s  
co n s ide r ab l y  g r eate r than t h at o f  the No r th Atl antic,  with a 
sma l l e r  tota l  heat flux , the s u r face r a d i ation level s In the 
No r th Pacific mu st  be c on s i d e r a b l y  l e s s and thu s the a i r - s e a  
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i nte rchang e s  per unit  a r ea mu s t  a l s o  be l e s s .  Hen ce a 
p r og r am  of me a s u rements  with 2 0  pe r cent acc u r ac y  cou l d  b e  
mo re d i ffi cult  t o  achieve i n  t h e  Pacifi c .  

Doi n g  Atl antic and Pac ific he at flux expe r ime nts  a t  th e 
s ame time wou l d  have s ome a dv ant ag e s .  The comp l ete No r the r n  
Hemi s p h e r e  ocean and atmo s ph e r e  heat bu d g et cou l d  b e  
dete rmined.  Thi s  wou l d ,  i n  e ffect, put a cap on the e a r th 
no rth of 2 5�. Since the Atl antic and Pac ific diffe r i n  the 
dynami c s  of the i r  h e at t r a n s po r t, concu r r ent o b s e r vati o n s  
mi ght s h e d  l lght o n  the i r  contr a s t s .  Fi n a l l y ,  a h e a t  flux 
expe r iment b ecome s  mo r e  atta inable  the l a r g e r  the a r e a  o v e r  
which o n e  aver a g e s . Thu s ,  cove r i ng the Atl antic  a n d  Pac ific 
togeth e r  cou ld  mak e  the d e s i red  accu r acy of 20 p e r c e nt mo r e  
ac hievable .  

One facto r th at wor k s  ag a i n s t  the  i d ea of doing  a heat  
fl ux exp e r iment ov e r  both the  At l antic and the  Pacif ic  i s  
the s c a l e  o f  ope r ation s that wou l d  be nee ded. Cou l d  we meet 
the expe n s e ?  Are the r e  enough i nte r e s ted  s c ienti s t s  to 
ca r r y  out the wo r k ?  Do we h a ve enough s h i p s  and s c i e ntific 
equipment? An e a r th - or b it ing  r a d i ation s ate l l i te is  neede d ,  
he r e ,  a t  l e a s t, a hemi s p he r i c  expe r iment wou l d  Impo s e  on l y  a 
sma l l  addit ional  expen se.  

If we do ca r r y  out heat  flux  stud i e s  over both oc e a n  
b a s i n s ,  we may d o  s o  with i n  a d i ffe r ent context th an th at 
p r opo s e d  fo r Cag e  and PATHS at the Toky o  Stu dy Con fe r e n c e  
(Br ethe rton e t  a l . ,  1 98 2 ,  Pac i fic Cage Study Group,  1 9 8 3 ) .  
Fo r examp l e ,  a WOCE that inco r po r ate s heat flux p r oc e s s 
stud i e s  cou l d ,  b ec au se of its gene r i c  n atu r e ,  d e a l  with a l l  
ocean ba s i n s .  I f  th i s  come s to p a s s ,  howeve r ,  th e heat fl ux 
expe r iment may evolve con s i d e r ably beyond the Cage and  PAlHS 
p r op o s a l s .  NSF should  anti c i p ate that l a r ge - s c a le heat fl ux 
expe r iments wl l l  be p ro po s e d  i n  s ome fo rm. NSF should b e  
p r ep a r ed t o  s up p o r t  s uch wo r k  bec a u s e  o f  it s Impo r tance I n  
unde r standing  c l imate change.  Non s lmultaneous  he at fl ux 
s tu d i e s  mi ght p r ovide  the op po rtunity  to inco r p o r ate heat 
fl ux expe r iments a s  part  of WOCE and TOGA. If  th i s  s h o u l d  
h a p p e n ,  NSF may be ab le  t o  s u ppo rt  h e a t  f l u x  studie s a s  p a r t  
o f  or  p r ecu r s o r s  to t h e  othe r p r og rams . 

Many of ou r I d ea s  about No rth Atl anti c heat flux  a r e  
s timu l ated b y  the di r ect e s timate o f  Ha l l  a nd Br yden ( 1 9 8 2 )  
o f  the po l ewa r d  heat f lux ac r o s s  2 5� latitu d e  i n  the 
Atl antlc.  A co r r e s pondi ng e st imate fo r the Pacifi c  does  not  
exi s t .  I n  fact, we do not even yet  know the o r de r  of 
magn itude of the Pacific  p o l ewa r d  heat t r a n s po rt ac r o s s  2 5«N 
l atitude.  Col lecti ng s uch a me a s u reme nt wi l l  be  much ea s i e r  
to do th an the l a r g e - s c a l e  expe r iment s .  Though not a qui ck 
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and e a s y  ta s k ,  i t  t a  a l ot e a s t e r  t o  j u s t i fy a s  a s t a rt  than 
an ocean - ba s in - s c a l e  expe r ime nt. NSF shou l d  con s i der  
s u pp o rti ng a tr a n s -Pacific -Ocean p o l ewa r d  h e at f lux 
me a s u r ement whe n a s u itable  p r opo s a l  ap pea r s .  We are being 
held  back  In  dev e loping  ou r Ideas  about  the No r th Pacific  
b ec a u s e  of the l ack of such  an  e s timate.  

NSF mi g ht s up p o r t  oth e r  heat f lux r e s e a r ch acti v i ti e s  
whethe r  o r  not we g o  ahe a d  with fu l l - fl e dg e d  oc ean - ba s i n ­
s c a l e  p r og r ams .  Ex i sting expend a b l e  b athyth e rmo g r aph (XBT) 
data  cou l d  be  an a l y z ed to e s timate heat sto r a g e  over  time 
s c a l e s  Impo rtant to c l imate.  A numb e r  of tech niqu e s  n ee d  to 
b e  deve l o p e d  to p r ov i de a cap ab i l ity  fo r me a s u r i n g  he at 
fl u x e s .  We s h o u l d  co l l ect r a d i ation me a s u r ements In s i tu to 
comp a r e  with e s timate s from sate l l ite s .  We s h o u l d  c a r r y  out 
d e s i g n  stud i e s  for h e at flux and water -ma s s  conv e r s ion 
e x p e r iments . We shou l d  conti n u e  b r o a d - b a s e d  s ate l l ite 
r a d i ati on me a s u r emen t s .  We mi ght unde r take l imite d 
s imu l ation expe r ime nts of an ob s e r ving  s y stem. The aim 
s h ou l d  be to e s t imate the extent to wh ich we a r e ab le  to 
e s t imate heat and ener gy fluxe s  In th e ocean and atmo s phe r e ,  
a n d  t o  define wh at Imp r ovements a r e  needed t o  reduce e r r o r s  
t o  acceptab l e  l e v el s .  

The GINS Cag e  expe r iment cou ld  b e  a v a l u a b l e  
con t r i bution t o  u nde r stand i ng the g lo b a l  h e at b a l ance.  
Howe v e r ,  a study of the s c i e ntific fea s i b i l i ty  Is  fi r s t  
needed,  and we ought to c l a r i fy the I s sue  o f  the s c i entific  
r e s o u r ce s  and manpowe r that co u l d  be c a l l e d  upon to  s u p p o r t  
GINS Cag e.  NSF s h o u l d  In s i st that t h e  I s sue of the r o le  o f  
po l a r  h e a t  fl uxes  be add re s s e d  a s  pa rt  of the j u st i fication 
fo r either an At l antic Cage o r  the GINS Ca ge expe r ime nt. 

INTERNATI<JIW. INVOLVEMENT IN CAGE 

Cage and PATHS have b een the s ub j ect of i nte r n at i o n a l  
s t u d i e s spon s o r e d  b y  t h e  cx:::ro . The Ca ge Study Group 
(Br eth e rton et a t . ,  1 9 8 2 )  and the Pacif ic  Cage Stu dy Group 
s u bmitted reports  to  th e Tok y o  Stu dy Confe r e nce th at we r e  
the b a s i s  for r econmend at l o n s  (<XXX>, 1 9 8 3 )  that we re  
s ubmitted to the  cx:::ro. The Pac ific Cag e  Stu dy Group ( 1 9 8 3 )  
wa s a b l e  to rev i s e  its d r aft fo l l owi ng the Tokyo meeti ng to 
r e fl ect  the ch anging  i dea s on th e fea s i b i l ity of l a r ge - s c a l e  
h e a t  fl ux expe r iment s .  

The reconme n d ation s t o  the cx:::a> h a ve b e e n  ec l i p s e d  by 
l at e r  e v o l ut ion  tn  the think ing  of tho s e  s c i ent i st s  who a r e  
act i v e i n  p l an n i ng heat fl ux  expe r ime nt s .  The To ky o Stu dy 
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Confe rence r e conmended t h at a h e at fl u x  stee r i ng comntttee 
be estab l i s he d  fo r "o r ga n i z in g  and gu i d in g  the deve l o pment 
of Cage a nd PAnts stud i e s .  • • • " A a e r i e s  of p r e c u r a o r  
s tu d i e s  we r e  l i sted,  thou g h  the l a a u e  o f  a fu l l  conmltme nt 
to the p r og r ams wa s s i d e stepped.  

Copyr ight  © Nat ional  Academy of  Sc iences.  A l l  r ights  reserved.

An Ocean Cl imate Research Strategy
ht tp : / /www.nap.edu/cata log.php?record_id=19384

http://www.nap.edu/catalog.php?record_id=19384


7 OCEAN O. IMATE M<NITQUNG 

Monito r i ng ,  that I s  the c o l lection of r e gu l a r  
ob s e r v at i o n s  o f  the oc e a n  an d atmo s ph e r e  over  l a r ge r e g i o n s  
fo r l o ng p e r i o d s  of  t ime , h a s  been  f r equent ly  c i te d a s  a 
n e ce s s a r y  e l eme nt fo r p r o g r e s s I n  un d e r s ta n d i n g  c l imate 
v a r i a b i l ity .  Yet, as we s h a l l  r e v i ew, a dvocates  have b een 
un a b l e  s o  fa r to obta i n  a comnltment to e s tab l i s h i n g  l a r g e ­
s c a l e o c e a n  c l imate mon ito r i n g  p r og r ams , p a r t i c u l a r ly I n  the 
oc e a n .  In th i s  chapte r ,  the ca s e  fo r oce a n  c l imate 
mo n ito r i ng  Is r e v iewe d .  

MGJITCRING: BUILDING A DESCRIPT I<N FCR LNDERSTAN:>ING 

A d e s c r ipt ion  of  oceanic  p r o ce s s e s ,  p a rt icu l a r ly of 
oc e a n  he at tr a n s p o r t  and sto r a g e,  Is nee ded  to e v a l u ate the 
r o l e  of  the ocean  In c l imate v a r i ab i l ity .  The l o ng time 
s c a l e  of oce a n i c  heat anoma l i e s  ma y be  an Impo r tant  facto r 
fo r c l imate fo r ec a st i ng ,  but the l e ngth of t ime nee d e d  to 
d e s c r i b e  and  u n d e r s t a n d  th e s e  anoma l i e s  p r e s e nts a p r o b l em 
I n  e x pe r imenta l d e s i g n .  

Fu rthe rmo r e ,  e v e n t s  l i k e  t h e  South e r n Os c i l lat ion  occ u r  
s p o r a d i c a l l y  ( typ i c a l l y  a t  2 - t o  t O - y e a r  I nte r v a l s )  a n d  have 
a c y c l e  l e ngth of about 2 yea r s .  Such l a r ge - s c a l e  ocean ­
atmo s ph e r e  I nte r actio n s  mu st  be de s c r ibed o v e r  seve r a l 
ev ents  bec a u s e  of th e i r  comp l e x  natu r e .  A de s c r i pt ion  of a 
s i n g le ev ent wou l d  not be s uffi c i e nt to u n d e r stand  the 
ph e n omenon bec a u s e  each occu r r ence Is d i ffe r e nt. An 
en s emb l e  of d e s c r i pti o n s  I s  needed to s e p a r ate out po s s ib l e  
o v e r l a p p i n g  events a n d  t o  defi n e  a ch a r acte r i s t ic  occu r r ence 
of the phenomenon.  ( S e e, fo r ex amp l e,  the comp o s lti ng  
tec h n i q u e  u s e d  by Rasmu s s e n  and  Ca r pe nt e r  ( 1 9 8 2) to study 
the  Southe r n  Os c l l l at ion /El  Nl i'lo. ) The time needed to 
de s c r i b e  an d u n d e r s t a n d  th e c l imatic  I n fl u ence of the 
S o u th e r n  Os c i l l at ion Is l o n g .  

It  I s  thu s Imp o r tant to have s ome me a n s  fo r oc e a n  
c l imate mon ito r i ng  t h a t  can  g ive  r e gu l a r ,  r e l i a b l e ,  a n d  
r e p e at e d  oc e a n i c  and  atmo s phe r i c  ob s e r v ati on s over  the 
cou r s e of man}'  y e a r s .  

3 7  
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Ou r ch a l l e n g e  i n  expe r ime nt d e s i g n  i s  t o  dec i de wha t  
s et of o b s e r v at ions  wi l l  s uffi ce.  W e  do n o t  need  to 
i n s t r ument th e oc e a n s  on a fi ne  g r i d  to te s t  ou r oc e a n i c  
g e ne r a l c i r c u l at ion mo de l s .  The co s t  o f  e stab l l s h i n g  a l o n g  
time s e r i e s ,  even a t  o n e  poi nt,  c a n  be  g r eat.  Long se r i e s  
o f  me a s u r ements that a r e  now b e i n g  taken s ho u l d  b e  cont i n u e d  
(W<RP, 1 9 8 1 ) . Bec a u s e  o f  co s t, however , we s h ou l d  be  s u r e  
o f  ou r need befo r e  e s tab l l s h i n g  new s tati o n s .  

Be fo r e  we c a n  defi n e  the optima l s et o f  me a s u r eme nt s , 
we need to have at l e n t  a c r ude e st imate of the v a r i a b i l l ty  
of  the  oce a n .  The r e fo r e  exp l o r ato r y  t ime s e r i e s  of  l lmi t e d  
du r ation s h o u l d  be  t a k e n  whe r e v e r  fea s ib le ,  p a r ti cu l a r l y i n  
con j unction with ma j or oceanog r a ph ic expe r iments . 

As o u r  de s c r i pt ion  of ocean  v a r i ab i l lty imp r ov e s ,  s o  
wi l l  ou r ab i l ity  to defi n e  th e optima l s y stem fo r oc e a n  
c l imate mon ito r i ng .  The optimal s y stem i n  th i s  s e n s e  h a s  
b e e n  defi n e d  a s  t h e  min ima l  set  of ob s e r v at ion s r e qu i r e d  to  
define the c r i ti c a l  ocean  c l lmate i n d i c e s  (l'IK>M Offi ce of  
Oce a n  Techno l o g y  and Eng i nee r i n g  Ser vice s ,  1 9 8 1 ) . I n  
optima l d e s i gn the s c a le o f  ob s e r v at i o n s  s h o u l d  match the  
comp le x ity  of the  phenome non we want to ob s e r ve.  The 
p r ob l em  we face i s  that fo r mo st  oceanic  c l lmate p r oc e s s e s ,  
ou r k n owl e d g e  i s  s o  r ud imenta r y  th at we cannot  s p e c ify th e 
optimum s et of ob s e r v ati on s .  Befo r e  we can ,  we mu st  
exp l o r e .  The n ,  a rme d with a p r e l lmi n a r y  des c r ipt ion  of  th e 
phenomenon,  we can  b e g i n  to define wh at i s  nee d e d  fo r 
effect ive  mo n ito r i n g .  

The next  step s in  exte n d i n g  ou r mo n i to r i n g  of  th e oc e a n  
for c l lmate n ee d  not b e  e l ab o r ate. Many p r opo s a l s  for d o i n g  
th i s  have been ma de. The Oce an Science Conmittee ( 1 9 7 4 ) ,  i n  
a s e r i e s  o f  wo r k s h o p s  l e d  b y  He n r y  Stonme l ,  r e conme nde d  t h e  
e s tab l l s hme nt o f  "ph antom weathe r s h ip s . " I n  th i s  p r o g r am, 
conme r c i a l  s h i p s  wou l d  c o l l ect me a s u r ements a s  they p a s s e d  
ce r t a i n  des i gnated points  in  th e oce a n .  Th e r e s ultant  t ime 
s e r ies  of  ob s e r v at ions  wou l d  p r ov i de r e g u l a r  s amp l e s  at 
fi x e d  locat ion s and fun ct i o n  much a s  the Oce an Weath e r  
Stati o n s  d i d  b u t  with o ut the g r e at exp e n s e  o f  ma i nte n a n c e .  

The pha ntom weath e r  s h i p  i dea was r e ite r ate d 
( S c i entific Conmittee on Oc e a n ic Re s e a r ch ,  1 9 7 7 )  by  an  
inte r nati o n a l  pa n e l  l e d  by R.R. Dic k s o n .  S ince that  t ime 
the r e  h a s  b een no move towa r d  imp l eme nt ati on .  The o b s t a c l e  
s e ems mo r e  t o  be a l a c k  o f  coo r d in at ion  th a n  a l a c k  o f  
mo n e y .  P a r t i c u l a r ly i nte r n at io n a l l y ,  we seem t o  h a v e  n o  
effect ive  mea n s  fo r g ett ing  th i s  p r o g r am  u n d e r  way.  W e  wl l l  
d i s cu s s  thi s p r ob l em  b e l ow under  "Pi l ot Oce a n  Mon ito r i n g  
Stud ie s . " 
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Yet anothe r  r e l at ively  I ne xpen s ive s ou r ce of c l imate 
Info rmation cou l d  be g a i n e d  by extending the g l ob a l  netwo r k  
o f  s e a - level  ob s e r v ation. Thi s  wou ld  b e  p a r ticu l a r ly 
effective If extended to I s o l ate d I s land s .  Such station s 
can be set  up r e l atively I nexp en sive ly .  A long-term 
conmitment to  th e i r  ma intenance need s  to  be ma de. The 
s c i entific value  of long - te rm  g l obal  s e a - level me a s u r ements 
cou l d  be high In comp a r i s o n  to co st.  For exsnp l e ,  much of 
ou r k nowledge of the p r oce s s e s  Involved In  the El Nlfto 
phenomenon (Wy rtk l ,  1 9 7 7) come s from s e a - le vel  me a s u rements 
I n  the weste r n  Pacific. 

Sea - level  me a s u r ements  can a l s o  se r ve a s  an Indicato r 
of the e ffects of I nc re a s ing atmo s p he r ic c a r bon dioxide 
(Baker  and Ba r nett, 1 9 82 ) .  I nc r ea s e s  In ocean tempe r atu re 
wi l l  p r es umably  accomp any I nc r e a s es In atmo s p h e r ic 
tempe r atu r e .  The re s ult ing Inc r ea s e  In the heat content of 
the u p p e r  laye r s  of the ocean wi l l  cau s e  s e a  level to r i se .  
The effects cou l d  be g lobal ,  and detection ma y  be enhance d 
by the cohe r e nce of  the s i gn a l .  

I f  s ign ificant Info rmation o n  wo r l d cl imate v a r iabi l ity 
can be  g ained th r o ugh r e l atively  I nexpen s ive mea n s  ( e. g . ,  
comp a r e d  with s a te l l ite s ) ,  what I s  ho lding u s  back ? 
P r opo s a l s  fo r s e a - level  ob s e r vations go back many ye a r s ;  
Stonme l's wo r k shop s (OSC, 1 9 7 4 )  r econmended th at th e y  be 
ma d e. Ag a i n ,  I nte r nation al  coo r d i n ation Is an I s s ue.  In 
add it ion,  th e co l lection of s imp le  s e a - level  me a s u rements 
over many ye a r s  Is  not p e r ceived as an att r active activity: 
the payoff ls d i s tant,  the tech no l ogy Is not g l amo r ou s ,  and 
the p rog r am  Is d iffi cu l t  to defend f r om  the budget t r iDme r s ,  
who often mi st r u st lon g - te rm comnltmenu . Ne verthe l e s s ,  In 
a d v ancing o u r  k nowledge of  the oce an's r o le In the g lobal  
c l imate s y stem, sea - level  me a s u r eme nt s  r ema i n  Impo r tant an d 
effective.  

Though th e question of long - te rm c l imate ch a n g e  ha s 
been  con s i d e r e d  to be out s i d e  the s cope of th i s  study,  a 
pa r a l le l  need fo r ocea n  mo n ito r ing fo r th i s  pu r p o s e  as  wel l  
I s  wo r th noti ng.  I n  a r ecent s tudy on the e ffects of 
atmo s ph e r ic  ca r bon dio xide  chai r e d  by j o s eph Sma go r ln s ky 
(Cl imate Boar d,  1 9 82 ) ,  an ocean monito r i ng s y stem fo r e a r ly 
detection of c l imate ch a n g e  was reconmended. The r e po r t  
s tat e s ,  "The ope r ation a l  monito r ing o f  the oce an's r e s po n s e  
t o  c l imatic ch a n g e  ma y  p r o vide  an ea r ly Ind ication o f  
c l imate change.  Of p a r ti c u l a r v a lue appe a r  t o  b e  s uch 
Indice s a s  potent i a l  temp e r atu re  and s a l i nity ch ang e s  on 
l s o p y c n a l s  In the wi nd - d r iven gy r e s . "  
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EXPLCRATffiY TIME SERIES 

To d e v e l op an effective ocean c l imate mon ito r i ng 
methodology ,  we fi r s t  nee d e s timate s  of th e space and time 
s p e ct r um  of oceanic  v a r i ab i l ity fo r many r e g i o n s  of the 
oc e a n .  Furth e r ,  t r i a l  time s e r i e s  can e xp l o r e  the po s s ib l e  
benefits o f  and p r acti c a l  mea n s  fo r mo n ito r in g  v a r i o u s  
r e g io n s  o f  t h e  oce a n .  Fo l lowin g  th e Toky o  Study  Confe r e n c e  
(cca>, 1 9 8 3), we c a l l  s u ch s h o rt - t e rm  ob s e r vat iona l  p r og r ams 
"exp l o r ato r y  time s e r i e s . "  

An exp lo r ato r y  time s e r i e s  I s  I nte n d e d  to be  o f  l imi t e d  
du r ation and  to p r ovide  a fi r st e s t imate of t h e  c l imate ­
r e levant  oce anic  v a r i ab i l ity.  I f  app r o p r i ate I n  s p e c i a l  
ca s e s ,  a n  expl o r ato r y  time s e r i e s  may e v o l v e  I nto c l imate 
mon i to r i n g .  

An I n h i b it ing  facto r In  th e e s ta b l i s hme nt of ocean 
monito r ing  h a s  been the tendency to a r gue th at once 
e s tab l i s h e d, an oce a n -monito r i ng  time s e r ie s  should  not  b e  
t e rmi nated .  Beca u s e  o f  the s eemi n g l y  e n d l e s s  a dv a n ce 
conmi trne nt th i s  demand s ,  the r e  ha s been a r e l uctance to 
accept oc ean mo n ito r ing .  As a c o n s e q u ence,  we ma y have  b e e n  
t o o  cautiou s I n  co l lecting c l imate time se r i e s .  W e  nee d  a 
means  to extend ou r knowledge  of oce anic v a r i a b i l ity th r ou g h  
time s e r i e s  mea s u rements  without fee l i ng gu i l ty  about 
te rmi n at ing  the s e r i e s .  The an swe r :  e xp l o r ato r y  time 
s e r i e s .  

Exp lo r ato r y  time s e r i e s  s h o u l d  b e  des i g n e d  t o  a s s u r e 
that the s pect r um  of v a r i ab i l ity I s  r e s o lved ,  to e x ami ne t h e  
fea s i b i l ity  o f  ob s e r v at ion a l  tech n i q u e s , a n d  t o  as s e s s the 
be nefits that mi ght be obta ined  f r cxn  futu r e  mo n ito r i ng .  
Th ey s h o u l d  be  geog r a p h i c a l l y  d i s pe r s ed ,  Inco r p o r ated Into  
l a r g e - s ca l e  oceanog r ap h ic expe r iment s ,  and  used  as  a 
p r e l imi n a r y  to ocea n  c l imate monito r i n g .  Re s e a r ch 
s ci e nti sts  wi l l  n o rma l l y  d e s i g n  and e s t ab l i sh  the 
exp lo r ato r y  time s e r i e s  and ana l y z e  and r e view th e r e s u l t s . 
Ocean c l imate monito r i ng ,  on the othe r  hand,  wi l l  n o rma l l y  
be a n  op e r ationa l act i vity,  j u st as  mon ito r i ng  now I s  I n  th e 
atmo s ph e r e .  

Although explo r ato r y  time s e r i e s  a r e  a u s efu l  
p r e l imi n a r y  step,  o c e an c l imate r e s e a r ch p r og r ams wi l l  
need a r e l i a b l e  s o u r c e  o f  r o ut ine  g l o b a l  data .  Th e r e  
thus  u l t imate ly  mu st b e  a conmltment to ocean c l imate 
monito r i n g .  
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A MCMTffiiNG STRATEGY FCR NSF 

The n ee d  fo r long t ime s e r i e s  of oceanic  and  
atmo s ph e r i c  me a s u r ements  to  de s c r i b e  l o n g - time - s c a le and 
Inte rmittent c l imate anoma l i e s  po s e s  a p a r t i c u l a r  p r ob l em  
fo r NSF. The col lect ion  o f  l o n g  time se r i e s  (mon i to r i ng )  of 
o c e a n  v a r i a b i l ity Is h a r d  fo r NSF to s up p o r t  In the face of 
compet ing  p r o p o s a l s  fo r s h o r t - te rm foc u se d sc ie nce.  
Fu r th e rmo r e, mo st oce anog r a ph e r s  b e l ieve t h at NSF s ho u l d  not 
be s uppo r t i n g  c l imate mo n ito r i n g ;  th at Is s e e n  as N>AA's 
r o l e .  Mo nito r i n g ,  as  s uch ,  p r obably  c a nnot be defe nded  a s  
an  act i v ity  fo r c r eat ive  s c ienti s t s . Yet a comnttment to 
mo n ito r i ng I s  nece s s a r y  If  we a r e  to obta i n  the d e s c r i pt ion 
of  th e ocean that I s  needed fo r un d e r  s ta n d i n g  and 
p r e d i ct ion .  Such a conmltment Is  l i k e ly to  be made only  by  
a g en c i e s  oth e r  th a n  NSF,  who s e  mi s s io n  I n v o l v e s  
env i r o nmental  o b s e r v at ion .  

To  enco u r ag e  ocean  c l imate mon ito r i n g ,  NSF s h o u l d  wor k  
c lo s e ly with the oth e r  a g e n c i e s  (N>M and NASA) who s e  
r e s p o n s ib i l it y  I t  wi l l  be  t o  ca r r y  i t  out.  A po s s i b l e  fi r s t 
step wou l d  be to d r aw up a fo rmal I nt e r agency p l an .  The 
r e s e a r ch spo n s o r e d  by NSF wi l l  nee d  th e ba s e  of ob s e r vation 
th at c an be p r ov i d e d  by mon i to r i ng .  If  N>M a n d  NASA a r e to 
conmit to the developme nt a n d  op e r at i o n  of a mo n ito r i n g  
s y s tem, t h e y  need  a s s u r ance th at i t  I s  n eeded  a n d  
encou r a gement t o  act.  

Recent  expe r i e nce Ind ic ate s th at a conmitment to ocean 
c l imate monito r i ng may n ot be e a s y  to ach ieve.  The attempt 
s h o u l d  be ma de,  howeve r ,  s i nce the n e e d  i s  g r eat.  The I s s ue 
i s  b r oa d  e n o u gh th at p e r h a p s  NSF s h o u l d  s ee k  the i nv o l v eme nt 
of th e Nat i o n a l  Climate P r o g r am Offi c e .  Without th e 
i d e nt ifi c at ion  of ocean c l imate mon ito r i ng a s  a nati o n a l  
need ,  it  ma y be  Impo s s ib l e  to ma r s h a l  th e nee ded r e s o u r c e s  
and t o  obta i n  t h e  long - t e rm  conmltment.  

Some s uppo r t  s h o u l d  go as  we l l  to th e devel opment of 
tech n i q u e s  and  i n s t r uments for ocean monito r i ng .  Tech n i q u e s  
s h o u l d  i n c l u d e  me an s fo r me a s u r i n g  th e a n n u a l  cycle  a n d  
i nt e r an n u a l  v a r i ab i l ity  of t h e  uppe r - ocean  h e at budg et, for 
volumetr i c  s u r ve y s  of wate r -ma s s  p r op e r ti e s  a s  a mea n s  fo r 
d et e rmi n i n g  t r end s ,  a nd fo r me a s u r i ng th e f luxes  of ma s s ,  
heat ,  s a lt ,  a n d  tr ace r s  a s s oc i at e d  with th e c i r c u l at ion  of 
wate r a nd its exchange  with the s u r face l a y e r s .  Th e s e  
tec h n i q u e s  s h o u l d  b e  con s i de r e d  fo r d evelopme nt a n d  u s e  i n  
oc e a n  c l imate r e s ea rch  e x pe r ime nt s .  A s  s uch,  the y  c o u l d  b e  
s u p p o r te d  by NSF.  A s  new tec h n i q u e s  d e v e l o p  fo r obt a i n i n g  
con s i s t ent ob s e r v at i o n s  o v e r  ma ny y ea r s , NSF s ho u l d  wor k  
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with othe r  agenc i e s ,  p a r ti cu l.a r ly l'I()M, t o  encou r age th e i r 
o p e r atio n a l  imp l ementat i o n .  Th i s  mi g ht be  done in  pa r t  b y  
j o int  s u pp o rt  of t h e  ope r at.i o n a l  u s e of  p r ototype tech n i q u e s  
i n  the fi n a l  ph a s e s  of developme nt p r o g r ams . 

PIL<rr OCEAN M()'IIITCRII'G SnDIES 

Pi lot  Oce a n  Mo n ito r in g  Stu d ie s  (POMS) i s  to day  mo r e  a n  
ac r o nym than a p r og r am. The i d e a  c ame f r om  a 1 9 7 8  meet i n g  
(Globa l  Atmo s ph e r ic Re s e a r ch P r o g r anme (GARP) , 1 9 7 9 )  ch a i r e d  
by R.W. Stewa rt  of Canada .  A fo l low- up  meeti ng  o n  POMS a 
y e a r  l ate r (GARP, 1 9 8 0 )  con s i der e d  a comp r eh e n s i v e  r a n g e  of 
topi c s :  e x i s ti n g  d ata b a s e s ,  imp r ov i ng ocean c i r c u l at ion  
mo d e l s ,  netwo r k des i g n ,  l a r g e - s c a l e  expe r ime nt s ,  a ltime t r i c  
and h yd r og r aphic  s ur ve y s ,  nati o n a l  and  i n s t itut iona l  
p r og r ams , i n s t r uments an d meth o d s ,  and d ata  man a g eme nt. 
Sub s e q u ent to that meet ing ,  howev e r ,  s i g n ifi cant  a dd i t io n a l  
step s h a v e  not b e e n  ta ken .  Alth ough ocean mon ito r i n g  l s  
g e ne r a l l y  conceded t o  be e s s ent ia l  t o  o bta i n i n g  a 
de s c r i pt ion  of the ocean's  r o le  in c l imate v a r i a b i l lty ,  we 
a r e  not mov i ng towa r d the c r eation of an effecti ve p r og r am,  
eith e r  natio n a l l y  o r  I nte r nation a l ly .  

I nte r nati ona l ly ,  the  I nteg r ated Gl o b a l  Ocean  S e r v ice  
Sy stem ( IOOSS ) ,  j oint l y spon s o r e d  by th e I nte r gove r mne n.ta l 
Oce a no g r aph i c  Conml s s io n  ( IOC) and  the Wo r l d Mete o r o l og i c a l  
Or g a n i z at i o n  (WMO) , wou l d  appea r to b e  th e app r op r i ate 
o p e r atio n a l  mec hani sm. IOOSS has wo r ke d  to c oo r d i n ate 
e x i s ti n g  nati o n a l  ocea n - ob s e r ving  p r o g r ams .  The p r o gr e s s 
he r e  h a s  been s low b ut r e a l .  IOOSS h a s  n ot, howe v e r ,  
s p a r k e d  the development o r  even th e p l a n n i n g  o f  a n  oce a n  
c l imate mon it o r ing  p r og r am. Th i s  may b e  b ec a u s e  IOOSS s ti l l  
doe s not h a v e  a c l e a r i dentity and ob j ecti ve,  eith e r  I n  th e 
mi nd s of the s p on s o r i n g  i nte r n at ional  a g e n c i e s  o r  l n  tho s e  
of th e membe r  state s .  Some f r u s t r ate d s c ienti s t s  have  
s u g g e sted s ett i n g  up an ocean c l imate o b s e r v i n g  n etwo r k 
Indep e n d ent of IOOSS , pe r h a p s  th r ough  bi l ate r a l  a r r a n g eme nt s  
o r  th r o u g h  the Sc i entific  Conmittee on Oceanic  Re s e a r ch 
( Sa:R) . Ne ver th e l e s s ,  an Inte r gover nme nt a l  f r amewo r k wl l l  
u l timat e l y  b e  needed fo r g lo b a l  c l imate mon ito r i ng ,  a nd t h i s  
points  u s  b a c k  t o  t h e  IOC, t h e  WMO, and  IOOSS . 

The Un ite d States  h a s  ene r g eti c a l ly  s uppo rted  IOOSS 
th r o u g h  the IOC and th e WMO. Fu rth e r  I nc r ea s i n g  the l e v e l  
of Ame r i c a n  s up p o r t  wou l d  mak e  o u r  cont r i b ution even  mo r e  
lop s i d e d  and cou l d  b e  ineffect ive.  Pe r h a p s  IOOSS cou l d  be 
I nv i g o r ate d to s uppo rt  ocean c l imate monito r i ng th r o ugh a 

<XXX> i n i t i ati ve.  <XXX> cou l d  spo n s o r  a defi n it ion  of th e 
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n e e d  fo r o c e a n  c l imate monito r i ng ,  the imp l eme ntation o f  a 
p i l ot netwo r k ,  and th e u s e  of the s y stem to develop 
p r o t otype  p r o duct s .  I f  th i s  is  done i n  coop e r ation with 
10055 , it  mi ght  encou r a g e  10055 to take over and r un 
wh atev e r  i s  devel oped.  
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So far  th i s  r e po r t  h a s  r e v i ewe d the l a r g e - s c a l e  
p r og r ams that s e em t o  h a ve th e b le s s i ng s of n at iona l and 
i nte r n ati o n a l  p l anne r s .  I n  th i s  c h apte r ,  s ome ocean c l imate 
s tu d ie s  th at may fa l l  out s i d e  th i s  fr amewo r k  a r e  fi r s t 
r e v iewe d .  Then the a dv antag e s  of b i l ate r a l ( a s o p po s e d  to 
b r o a d  i nte r nat i on a l )  ocean c l imate r e s e a r ch wo r k  with oth e r  
count r i e s  a r e  con s i d e r e d .  The c h apte r co n c l ud e s  with a 
d i s cu s s ion  of conmo n  ob s e r v at iona l and mo d e l i n g  nee d s .  

OCEAN CL IMATE RES FAROi  OUTSIDE 1HE BIG PR�S 

The t a r  ge ,  inte r n at ion a l l y  s a nction e d  ocean c l imate 
p r og r ams r eceive  mo st  of the attent ion,  h e r e  as e l s ewh e r e. 
Yet a numb e r  of comp etent oc ean  s c ie nti s t s  conce r n e d  with 
the c l imate v a r i ab i l ity p r o b l em  a r e  not c o nv i nced  t h at they 
s h o u l d  wo r k  with i n  th e big p r o g r ams .  Oce anog r a p h y  has a 
t r a d it ion  of i ndepend ence.  Some oceanog r ap h e r s  i nte r e s te d  
in  c l imate a r e  re luctant  t o  r e l i n q u i s h  th at i n d ep e ndence i n  
o r d e r  t o  wo r k  with in the l a r g e  p r og r ams .  

Ocean  c l imate r e s e a r ch i s  conce r n ed ,  b y  defi n it ion , 
with g l o b a l  s c i e nt i fic  q u e s ti o n s .  Can they be effect i v e l y  
a dd r e s s e d  by independ ent stu d ie s ?  The e a s y  cou r s e o f  
action,  and o ne t h a t  i s  n o t  h a r d  to defend,  i s  to i n s i st 
that oc e a no g r aphe r s  ( an d  pe r h a p s  meteo r o l o g i s t s ) wo r k  
tog eth e r  in  a dd r e s s i ng wo r l d c l imate a n d  the wo r ld ocean.  
Ne v e r th e l e s s ,  many ocean s c ie nti s t s  who l a ck the ta s te fo r 
b i g  p r og r ams have g oo d  i d e a s  with the p otent i a l  to mak e  
p r og r e s s  i n  u n d e r  s tanding  c l imate.  The s e  idea s s h ou l d  n o t  
be e x c l ud e d  b ecau s e  the i r  auth o r s p r efe r n ot to wo r k  i n  b i g  
s c ie n c e .  Whatever d ec i s i o n s  a r e  ma de about th e b i g  
p r og r ams , NSF s ho u l d  c ontinue t o  be f lex i b l e  e n o u g h  t o  
s u pp o r t  good  oc e a n  c l imate r e s ea r c h  i d e a s  even whe n  th e y  a r e 
out s i d e  the "app r ove d" fr amewo r k. 

Some oc eanog r ap h e r s  conten d  th at g l o b a l  oc e a n  c l imate 
p l a n n i ng is  ove r b l own and pe r h a p s  even u n r e a l i s t ic ,  that it  
does  not ta ke ac count  of th e d i ffi c u l t i e s  in  obta i n ing  
r e l i ab l e  d ata i n  the fie l d ,  and th at a b ett e r  de s c r i pt ion of 
the oc e a n's  s tr uctu r e  and c i r c u l at ion  is n e e d e d  befo r e  we 
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c a n  move on  t o  u nd e r  s tanding  t h e  ocean's r o le in  c l imate.  
The y  a r g u e  fo r s imp le r  fi e l d  p r o g r ams .  

The r e  i s  conce r n  too,  t h at we mu st  not b e g i n  a l a r g e  
co s t l y  g l o b a l  p r o g r am befo r e  we a r e  s c i entifi c a l ly and 
tec h n i c a l l y  r ea dy to c a r r y  it  off we l l . I f  we we r e  to tr y 
p r emat u r e l y  and fa i l ,  it i s  l i k e l y  that th e fund s  to do it 
r i ght  wo u l d  be a l o n g  t ime in c omi n g .  

A numb e r  of i de a s  fo r oce a n  c l imate r e s ea r ch outs i de of 
the offi c i a l  p r og r ams have been p r e s ented th at c o u l d  imp rove  
ou r knowledg e of c l imate v a r i ab i l ity .  Some of the s e  i d ea s  
may e n d  up  a s  components  of  the b i g  p r og r ams ( l i k e  WOCE) a s  
th e p l an n i ng fo r the s e  p r o g r ams evo l v e s . Amon g  the i d ea s  
a r e  the fo l lowi ng :  

• Ma k e  a few lon g ,  d ee p  h yd ro g r ap h i c  s ection s inte n d e d  
t o  p r o v i d e  a b a s e  o f  i n fo rmation  a b o u t  inte r i o r  low­
f r e q u en c y  ocean mo vements  and  dynami c s  ( s ee  th e d i s cu s s io n  
of t h e  L o n g  L i n e s  p r o g r am  b e low) . 

• Ma inta in  and pe r h ap s  exte n d  i s l a n d  t ide  station s in  
the we s te r n  Pac ific Ocean.  

• Ma htta i n  th e Pac ific XBT monito r i n g  p r og r am, TRANSPAC 
(Wh ite and Be r n s t e i n ,  1 9 7 9 ) .  

• Ca r r y  out s ome sma l l  exper ime nts  t o  under stand th e 
phy s i c a l  p r oce s s e s th at a r e  imp o rtant c omponents in  c l imate, 
s uch as ai r - s e a  flu x e s  of heat,  wate r ,  and momentum. 

Some ocean stud i e s  that may be imp o r tant a r e  l e s s  
fa s h ionab le.  Few oceanog r aph e r s a r e  study ing  th e po l a r  
r e g io n s .  I s  the r o le o f  the i c e - cove r e d  r e g i on s  i n  c l imate 
v a r i a bi l ity  r e c e i v in g  enough attent ion ? Th i s  q u e s tion  h a s  
b e e n  r e v i ewe d ( ICEX S c i e nce and App l i c at i o n s  Wo r k i ng Gr oup,  
1 9 7 9 ) ,  but the r e  h a s  been  l i tt l e  fo l low- up . 

Some l a r g e - s c a l e  oc e a no g r aphic  studi e s  have been  
deve l o p e d  outs i de the c l imate p r o g r am, and th e i r  r e s u l ts  
cou l d  b enefit ou r und e r standing  of  c l imate v a r i a b i l ity.  I n  
a s e n s e , mo s t  o f  phy s i c a l  oceanog r ap h y  co u l d  b e  t i e d  to 
c l imate r e s e a r c h .  We have  to deci de wh e r e  to d r aw the l i n e .  
B y  i n c l u d i n g  t o o  muc h  u n d e r  th e c l imate umb r e l l a ,  we r i s k  
we a k e n i ng the focu s o f  the ocean c l imate r e s e a r ch p r og r am. 
Yet we s h o u l d  note th e impo rtance  to c l imate r e s ea r c h  of 
ma ny o ng o i n g  and p r op o s e d  ocean r e s e a r ch p r og r ams , s uch as 
the fo l lowi n g :  

Tr a n s i ent T r a ce r s  i n  the Oce a n  (TTO) h a s  a s  its  
p r ima r y  ob j ective to d ete rmi ne th e ffii'X of fo s s i l  fue l  
c a r bon d io x i de i nto th e ocean a n d  t o  p r e d ict i t s  
d i s t r ibut ion  th r ough  an unde r s t a n d i n g  of o c e a n  c i r c u l at ion .  
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Us i ng chemi c a l  t r ace r s  s uch as t r i t ium ( h yd r ogen - 3 ) and  
ca r bon - 1 4 , TIO wi l l  s tudy  ocean c i r c u l at ion and mi x i n g .  The 
r e s u lt s  s h o u l d  te st  the ab 1 1 1ty of nume r i c a l  ocean 
c i r cu lat ion  mo d e l s to p r e dict  ocean  t r a n s po r t  on time s c a l e s  
of  d e c a d e s  a n d  l o ng e r .  

Stu d ie s  o f  c l imate v a r i a b i l ity  on Inte r a n n u a l  t ime 
s c a l e s  wi l l  benefit f r cxn  an e n h a nced u n d e r s t a n d i ng of o c e a n  
c i r cu l at i o n .  TIO s h o u l d  imp r o ve ou r e s timate s o f  o c e a n  h e a t  
f l u x .  For  ex amp le ,  we s h o u l d  l e a r n  mo r e  about wheth e r  o r  
n o t  a two - gy r e c i r c u l ato r y  s y stem e x i s t s  In  t h e  we s te r n  
No r th At lant ic ,  about the r o le of  the we ste r n  boun d a r y  
u n de r c u r r e nt in  exch an g i ng wate r with th e Sar g a s s o  S e a ,  a n d  
about t h e  h e at a n d  ma s s  i nte r ch an g e s  b etween the No r th 
At l a nt ic  and  the atmo s ph e r e .  

TIO i s  not be ing  p r o po s e d  a s  an acti v ity  with i n  th e 
c l imate r e s ea r ch p r og r am. It do e s ,  howe v e r ,  h o l d  p r omi s e  a s  
anc i l l a r y  r e s ea r ch .  A s  WOCE p l a n s  a r e  developed ,  I t  ma y b e  
e v i d e nt t h at c h emi c a l  t r a ce r s  a r e  an  e s s ent i a l  tool  fo r 
un d e r stan d in g  oc ean  c i r cu l at i o n .  TIO and  WOCE s h o u l d  be 
coo r d i n ate d,  and NSF s h o u l d  be awa r e  of th e a dd e d  c l imate 
r e s e a r ch benefi ts  whe n  e v a l u at i n g  th e TTO p r o po s a l s .  

Long Line s is  the n ame g i v e n  to a n  I n fo rmal p r o po s e d  
p r o g r am o f  h y d ro g r a p h i c  stat ion s ection s .  Not enough I s  
known of  t h e  d i s t r i b ut ion  o f  temp e r atu r e ,  s a l i n ity ,  and 
d e n s ity I n  many a r e a s  of  th e oc e a n .  We are unable to  
d e s c r ibe  the l a r ge - s c a le c i r c u l at ion .  We are p a r t i cu l a r l y  
wea k  In  mer l d lona  1 ( I . e . ,  n o r th - s outh ) s ection s th at wou l d  
a l low u s  t o  d e s c r ibe  t h e  s u b s u r face z o n a l  ( I . e . ,  e a s t -we st ) 
c i r cu l at i o n .  Ou r Igno r a nc e  ma y even l e a d  ou r mo d e l s  a s t r a y ,  
s i nce mo st  ex i s t i ng s ecti o n s  a r e  z o n a l. 

Ev en a few me r i d iona l s ectio n s ,  if we l l  located,  mi ght 
r e s o lv e  s ome qu e s tio n s  of  oc ean  c i r cu l at i o n :  Doe s  the Gu l f  
St r eam exte nd ea s t  of  th e Mi d -Atl anti c Ri dg e ?  Doe s  th e Gu lf  
St r e am r ec i r cu l at ion  begin  I n  the e a s te r n  No r th At l a nt i c ?  
What c i r c u l at ion  p r o duce s t h e  ob s e r v e d  ton g u e  o f  s a lty 
Me d i te r r an e a n  wate r  that exte n d s  we s twa r d i nto the No r th 
At lanti c ?  We do  not now h a v e  an swe r s to th e s e  q u e s t i o n s  
e v e n  th ough  t h e y  conce r n  t h e  No r th At l antic ,  the oce an we 
k n ow mo s t  about.  

The secti o n s  th at have been s ug g e s te d  fo r Long L ines  
a r e  mo r e  n ume r o u s  i n  the South e r n  Hemi s p h e r e  than  i n  the  
No rthe r n  Hemi s p h e r e ;  th e r e  are  fewe r e x i s t i n g  d ata  the r e .  

I f  a Long L i n e s  p r og r am  i s  b e g u n ,  I t  wl l l  contr ibute to 
ou r fun d amenta l  knowle dg e of th e l a r g e - s c a l e  phy s ic a l  
oceanog r aphy o f  t h e  wo r ld ocean . NSF p r ob a b l y  wi l l  want to 
e v a l u ate p r o po s a l s  on th i s  ba s i s .  Howe v e r , th e p r o g r am  a l s o  
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could  h a v e  an  Impo r tant benefit to our  u n d e r s tandi ng the 
r o l e  of the oce a n i c  gene r a l  c i r c u l at ion  I n  c l imate 
v a r i a b i l ity .  j u dg e d  s o l e l y  on the c r ite r i a  of cont r i b ut ion s 
t o  th e c l imate re s e a r c h  p r og r am. Long L ines  mi ght not h a v e  
h i g h  p r i o r ity. I f ,  howeve r ,  I t  I s  j udged t o  be Impo r tant to 
ou r knowle dge of the phy s i c a l  s tr uctu r e  and c i r c u l at ion  of 
the ocean ,  the a dd it i o n a l  benefit to the c l imate r e s e a r ch 
p r o g r am s h o u l d  b e  we i ghed  In  a s s i g n i n g  p r io r it i e s .  

WmKING WITii 01HER CX>lNI'RIES 

Oce an c l imate r e s e a r ch act i v it i e s  of oth e r  cou nt r i e s  
h a v e  t h e  potenti a l  of  a d d i n g  t o  t h e  Ame r i c an effo r t. In  
s ome ca s e s ,  coope r at i v e  wo r k  with oth e r  count r i e s  c a n  
p r oduce benefits t o  t h e  Un ited Stat e s  th at a r e  g r e at e r  th an 
the I nc r eme nt a l  expe n s e .  

F r e nc h  p r o g r ams i n  th e At l ant ic  a n d  th e Ind i a n  ocean s 
have  a l r ea dy been  menti one d .  Oth e r  count r i e s  a r e  active I n  
oce a n  r e s e a r ch p r o g r ams th at augme nt o r  cou l d  augment 
Ame r i c a n  effo r t s .  A comp r ehen s iv e  c ata log of th e s e  Is  
beyond the scope of  th i s  r e p o r t ,  but a few e x amp le s  ma y 
s e r v e  to I nd i c ate wh at I s  po s s i b l e. 

j ap an h a s  c a r r i e d  out r e g u l a r  oc e a n  s u r ve y s  fo r man y  
dec a de s .  They h a v e  deve loped a numb e r  of  p r o ducts a n d  
s e r v ic e s  ba s e d  o n  th e s e  s u r v ey s .  Tempe r atu r e ,  s a l i n ity ,  and 
v e l o c ity fi e l d s  with in  about 5 00 km of the j ap a n e s e  co a st 
a r e  r o uti n e l y  map p e d. Me r i d io n a l  s e ct ion s a l o n g  1 3 7Cif: and  
1 5 5Cif: h a v e  b een co l l ected twi ce e ach year  fo r the p a st 
dec a de.  Thi s  s e r i e s  ma y be of v a l u e  In  e s timati n g  
I nte r an n u a l  o c e an h e at t r an s po r t  i n  t h e  we s te r n  Pacific .  

j ap a n  h a s  the c a p a b i l ity  fo r fi r s t - r ate ocean  
me a s u r ement s .  Two p r og r ams ,  the Oce an He at T r a n s po r t  
Exp e r ime nt (01-ITEX) an d th e Oce a n  Mi x e d  L a y e r  Expe r ime nt 
(OMLET ) ,  a re b ei n g  p l anned as cont r i but ions  to the c l imate 
r e s e a r ch p r o g r am. Ame r i c a n  p r o g r ams In  th e Pac ific wi l l  
benefit fr 001 c o l l a bo r at ion  with them. 

Th e Sov iet Un ion  h a s  been pu s h in g  fo r mo r e  th a n  a dec a d e  
fo r a p r og r am  t o  mak e  r e p e ated oc e anog r aph ic ob s e r v at i o n s  at 
fi x e d  locati o n s  or sect ion s .  Tho u g h  the r at i o n a l e  fo r the I r  
p r op o s a l s  h a s  c h a nged ov e r  the y e a r s ,  the s u b stance h a s 
r ema i n e d  the s ame .  As p a r t  of th e c l imate re s e a r ch p r o g r am, 
they p r op o s e  a p r og r am  known as the "En e r g eti c a l ly Active  
Zon e s  of  th e Oce an"  (E'AZO) ,  a l s o  k n own u n d e r  it s o l d e r  name 
of "S e ct i o n s . "  

The Secti o n s p r o g r am  h a s  a numb e r  o f  att r act i v e  
featu r e s :  amo ng t h em, fou r - time s - a - y e a r  ob s e r v at i o n s  of 
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d y n ami c a l l y  activ e  r e g i o n s  of the ocean.  The Soviet  Uni on 
h a s  a r e s e a r ch ves s e l  c a p ab i l i ty  th at i s  eno rmou s by th e 
s ta n d a r d s  of any oth e r  c o u ntr y .  Two of the i r  l o c at i o n s  
( "po l ygon s ") a r e  l o c a t e d  off No r th Ame r ic a ,  In  t h e  Gul f  
St r eam and off Newfou n d l a nd .  I t  wou l d  thu s s e em  t o  be t o  
ou r adv antage to coope r ate with th em. 

Oce anog r a ph e r s  In ma ny count r i e s  have been r e l uctant to 
e n do r s e  the Soviet  p r op o s a l s .  The r e  a r e  a numb e r  of r e a s o n s  
fo r th i s . Sov i et oceanog r aphe r s  have a r e putation fo r poor  
qu a l ity cont r o l  of the i r d ata .  I n  pa r ti cu l a r ,  th e i r 
me a su r ements of s a l i n ity and  cu r r e nts have often p r ov e d  too 
poo r fo r u s e .  We s te r n  s c ient i sts  fi n d  th at wo r k ing  with 
Sov i et c o l l e a g u e s  I s  d iffi c u l t  becau s e  of the i r I nab i l ity o r  
unwi l l i ngne s s  to conmu n l c ate.  Fin a l l y ,  th e r e  I s  wi de s p r e a d  
s k eptici sm ab out Sov i et motive s .  

At the mome nt, the FAZO p r og r am I s  ca r r ie d  a s  a 
"nati o n a l  p r og r am" with i n  the c l imate r e s e a r ch p r og r am  
(CCCO, 1 9 8 3 ) .  I f  the Soviet  Uni on we r e  to s h ow th at it ca n 
c o l l ect r e l i a b l e  d ata at r e g u l a r  inte r v a l s ,  the att itude of 
Ame r ic a n  oc eanog r aphe r s  wou l d  l i ke ly  ch a n g e .  I f  that s h o u l d  
h a ppen,  i t  cou ld  b e  t o  t h e  a dv a ntage of t h e  Un ited States  t o  
wo r k  with t h e  USSR. 

The Fe de r a l  Repu b l i c  of Ge rma n y ,  the Unite d Kin g d om, 
and Ca nada  a r e  acti v e  i n  the No rth Atl anti c.  u.s. 
s c ie nti s t s  gene r a l l y  fi n d  it e a s y  to wo r k  with s c i e nti s t s  
f r om  t h e s e  countr i e s ,  a n d  the r e  i s  con s e q u ently l ittle 
fo rma l i nte r gover nmental  st r uctu r e .  Coo p e r at ive c l imate 
p r og r ams with the s e  and oth e r  count r i e s  s h o u l d  n ot be 
over l o o k e d ,  howe v e r , s i nce th e benefi t s  of wo r ki n g  with 
competent s c i enti s t s  f r om  th e s e  count r i e s  a r e  g r e at. 
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Mo st of the U. S.  r e s e a rch  in  ocean c l imate wi l l  be 
s upp o r te d  by a g e n c i e s  of th e U. S.  gove r nment.  The Nat ion a l  
S c i e n ce Foundation  i s  t h e  l e a d  a g e nc y  fo r the Oc ean Heat 
T r a n s p o r t  and Sto r a g e  p r inc i p a l  th r u st of the Nat i o n a l  
Cl imate P r og r am. (NSF's r e spon s i b i l iti e s  in  th i s  r o le  a r e  
s unma r i z e d  be low. ) Th i s  i s  th e o n l y  oce a n - o r i e nted 
p r i nc i p a l  th r u st i n  the Nat i o n a l  Cl imate P r og r am  and one of 
two dea l i n g  with r e s e a r c h .  NSF thu s is the on l y  ag enc y 
h a v i n g  a s p e c i fi e d  l e a d  d e s i g n ation fo r ocean  c l imate 
r e s e a r c h .  Th i s  repo r t ,  a dd re s s e d  to NSF,  i s  intend e d  to 
g u i d e  NSF in that r o l e .  

The o c e a n  r e s e a r c h  p r og r am  th at s h o u l d  be Imp l eme nte d 
to u nd e r stand  c l imate c h a ng e  i s  too l a r ge to be s u ppo r te d  by 
a s i ng l e  agency of th e U. S.  go v e r nme nt.  Seve r a l  a g enc i e s  
wi l l  h a v e  Impo r tant r o l e s  t o  p l a y .  Howeve r ,  a r e v i ew o f  
c l imate documents  that h a v e  eman ated  f r om th e agenc i e s  
r e v e a l s  th at a g e n c i e s  often do n ot h a v e  a c l e a r  image of 
th e i r r o l e .  One s ometime s g et s the Imp r e s s i o n  that no c l e a r 
c r ite r i a  have g u i d e d  an ag ency's  c h o i ce of wo r k .  I n  th i s 
ch apte r ,  s u it a b l e  ag enc y r o le s  I n  ocean c l imate r e s e a r c h  wi l l  
b e  con s i d e r e d ,  a s  we l l  a s  how tho se r o l e s  mi g ht fit tog eth e r  
t o  p r o v i d e  a cohe r e nt nati on a l  oc e a n  c l imate r e s e a r c h  
p r og r am. I n  a dd i t ion ,  the a g e n c i e s  mu st  d ev e l op a b a l a nc e d  
p r og r am  of s uppo r t  fo r oc e a n  c l imat e  r e s ea r c h ,  ba s e d  on t h e  
v i ews of a b r oa d  s pectr um o f  t h e  oc e a no g r aphic  c onmu n ity .  

The United State s wi l l  p l a y  a k e y  ro le  in  the Wo r ld 
Cl imate Re s ea rch  P r og r am, and wi l l  l i k e l y  s u pp o rt a 
c o n s i de r a b l e  p r opo r tion  of th e ma j o r oce an c l imate p r o g r ams . 
Th i s  ch apter  c on c l u d e s  with a r e v i ew of i nte r n at i o n a l  
co o r d in ati o n ,  with s ome e v al u at ion  of po s s ib l e  U. S.  
p o s it i o n s .  

NATI<JIW.. O.. IMATE PROCRAM OFFICE 

The Nat i o n a l  Cl imate P r og r am  Offi ce (NCPO) , h ou se d  in  
!'IX)M, i s  r e s po n s i b l e  fo r admi n i s te r i ng the Nat ion a l  Cl imate 
P r og r am  and a s s u r i ng  coo r d i n at ion  amon g  the a g e n c i e s  In the 
p r og r am. fiCPO loo k s  to NSF,  a s  le a d  agency,  fo r developme nt 
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of p l a n s ,  budg et r e qu i r ement s ,  agency r e s po n s i b i l i t ie s ,  and  
p r og r e s s  r ep o r t s  r e l ated to  th e Oce a n  He at T r a n s p o r t  and 
Sto r age  p r inc i p a l  th r u s t. 

The r o l e  of the l'CPO ma y  be ch a n g i n g :  th e r e  a r e  s i g n s  
that l'CPO wi l l  p la y  a mo re  active r o l e  in  coo r d i nat ing the 
c l imate p r o g r am  among the a g en c i e s  and in  deve l o p i n g  a foc u s 
fo r the f r a gmented c l imate p r og r am  i n  110M. Re s e a r ch i s  
on l y  o n e  as pect o f  th e Nat iona l Climate P rog r am, a n d  th e 
NCPO th u s  h a s  r e s po n s i b i l ity fo r mainta i n i ng a b a l ance amo ng 
the p r og r am component s .  

NATIQoW. SCIEN:E F<X.NlATI{X'Il 

The NSF, a s  l ead agency fo r Oc ean He at T r an s p o rt and  
Sto r a g e ,  has  the de facto r e s po n s i b i l it y  fo r ove r s ight  of  
t he n at i o n a l  ocean c l imate r e s e a r ch p r og r am. NSF h a s  been 
doing  th i s  th r ou g h  i n fo rma l meeti n g s with rep r e s entati ves  of  
oth e r  agenci es a nd by making exten s iv e  use  of the Nat iona l  
Re s e a r c h  Cou nc i l  ( the  Boa r d  on Oce an Sc ience and Pol l e y  and 
the Cl imate Re s e a r ch Conmittee i n  p a r t i cu l a r ) .  To d ate th i s  
h a s  wo r ked.  I f  p r o b l ems a r i s e  th at i n v o l v e  th e s etti n g  of 
p r i o r it ies  amo ng the agencie s ,  it may be nec e s s a r y  to s et up  
a mo re fo rma l stee r in g  mec h a n i sm. 

NSF faces  a p r ob l em  i n  meeti n g  its r e s po n s i b i l i t ies  a s  
l e a d  agency.  Al l the l e a d  agen c i e s  i n  the Nat i o n a l  Cl imate 
P r og r am  have had d i ff icu lty in coo r d inat ing  the i r  
component s .  The r e  i s  thu s  n o  good model  fo r NS F  t o  fo l l ow. 
NSF i s  the l a r g e st s uppo r t e r  of ocean c l imate r e s e a r c h  and 
thu s ha s some c r e di b i l ity  with the othe r agenc i e s  i n  i t s  
l ead  r o l e. 

Coo r d in ati n g  and l e a d in g  a g r oup  of ag enc i e s  i s  not 
s omet h i n g  that NSF is accu stome d  to d o i n g .  I n  o r d e r  to 
ac comp l i s h  th i s ,  NSF may wi s h  to con s i d e r  h a v ing  th e 
coo r d i n at i on ca r r ie d  out by an outs i d e  o r gani z at ion,  s u ch a s  
a n  oceanog r a p h i c  i n s titut ion  o r  a c o r po r ate bo dy , s uc h  as 
the Uni v e r s ity Co r po r at ion  fo r Atmo s ph e r ic Re s e a r ch (UCAR) 
or the J oi nt Oce a no g r ap h i c  I n st ituti o n s  { JOI ) ,  Inco r p o r ate d.  
I f  th i s  i s  d o n e ,  the costs wi l l  inc r e a s e  wit hout s howi ng 
c l e a r  s c i e nt i fi c  retu r n .  No matte r what p r oc e du r e is u s e d  
in  coor d i n at ing  ocean c l imate r e s ea r ch ,  the e xpen s e  of 
co o r d i n at ion  shou l d  be  face d. The Nati o n al Cl imate P rog r am  
i s  l a r g e  and c omp lex.  I f  it i s  to s ucceed,  the comp o n e nt 
p r og r ams mu st be co o r dinated.  The i s s u e  of pay ing  fo r th i s  
coo r d i n ation s h ou l d  b e  a dd r e s sed  b y  the lead  agenc i e s  a nd 
the Nat ion a l  Climate P r o g r am  Offi ce.  

NSF r e s ea r c h  p r og r ams r e l ated to  c l imate h av e  typ i c a l l y  
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I nvolved col labo r ative r e s ea r ch p r o  J ecta f r om  a numb e r  of 
i n s t itution s .  The s e  prog r ams may have a du r at ion  of from 3 
to 5 y e a r s .  Such a mode of ope r at i on tend s to y i e ld r e s u lt s  
that r e s pond to spec ific sc ientific qu e s tion s b u t  i s  not 
we l l  s u i ted  to p r og r ams th at re qui r e  a c onti nui ng y e a r ­
afte r - yea r c0111111tme nt. Long - te rm  p r o g r ans nee d  to be pa r t  
o f  a c l imate r e s ea r ch p r og r am.  a n d  hence the r e  1 a  a n e e d  fo r 
oth e r  agenc ie s th at can  support  them to p l a y  a r o l e  
comp l ement a r y  t o  th at o f  NSF. 

NATI<l'W. OCFANIC NV ATMOSPHERIC ADMINI STRATJ(lll 

The National  Oce an og r a phic and Atmo s ph e r ic 
Admi n i s t r at ion (NlAA) ha s bee n s uppo r ti n g  a sub stanti a l  
ocean c l imate r e s e a r ch p r og r am  (Env i r onmental Re s ea r c h  
Labo r ato r ie s ,  1 9 7 9 ) .  N>AA p r og r ams i n c l u d e  th e Equ ato r i a l  
Pac i fic  Oce an Cl imate Stu d i e s  ( EPOCS ) ,  the Subt r o p i c a l  
Atl antic  Cl imate Study (STACS) ,  a n d  ocean og r aph ic components 
of the Gl ob a l  Atmo s ph e r ic Re s e a r ch P r o g r am  (GARP) . N:>M 
a l s o  ha s th e l e a d  r e s pon s ib i l i ty fo r th e U. S .  TOGA P r o g r am. 

I n  addit i on to c a r r y i ng out ocean  c l imate r e s e a r ch ,  
NlAA b a a  oth e r  re spon s i bi l it ie s th at a r e  impo r tant  t o  the 
c l imate p r og r am.  N>AA is the lead ag ency fo r the p r i n c i p a l  
th r u st o f  the Nation a l  Cl imate P rog r am ent i t l e d  "Gene r at ion  
and Di a a emi n ation of  Cl imate I nfo rmation."  N>AA's 
Env i r onme ntal  Data and I nfo rmation Ser vice r un s  the Nati o n a l  
Cl imatic Ce nt e r  th at manages  meteo r o lo g i c a l  d a t a  a nd the 
National  Oceanog r aph i c  Data Cente r th at ma n a g e s  
oceanog r aphic  data.  A s  t h e  c l imate p r o g r am  p ro g r e s s e s ,  t h e  
ma n a g eme nt o f  d ata and info rmation wi l l  be  a facto r in  I t s  
s u cc e a a .  Thu s the se  e l ements o f  N:>M n eed t o  be I nvolved i n  
the p l ann i ng fo r l a r g e  oc e a n  cl imate expe r ime nt s .  

!IDM's Nati o n a l  Oc ean S e r v i ce (liDS) h a s  r e s pon s i b l l tty 
fo r oce a n  monito r i n g .  To d ate, N:>S has exer c i s e d  that 
r e s pon s lb l l tty chiefly I n  c onvent iona l  map p i n g  and ch a r ti ng  
acti v it ie s .  They have mi s s e d  oppo rtunit i e s  to suppo r t  
monito r ing u s eful t o  oce an c l imate,  s uch a s  the Pac i fic  ti d e  
g auge netwo r k .  A g l ob a l stu dy of th e ocean 's  r o l e  i n  
c l imate d emand s r e l i a b l e  ocean ob s e r v at ion s ,  ana logo u s  t o  
th o s e  we ta ke  fo r g r ante d in the atmo s ph e r e. N:>S oug ht to 
be wo r k i ng towar d deve l opi ng an ocean s e r v i ce on a p a r  with 
th e atmo s phe r i c s e r vice p r ovided by the Nat i o n a l  We ath e r  
Se r v i ce.  Alth ou gh liDS h a s  n ot so  fa r g i v e n  a h i gh p r i o r ity 
to develop i n g  th i s  capab i l ity,  pe r h a p s  the recent c r e at i on 
of the National  Ocean S e r v i c e ,  f r om  wh at had  been the 
Nation a l  Oce an Su r vey,  wt l l  l e a d  N>AA, th r ou g h  liDS, to 
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accept r e spon s i b i l ity for the needed ocean c l imate 
monito r i n g .  The c l imate p r og r am  may p r ov i d e  an add it ion a l  
st imu l u s  to N>S . NSF s ho u l d ,  p e r haps  th r ough the fiCPO, mak e 
known the c l imate r e s e a r ch nee d fo r oce a n  mo n ito r i n g .  

N>M h a s  g i v en s ome p r i o r ity t o  r e s e a r ch th at cou l d  
imp r o ve the ope r ati on a l  c a p a b i l it i e s  o f  ita  s e r vice 
e l ement s .  N>M is the l ead agency fo r the Cl imate 
P r e d ict ion p r i n c ip a l  th r u s t of th e Nat ion a l  Cl imate P rog r am. 
Thu s  N>M h a s  s u pp o rted s ome r e s e a r ch that mi g ht l ead to a 
p r edict ive  capab i l ity .  NSF shou l d  ma i ntain  c l o s e  t i e s  with 
N>AA p r og r am  man ag e r s  to be s u r e  th at p r og r ams a r e  
comp l ementa r y. 

NATI<JW.. AERONAUTICS AN:> SPACE ADMINISTRATIQil 

The Nat iona l  Ae r on auti c s  and  Space Admi n i st r at i on 
(NASA) ha s the goa l  of devel op ing  s p ac e bo r ne tech n i qu e s  fo r 
ob s e r v i ng the oc ean and the r e by a dv an c i n g  ou r u nde r s t a n d i n g  
of oc eanic  beh avio r .  Th i s  ob j ect i v e  emb r ac e s  con s i de r ab l e  
activ ity r e l ated t o  oce an c l imate r e s e a r ch.  NASA's 
s p ac e bo r n e  oc e a n i c  ob s e r v at i o n s  a r e  inte n d e d  to study 
oc eanic  ci rcu lat ion,  h eat c ontent, and  h e at flu x .  Such wo r k  
invo lves  the i nter action of the oc e a n  with th e atmo s ph e r e  
and the effect of the ocean  on c l imate. 

NASA has foc u s e d  on defi n i n g  sc i e nt ifi c  q u e s tion s 
a dd r es s ab le by specific  e a r th - o r bit ing s at e l l i te 
oc eanog r ap h i c  s e n s o r s .  The y  have  commi s s io n e d  a a e r i e s  of 
s tud i e s  th at, though not s pecifi c a l l y  d i r ecte d to ocean 
c l imate r e s e a r c h ,  p r o v i d e  a v a l u ab l e  s umma r y  of s ate l l i te 
oc eanog r aphic  c a p ab i l it ies  a nd need s .  The long - te rm ocean 
s c i e nce s sate l l ite p r o g r am  wa s reviewe d by the  Nat iona l 
Oc ea nog r aphic S ate l l ite Sy stem Sci ence Wo r k i n g  Group,  
cha i r ed by  Fr anc i s  Brethe rton (Ruttenbe r g ,  1 9 8 1 ) .  

Other  stud i e s  compl eted o r  under  way c on s i d e r  a lt imetr y 
fo r study ing oce a n  c i r c u l at ion (TOPEX Science Wo r k ing Gr o u p ,  
1 9 8 1 ) ,  s ynthetic ape rtu r e  r a d a r  fo r study i ng s e a  ice a nd 
s u r face waves  i n  the open oce an ( J et P ropu l s ion Labo r ato r y ,  
1 9 8 2 ) ,  s c att e r omete r s  fo r stu dy i ng wi nd st r e s s  (Sate l l ite 
Su r face St r e s s Wo r k in g  Gr o u p ,  1 9 8 2 ) ,  co l o r  s c a n ne r s  and  
the i r  v a lue i n  s tudy i ng p r ima r y  p r o duction (Ocean  Co l o r  
Sc ience Wo r king  Grou p ,  1 9 8 2 ) ,  a n d  th e type and qu a l ity o f  i n  
s itu ob s e r v at ions  needed t o  c omp l ement s ate l l ite ocean 
ob s e r v at i o n s  ( in p r ep a r ation ) .  An ea r l i e r  NASA study 
c h a i r e d  by W. J .  Campbe l l  ( ICEX, 1 9 7 9 )  s et fo rth the need fo r 
an Ice and Cl imate Expe r ime nt. 
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A Wo r l d  Oce a n  Ci r c u l ation Exp e r ime nt (WOCE) wi l l  depend 
c r i ti c a l ly on r emote s en s ing  by s ate l l ite of s ea - s u r face 
e l e v at ion , s u r face  wi nd stre s s ,  and meteo r o lo g i c a l  
v a r i a b l e s .  Thu s someth i n g  l i k e  t h e  TOPEX s ate l l ite,  with 
a l timete r and sc atte r omete r fo r g l o b a l  s e n s i n g  of s u r face 
oc e a n  cu r r ents and s u r face wi nd s t r e s s ,  is  e s s ent i a l  fo r 
WOCE. Thi s shou l d  be s uppo r t e d  by s e a - s u r face temp e r at u r e  
s en s i ng b y  r a d iomete r  a nd s ate l l ite data l i n k s  t o  i n  s itu 
oc e a n  I n s t r ume nt s .  To d ate NASA ha s not ma de a dec i s ion  on 
th i s  p r og r am, and  the u n c e r t a i nty I s  a ma j o r d ete r r ent to 
the devel opme nt of U. S.  p l an a  fo r WOCE. 

NASA h a s  l ea d  ag ency r e s po n s i b i l ity fo r the p r i n c i p a l  
th r u s t  i n  Sol a r  a n d  Ea rth  R a  latlon . An Ea r th Radiat ion 
Ba l ance Exp e r iment (ERBE) wl l .  be an e s s ent i a l  pa rt  of  
oc e a n - atmo s ph e r e  heat  fl ux  stu d i e s s uch  as  Cag e .  Though 
t h e r e  are  p l an s  for an ERBE e x p e r iment I n  the near  futu r e ,  
It  ma y  h a v e  b e e n  comp l ete d b y  t h e  time t h e  oc e a no g r a p he r s  
a r e r e ady to ca r r y  out a n  ocean heat flux e xp e r ime nt th at 
wl l l  need the ERBE mea s u r eme nts . 

NASA s h o u l d  p lay  a key r o l e  I n  the p l anning  fo r a nd 
execut ion  of l a r ge - s c a l e  oc ean  c l imate expe r ime nt s .  NSF 
mu s t  wo r k  with NASA on the tlml ng of l a r g e - s c a l e  p r o g r ams 
fo r which  s ate l l ites  a r e  es s enti a l .  In  pa r t i cu l a r ,  WOCE and 
h e at fl ux p l anning  mu st take s ate l l ite  a v a t l a b l l lty and 
pe r fo rmance I nto account.  

OFFICE OF NAVAL RESEARCH 

The Offi ce of Nav a l  Re s e a r ch (<l'o!R) does not now 
e x p l i c i t l y  s u p p o r t  oc ean  c l imate r e s e a r c h .  <l'oiR does , 
howe v e r ,  s u pp o rt a numb e r  of p r oc e s s stud i e s ,  p a r t i c u l a r l y 
at the a i r - s e a  Inte r fac e  and In  the s u r face mi xed  l a y e r , 
t h at a re r e lev ant to c l imate. Fo r e x amp l e ,  wo r k  s u p p o rted  
by <l'oiR ma y b e  Impo r tant  i n  r e s o l v i n g  the ques tion of  the  
s e a - s u r fa ce wate r - v a po r  fl ux.  Ou r cu r r ent u nd e r standi ng of 
oc ean - atmo s ph e r e  c l imate  Inte r action owe s a g r eat dea l to 
the r e s u l t s  of the NCRPAX p r o g r am, wh ich  was s u ppo r te d  fo r 

ma ny yea r s  by a-.IR. <l'oiR I s  a l s o  s uppo r t i n g  th e deve lopme nt 
of  tec h n i q u e s  In r emote s en s i ng  that have d i r ect a p p l i cation 
to oc e a n  c l imate r e s e a r ch expe r ime nt s .  Fu rthe rmo r e ,  naval  
o p e r at iona l  acti v it i e s  n ee d  env i r onment a l  I nfo rmati on of  the 
type that Is  Imp o r tant  to c l imate r e s e a r c h .  

<l'R h as s hown a wi l l i ngne s s  to wo r k  with oth e r  a g e nc i e s  
In  oc e a n  c l imate p l a n n i n g , but I t  ma y not choo s e  t o  accept a 
fo rma l r o l e  In p l ann ing  and co o r d i n at i n g  ocean c l imate 
r e s e a r c h .  NSF, In  It s l e a d  r o l e ,  s h ou l d  ma inta in  r e gu l a r  
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info rmal contacts with a-R, to en s u r e  th at r e lev ant a-R­
spon s o re d  r e s e a r ch is  Inco r p o r ated into oce an c l imate 
s tu d ie s .  

NATIQW. <XX:m>INATIQII 

An imp o rt ant I n g r e d i e nt I n  the p r acti c al Imp l eme ntation 
of the l a r ge - s c a l e  ocean  c l imate re s e a r ch p r o g r ams i s  a 
con s en s u s  f r om  u.s. oceanog r a ph e r s  that the expe r iments can  
b e  don e and shou ld  b e  done.  Th i s  i s  p a r t i cu l a r ly needed fo r 
WOCE, s i nce the defin i t ion of WOCE's ob j ect ives  i s  s ti l l  
incomp lete.  A conmitme nt by c a p a b l e  s c i e nti s t s  to 
p a r t i c i p ate and to see that the expe r iments a r e  succe s s fu l  
i s  a l s o  nee d e d. Without th e co n s e n s u s  and t h e  corrmltme nt, 
the fe d e r a l  agenc i e s  find It  d iffi c u lt to dev e l op the new 
fun d i n g  needed  fo r suppo rt ing  the s e  expe r ime nt s .  

One n e c e s s a r y  step in  dev eloping  a con s en s u s  I s  to 
a l l a y  the fea r s  of many oceanog r aphe r s  th at a l l  new fund s 
wi l l  go to the l a r g e  p r og r sns ,  l ike  WOCE. Th i s  conc e r n  
needs  to be a dd re s s e d. The fede r a l  agenc i e s ,  and 
p a r ti cu l a r l y NSF, mu st be i nvolved.  The c l imate p r og r am  
a dvocate s i n  the sc ie ntifi c  conmu n ity ca nnot a s s u r e  the i r  
co l l e a gu e s  i n  othe r  ocean r e s e a r ch d i s c i p l i n e s  th at a p r op e r  
b a l ance  wi l l  b e  fou n d .  Tho s e  cont r o l l i n g  the mo n e y  mu s t  
g i v e  th i s  a s s u r ance.  He r e  i s  a n  opportun ity fo r p r og r am 
ma na g e r s i n  NSF and oth e r ag enc i e s  to s e e k  the op i n i o n s  of 
oc ea nog r aphe r s  of a l l  s t r i p e s ,  not j u st tho s e  with c l imate 
r e s e a r ch inte r e s t s .  What s h o u l d  be the app r op r i ate ba l ance 
of  s u ppo rt  fo r the s e  p r og r ams ?  Wh at is  the v i ew of  
b i o log i c a l  and g eo log i c a l  oceanog r a ph e r s (fo r  e x amp l e )  about 
the n ee d  for s t r ong s up p o r t  of ocean c l imate r e s e a r ch ?  
An swe r s to such qu e s t i o n s  might b e  sought  th r ough Nat ional  
Re s e a r ch Cou nc i l  c onmitte e s .  

INTERNATIQW. (l)OODINATIQII 

u.s. wo r k  on g loba l  ocean c l imate stu d i e s  c an b e  
augme nted a n d  s uppo rted  th r ough  coope r ation with othe r 
count r ie s .  The d eta i l s  of th i s  coope r ati on have a l r ea dy 
been g i ven i n  th e ch a pte r s  of th i s  repo r t  th at d i s c u s s  the 
s c i e ntific p r og r ams .  In  th i s  c hapte r the i nter n ation a l  
fr amewo r k with i n  whi ch p l an n i n g  i s  taking p l ac e  i s  
s unma r t z e d .  

I nte r n at iona l oce a n  cl imate r e s e a r ch i s  a component of 
the Wo r ld Cl imate Re s e a r ch P r og r am  (WCRP) . The WCRP I s  
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J o l nt l y  s po n s o r e d  b y  t h e  Wo r ld Meteo r o l o g i c a l  Or g a ni z ati on 
(WMO) and the I nter n at ional  Counc i l  of Scl e ntlfl c Uni o n s  
( ICSU) . Oce an c l lmate r e s e a r ch I a  coo r d i nate d b y  the 

Conmlttee on Cl imat i c  Changes and th e Oce a n  (<XXX>) under  the 
J o i nt a u s pices  of the I nter gove r nmental Oce anog r a phic 
Conml a a lon ( IOC) and th e Scientific Comnittee fo r Oce anic  
Re s e a r ch (SCXR) of  ICSU. <XXX> i n  tu r n  mai nta i n s  l l al aon 
with the J o int  Scie ntific Comnlttee { J SC) of th e WCRP. The 
CXXX> was e a ta b l l a he d  to give the oceanog r a phe r s  an 
o r gani z ation th at 1 a  pa r a l l e l  to the J SC fo r the WmP. 

The Unite d  States  h as p layed  a strong  r o l e  i n  
dev e l o p i n g  i nte r n ation a l  p l a n a  fo r ocean  c l imate r e s e a r c h ,  
a n d  the r e  1 a  ev e r y  i n d i c ation that thl a wl l l  cont inue.  We 
s h o u l d  not let the Inte r n ation a l  p l a n n i n g  dictate the 
c on tent of the U. S.  p r og r am, howeve r .  If we a re awa r e  of 
and pa rt ic i p ate in th e i nte r nati o n a l  p l ann i n g ,  we shou ld  
b e ne fit fr c:xn the  support i ng r es ea rch wo r k  th at wi l l  b e  done 
by oth e r  count r i e s  in  coop e r ation with u s .  NSF doe s not 
h a v e  e x p l l c it I nte r n ational  r e s pon s i b i l it i e s  in  oc ean  
c l imate r e s e a r c h ,  bu t shou l d  wo r k  th r ou g h  U. S .  dele gation s 
and oth e r  bod i es to e n s u r e  th at the s c i e ntific point of v i ew 
l a  con s i de r e d  in  inte r nation a l  p l anning . 

The United States s hould  be s e n s itive to the need fo r 
the CXXJD to ma i nt a i n  i nd ependence from the meteo r o log ic a l  
(WMO) a nd oc eanog r aph ic ( IOC) ope r at ional  o r g an i z at ion s .  

Both offe r th e p r omi s e  of a way to d o  th ing s mo r e  
effi c i ently.  Howeve r ,  the ocea nog r ap he r s  n eed an 
o r g a n i z ation th at can plan and imp l ement an inte r nat io n a l  
re s e a r ch p r og r am  a n d  th at d r aws upon both t h e  r e s e a r ch and 
the ope r  atl ona l  s ecto r .  The <XXX> ma y develop I nto s uch an 
o r  g a n l z atlon.  I n  th e s e  e a r ly stag e s ,  a s  a:xD sti l l  i s  
tr y i n g  Its  wing s , the United States  s h ou l d  ma k e  the effo rt  
to s u pport  the  a:xD as an I ndepende nt e ntity by ma inta i n i ng 
th e SCXR l l n k .  
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1 0 CDNCLUSIQilS 

The r econmendati o n s  fo r NSF action o r  s t r ate gy that a r e  
conta i n e d  i n  th i s  r e p o r t  a r e  s unma r t z e d  he r e  by cha pte r :  

1HE INTERANIIJAL VARIABI LI1Y OF 1HE TROPICAL OCEAN MD 
rnE GLOBAL ATMOSPHERE (Chapte r 4 )  

NSF s ho u l d  s uppo rt  TOGA p l anning  with the po s s l b t l l ty 
of U. S.  pa r ti c i pation i n  a l a r g e - s c a l e  inte r n ation a l  
oc eanog r aphic  a n d  atmo sphe r ic exp e r iment.  The s c a l e  o f  the 
p r og r am wi l l  r e qu i r e  s t r ong coo r dination betwee n NSF,  NOM, 
and NASA. 

The fi r s t s t a g e  of TOOA s h o u l d  focu s  on an swe r ing  ba s te 
que s t i on s  as  a p r e l ude to a fu l l - s c a l e  p r og r am.  We n e e d  a 
phy s ic a l  and theo r e ti c a l  fr amewo r k  i n  o r d e r  to d e s i g n  a fu l l  
TOGA e xp e r iment with a s s u r ance. 

The exte nt of U. S. pa r ti c i p at ion  in  an inte r nation a l  
TOGA n ee d s  t o  be c l a r ifie d .  U. S.  p l a n s  a r e p r oc ee d i n g  fo r a 
Pac ifi c - ba s e d  p r o g r am  to study th e South e r n  Os c i l l a t i o n .  
T h e  United States  s h ou l d  a l s o  p a r ti c i pate with othe r  
count r i e s  in  the Atlant ic  a n d  I n d i a "  ocean pa r t s  o f  T<XiA to 
comp l eme nt the Pac ific stud i e s .  

1HE WORLD OCEAN CIRCULATIQ\l EXPERIMENT (Cha pte r 5 )  

P l a n n i n g  fo r W<XE i s  s ti l l  i n  a n  ea r ly s tage.  NSF 
s h ou l d  s u pp o r t  r e s ea r c h  to a i d  in p l a n n i n g  fo r W<XE, thou g h  
a fu l l  conmitme nt s h o u l d  awa it a mo r e  c c:xnp l ete d e fi n it ion  of 
the p r og r am. 

An ea r th - o r biti n g  s ate l l ite to me a s u r e s e a - s u r face 
topog r aphy and wi nd s-t r e s s i s  an  e s s enti a l  e l ement of W<XE. 
Th e r e  a r e  no U. S.  p l a n s  to launch such a s a te l l ite  i n  th i s  
decade.  NSF s e n i o r  ma n a g eme nt s h o u l d  d i s c u s s  the need fo r 
s p a c e bo r ne oce a n i c  me a s u r ements with NASA and NOM. A 
conmitment to an o b s e r v ation a l  s atel l ite I s  n eeded if  we a r e  
to g o  ah e a d  with WOCE. 

5 6  
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HFAT lRANSPCRT SnDIES (Chapte r 6 ) 

NSF shou l d  s up po r t  he at fl ux  studie s with i n  the TOOA 
and W<XE p r og r ams , o r  po s s i b l y  a s  p r ecu r s o r s  to th em. Th i s  
s h o u l d  i n c l u d e  oppo rtuni ti e s  fo r p a i rwi s e  inte r c ompa r i s on s  
o f  t e c h n i q u e s  fo r h e at f lux e s timation.  NSF s ho u l d  con s i d e r  
s u p p o r ti n g  a t r a n s -Pacif ic  Oce a n  po lewa r d h e a t  fl ux  
me a s u r eme nt wh en a s u itable  p r op o s a l  appea r s . NSF s h o u l d  
a l s o  s uppo r t  s tu d i e s t o  exami n e  th e extent  to which  we a r e  
ab l e  t o  e stimate heat  a n d  e n e r gy fl u x e s  i n  the ocean and  
atmo s p h e r e .  If th e GINS Cag e  expe r iment  i s  s e r iou s l y  
p r op o se d ,  NSF s ho u l d  i n s i st th at the i s s u e  o f  the r o le of 
po l a r  heat fl uxes  be r e s o l ved  as pa r t  of the j u st ifi cation . 

OCEAN O.JMATE MQIIJTCRIN; (Chapte r 7 )  

NSF shou l d  s e e k  th e i n v o l v eme nt o f  th e Nationa l Cl imate 
P r og r am Offi ce to i d enti fy ocean c l imate mon ito r i ng as a 
n a t i o n a l  need and to obta in  a lon g - te rm conmitme nt to it .  
Th en NSF s hou l d  wo r k  c lo s e ly  with othe r a g e nc i e s  (l'I[)M and 
NASA) to e s tab l i s h  an ocean monito r i n g  s y s tem th at wi l l  meet 
t h e  n ee d s  of c l imate r e s e a r ch p r og r ams .  

OIHER OCEAN O. IMATE RES EAR.OI  ISSUES (Chapte r 8 )  

A n umb e r  o f  v a lu a b l e  ocean c l imate s tu d i e s  fa l l  o ut s i d e  
t h e  cu r r ent ly  app r oved nati o n a l  a n d  inte r nat iona l  fr amewo r k.  
NSF s h o u l d  r ema i n  flex i b l e  e nough to s u ppo r t  good oc ean  
c l imate r e s ea r c h  i d ea s  even when th e y  are  out s i de the 
" a p p roved" f r amewo r k. 

NSF shou l d  watch fo r addit ion a l  benefits  to the c l imate 
r e s e a r ch p r og r .n  in the oth e r  oceanog r a phic  r e s e a r ch 
p r op o s a l s  it r e ce i ves , and ,  i f  pos s i b l e ,  th e s e  ben efi ts  
s h o u l d  be c on s i d e r e d  i n  r e v i ewi ng and  a s s i g n i ng p r io r it i e s .  

NATI<NAL AND INTERNATI<NAL <XlOODINATI� (Chapte r 9 )  

NSF s ho u l d  d o  the fo l l owi n g :  

1 .  S u p p l y  th e Nat i on a l  Cl imate P r o g r am Offi ce (NCPO) 
with p l an s ,  budget s ,  i nter agency coo r d i nation and  p r og r e s s  
r e p o r t s  r e l ated to th e He at T r an s p o r t  and Sto r a g e  p r i n c i p a l  
t h r u s t .  
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2. Estab l i s h  t i e s  with t-Dt\A, NASA ,  and GR t o  ens u r e  
th at r e s ea r ch r e l ate d  to ocean c l imate I s  c omp l ementa r y .  

3 .  Con s i de r  e s tab l i s h ing  an ocean c l imate r e s ea r c h  co ­
o r d i nat ing  cente r ,  po s s i b ly  at a n  ocea nog r aphic  I n s t ituti on 
o r  by  u s in g  a co r po r ate body s uch as  UCAR o r  JOI . 

4 .  Defi ne,  p o s s i b l y  th r ough the i'KPO, r e s ea r ch n ee d s  
fo r oc e a n  monito r i ng that cou l d  be s u p p l i e d  b y  N>M. 

5. Wo r k  with NASA to define n ee d s  and e st a b l i s h  t imi ng 
fo r oc e a n  cl imate r e s ea r c h  s atel l i te s .  

Tho ugh I t  does  not have s p ecif ic  I nte r nat iona l  
r e s p on s l b l l l t le s ,  NSF s h o u l d  wo r k  th r ough th e app r op r i ate 
U. S.  d e l e g ati ons  and bod i e s  to do th e fol lowi n g :  

1 .  Suppo r t  the CCCX> a s  a bo dy I n d epe ndent  o f  both 
ocea nog r ap h i c  ( IOC) and meteo r o lo g i c a l  (WMO) ope r ati o n a l  
o r  g a n l z at lons . 

2 .  Ur ge the e s tab l i s hment of a tech n i ca l l y  c a p a b l e  
p r og r am offi ce f o r  WOCE. 
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APPENDIX B: DEFINITI(]I.IS 

Acc o r d i n g  to th e U. S. Conmittee fo r th e Glob a l  
Abllo s ph e r ic Re s e a r ch P ro g r am  ( 1 97 5 ) ,  c l imate and  c l imate 
ch a n g e  may be defi n e d  as fo l lows : 

Cl imate state.  Th i s  is  defined as  the av e r ag e  
( to g ethe r with t h e  v a r i a b i l ity  and oth e r  stati st i c s ) of 
the c omp l ete set of atmo s p he r ic ,  h yd r o s phe r i c ,  and 
c r yo s p he r i c v a r i a b l e s  over  a s p e c i fi e d  pe r io d  of time in  
a s p e c if ied d oma in  of the e a r th - atmo s p h e r e  s y s tem. The 
time i nte r v al  ls under s to o d  to be con s i der ab l y  l o n g e r  
t h a n  t h e  l ife s pan o f  i nd iv i du a l  s ynoptic we ath e r  
s y stems ( of th e or d e r  o f  s e ve r a l  d ay s )  a n d  l o n g e r  th a n  
t h e  theo r et i c a l  t ime l imit o v e r  wh ich t h e  behav i o r  of 
th e abllo s ph e r e  can  be loca l l y  p r e dicted ( of the o r de r  of 
sev e r a l  week s ) . We may thu s s peak ,  fo r e x amp l e ,  of 
month l y ,  s e a s on a l ,  y ea r l y ,  o r  dec a dal  c l imate state s .  

Cl imate v a r i at ion .  Th i s  i s  defined a s  the 
d iffe r e nc e  between c l imate state s of th e s ame k i n d ,  a s  
betwe en two J a nu a r i e s  o r  betwe en two decade s .  We ma y 
th u s  s p e a k ,  fo r e x mnp l e ,  of month l y ,  s e a s o n a l ,  y ea r l y , 
o r  d e c a d a l  c l imate v a r i a t i o n s  in  a p r e c i s e  way .  The 
ph r a s e  "c l imate ch a n g e" is u s e d in  a mo r e  g en e r a l  
fa s h ion  but i s  g e ne r al ly s ynonymo u s  with th i s  
defi n i t i o n .  

Cl imate a n oma ly. Th l s  we defi n e  a s  the deviat ion  
of a p a r ti cu l a r  c l imate state  from the a v e r ag e  of a 
( r e l at i v e l y )  l a r g e  numb e r  of c l imate s tate s of the s ame 
k in d .  We ma y  thu s  s pe a k ,  fo r ex amp l e ,  of the c l imate 
anoma l y  r ep re s e nted by a pa r ticu l a r  J an u a r y  or by a 
p a r ti c u l a r  ye a r . 

Cl imate v a r i a b i l ity. Th l s  we defi ne as th e 
v a r i a nce  among a numb e r  of c l imate s tate s  of the s ame 
k i n d .  We ma y th u s  s p e a k ,  fo r examp l e ,  of mon th l y ,  
s e a s o n a l ,  y e a r l y ,  o r  d ec a d a l  c l imate v a r i a b i l ity.  
Although it  may be confu s i n g ,  th i s  defi n i t i o n  of c l imate 
v a r i ab i l ity i n c l u d e s  the v a r i ance of the v a r i a b i l ity of 
the i n d i v i du al c l imate state s .  
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