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f rom W o o d s Hole , a n d the Albatross IV f rom 
N M F S . A series of t h r e e , four - sh ip cruises 
followed by a final two- o r t h r ee - sh ip cruise is 
in p rog res s d u r i n g 1982. T h e s e cruises will 
p rov ide a t ime series of observa t ions d u r i n g 
the evolut ion of o n e o r m o r e r ings . 

A w a r m core r i ng is f o r m e d w h e n a m e a n ­
d e r separa tes to t he n o r t h of t h e Gulf S t r e a m 
(Figure 1). T h e resu l t ing r i ng typically has a 
d i a m e t e r of 1 0 0 - 2 0 0 km. T h e cent ra l co re 
usually has t h e physical , chemica l , a n d biolog­
ical p r o p e r t i e s of t h e Sargasso Sea, a n d a 
Gulf S t r e a m r e m n a n t fo rms t h e h igh velocity 
reg ion s u r r o u n d i n g t he core . S t r e a m e r s of 
cold shelf a n d slope wa te r a n d w a r m Gulf 
S t r eam wate r a r e , however , of ten e n t r a i n e d 
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Fig. 1. T h r e e stages in t h e fo rma t ion 
of a w a r m core r i n g f rom a Gul f S t r e a m 
m e a n d e r . 
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Fig. 2. I n f e r r e d w a r m core r i n g m o v e m e n t based pr imar i ly on a n analysis of satellite IR 

pho tos for t he p e r i o d 1 9 7 0 - 1 9 7 6 . M o v e m e n t of r ings is wes tward ; the i r m e a n t rack is con­
fined be tween t h e con t inen ta l s lope a n d the Gul f S t r eam. (This i l lustrat ion was modif ied 
f rom D. Lai a n d P. L. R icha rdson ' s F igu re 7, which a p p e a r e d in t he Journal of Physical 
Oceanography, vol. 7, p p . 6 7 0 - 6 8 3 , 1977, pub l i shed by the A m e r i c a n Meteorologica l Socie-
ty-) 

*David Schink, J a m e s - M c C a r t h y , T e r r e n c e 
Joyce , G l e n n Flierl, P e t e r Wiebe (vice chair ­
m a n ) , D a n a Kester ( cha i rman) . 

A major r e sea rch p r o g r a m is u n d e r w a y , 
s p o n s o r e d pr incipal ly by t h e Na t iona l Science 
F o u n d a t i o n , to s tudy w a r m core r ings off t he 
East Coast of t h e U n i t e d States. T h e p r o g r a m 
involves m o r e t h a n 25 pr inc ipa l invest igators 
a n d 13 dif ferent ins t i tu t ions . T h e Nat iona l 
O c e a n o g r a p h i c a n d A t m o s p h e r i c Admin i s t r a ­
t ion ( N O A A ) is actively pa r t i c ipa t ing t h r o u g h 
the Nat iona l M a r i n e Fisher ies Service 
(NMFS) a n d the i r Na t iona l E a r t h Satellite 
Service. N A S A is c o o p e r a t i n g with aircraf t 
overfl ights d u r i n g cruises a n d by s p o n s o r i n g 
some s h i p b o a r d work . 

T h e p r o g r a m s ta r t ed with its first field o p ­
era t ion in S e p t e m b e r - O c t o b e r 1981 . T h i s was 
a th ree - sh ip exercise involving t h e Endeavor 
f rom Universi ty of R h o d e I s land , t he Knorr 
in to the r i ng c i rcula t ion (see cover) . Satellite 
in f ra red images p e r m i t us to see r ings fo rm, 
to follow the i r m o v e m e n t s a n d the i r in te rac­
t ions with Gulf S t r e a m a n d with s lope water , 
a n d to see t h e m coalesce with t h e Gul f 
S t r eam. W a r m core r ings a r e t h e d o m i n a n t 
fo rm of o c e a n o g r a p h i c variability in t h e s lope 
water off t he East Coas t of t h e U n i t e d States. 

Historical Data 

Data f rom satellites a n d f rom ships of o p ­
po r tun i t y have b e e n u sed by Bisagni [1976] , 
Halliwell and Mooers [1979] , a n d Mizenko and 
Chamberlin [1979] to charac te r i ze t he f r equen ­
cy of occu r r ence a n d d i s t r ibu t ion of w a r m 
core r ings . O n e can typically find two to 
t h r e e r ings in t h e s lope wa te r at any given 
t ime, a l t h o u g h t h e r e have b e e n p e r i o d s d u r ­
ing t he past 5 years with n o n e to as m a n y as 
n i n e r ings . T h e s e r ings have m e a n lifetimes 
of 6 m o n t h s . Be tween t h e t ime of s epa ra t i on 
f rom a n d coalescence with t h e Gul f S t r eam, 
mos t r ings m i g r a t e (F igure 2) at a r a t e of 3 - 5 
km/day in a southwes te r ly d i rec t ion . T h e y a r e 
cons t r a ined by t h e Gu l f S t r e a m to t h e sou th 

a n d east a n d t h e con t inen ta l shelf to t h e 
n o r t h a n d west. 

W a r m co re r ings a r e affected by a variety 
of o c e a n o g r a p h i c processes . Ear l ie r s tudies in 
the n o r t h w e s t e r n At lant ic showed tha t d u r i n g 
fall a n d winter , h e a t loss to t h e a t m o s p h e r e 
gene ra t e s t h e r m a l convect ion which goes 
d e e p e r in t h e r i ng t h a n in s u r r o u n d i n g s lope 
wate r [Saunders, 1971]. Smith [1978] es t imated 
tha t episodic collisions of w a r m co re r ings 
with t he shelf/slope f ron t cou ld t r a n s p o r t 
a m o u n t s of hea t a n d salt u p to 3 0 % of t he 
a n n u a l air/sea flux of h e a t a n d salt in to wa­
ters o n t h e con t inen ta l shelf wa t e r off Nova 
Scotia. S tudies in t h e East Aus t r a l i an C u r r e n t 
a n d t h e K u r o s h i o have ind ica ted tha t w a r m 
core r ings a r e f o r m e d in these r eg ions also 
a n d tha t they behave ana logous ly . 

Program Scope 

O u r objective is to s tudy t h e dynamics a n d 
evolut ion of w a r m co re r ings in o r d e r to u n ­
d e r s t a n d f u n d a m e n t a l oceanic processes in a 
semi-closed h y d r o g r a p h i c r e g i m e a n d to con­
t r ibu te to t he u n d e r s t a n d i n g of t h e role r ings 
play in t r a n s p o r t a n d e x c h a n g e in t h e r eg ion 
be tween t he shelf wa te r a n d t h e Gul f S t r eam. 

A n ear l ie r s tudy of cold co re r ings [Ring 
Group, 1981] showed t h e n e e d for a well-co­
o r d i n a t e d p r o g r a m to u n d e r s t a n d t h e physi­
cal, chemical , a n d biological in te rac t ions oc­
c u r r i n g in r ings . T h e W a r m C o r e R ing P ro ­
g r a m is cons ide r ing several specific ques t ions : 

1. W h a t is t h e physical s t r u c t u r e a n d m o ­
tion? H o w a r e physical processes affected by 
in terac t ions with s u r r o u n d i n g s ? H o w does a 
r ing c h a n g e as it ages? 

2. W h a t effect d o they have o n large-scale 
chemical t r a n s p o r t in t h e reg ion? D o they en­
h a n c e vertical fluxes a n d accelera te biological 
a n d chemica l in te rac t ions? 

3. W h a t a r e t h e p o p u l a t i o n d is t r ibut ions? 

0096-3941/82/0044-0031 $ 1.00 
Copyright 1982 by the American Geophysical Union. 



EOS, vol. 63, no. 44, November 2, 1982 

T A B L E 1. Pr inc ipa l Inves t iga tors a n d T h e i r P r imary Areas of Research in t he W a r m C o r e 
Rings P r o g r a m 

Inves t iga tor Ins t i tu t ion A r e a of W o r k 

Experimental and Descriptive Physical Oceanography 
T e r r e n c e Joyce a n d Ray- W o o d s H o l e O c e a n o g r a p h i c C T D - 0 2 a n d c u r r e n t profil 

Ins t i tu t ion 
Univers i ty of Miami 

m o n d Schmit t 
Kevin L e a m a n a n d R o b e r t 

Evans 
T h o m a s O s b o r n a n d Rolf 

Lueck 

ing a n d mix ing s tudies 
L o r a n dr i f te r m e a s u r e m e n t s 

J a m e s B i shop 

Alfred H a n s o n a n d D a n a 
Kester 

D a n a Kes ter a n d Mary 
B r o w n 

David Schink a n d N o r m a n 
Guinasso 

Naval Post G r a d u a t e School 
M o n t e r e y 

Chemical Distributions and Processes 
L a m o n t - D o h e r t y , C o l u m b i a 

Univers i ty 
Univers i ty of R h o d e I s land 

Univers i ty of R h o d e Is land 

T e x a s A & M Universi ty 

t u r b u l e n t ene rgy dissipat ion 

par t icu la te flux of chemicals 

invest igat ion of t race meta l 
d is t r ibut ions a n d specia-
t ion 

n u t r i e n t a n d oxygen s tudies 

r a d i u m - r a d o n s tudies 

R icha rd Backus 

Patricia Blackwelder 

Gre t a Fryxell 

Rona ld Schlitz a n d David 
M o u n t a i n 

Pe te r Wiebe 

T i m o t h y Cowles 

H u g h Ducklow 

J a m e s McCar thy 
C h r i s t o p h e r Gar s ide 
David Nelson 
Michael R o m a n 

Biological Investigations: Spatial Patterns 
W o o d s H o l e O c e a n o g r a p h i c 

Ins t i tu t ion 
Nova Univers i ty 

T e x a s A & M Universi ty 

Na t iona l M a r i n e Fisher ies 
Service 

W o o d s H o l e O c e a n o g r a p h i c 
Ins t i tu t ion 

mid-wa te r fish d is t r ibut ions 

cocco l i thophore a b u n d a n c e 
a n d m o r p h o l o g y 

p h y t o p l a n k t o n species com­
posi t ion 

fish larvae d is t r ibut ions 

m a c r o z o o p l a n k t o n dis t r ibu­
t ion a n d life history 

Biological Investigations: Plankton Physiology 
W o o d s H o l e O c e a n o g r a p h i c 

Ins t i tu t ion 
L a m o n t - D o h e r t y , Co lumbia 

Univers i ty 
H a r v a r d 
Bigelow Labora to ry , Ma ine 
O r e g o n State Universi ty 
Univers i ty of Mary land 

T h e o d o r e S m a y d a a n d Gary Univers i ty of R h o d e Is land 
Hi tchcock 

m a c r o z o o p l a n k t o n graz ing 
a n d egg p r o d u c t i o n 

bacter ial p r o d u c t i o n a n d bio 
mass d is t r ibut ion 

n i t r ogen n u t r i e n t dynamics 
low level n i t r o g e n dynamics 
silicon n u t r i e n t dynamics 
m i c r o z o o p l a n k t o n graz ing 

s tudies 
p h y t o p l a n k t o n g rowth s tud-

G l e n n Flierl 

J o s e p h Wroblewski 

J . W. C h a m b e r l i n 

W a y n e Esaias 

D o n Olson a n d Otis B r o w n 

Char les Yentsch a n d Ray­
m o n d C. Smi th 

Analytical and Numerical Modeling 
M . I . T . 

Da lhous ie Univers i ty 

Remote Sensing 
Nat iona l M a r i n e Fisher ies 

Service 
N A S A 

Univers i ty of Miami 

Bigelow Labora to ry , Maine , 
Univers i ty of Cal ifornia , 
San ta B a r b a r a 

circulat ion a n d t r a n s p o r t 
m o d e l i n g 

biological m o d e l i n g 

satellite in f ra red imagery 

aircraft r e m o t e sens ing of 
ocean waters 

r e m o t e sens ing sea surface 
t e m p e r a t u r e a n d color 

r e m o t e sens ing of biological­
ly i m p o r t a n t p a r a m e t e r s 

H o w d o they re la te to e n v i r o n m e n t a l factors 
in the r ing , par t icular ly as it m a t u r e s ? W h a t 
cont ro ls p r i m a r y p r o d u c t i o n a n d activity at 
h ighe r t r oph i c levels wi th in t h e r ing? 

T h i s p r o g r a m has t h e following m a i n com­
p o n e n t s : (1) e x p e r i m e n t a l a n d descr ip t ive 
physical o c e a n o g r a p h y , (2) e n h a n c e m e n t a n d 
appl ica t ion of r e m o t e sens ing to ocean s tud­
ies, (3) chemical d i s t r ibu t ions a n d processes , 
(4) biological spatial p a t t e r n s , (5) effect of en-
t r a i n m e n t s o n fish popu la t i ons , (6) p l a n k t o n 
physiology, a n d (7) analytical a n d n u m e r i c a l 
mode l ing . 

T h e invest igators in this p r o g r a m a re listed 
in T a b l e 1 acco rd ing to the p r i m a r y c o m p o ­
n e n t with which they a r e associated; however , 
some con t r i bu t e to m o r e t h a n o n e c o m p o ­
nen t . 

First Cruise 

T h e p r o g r a m s ta r t ed with a t h ree - sh ip (R/ 
V Atlantis II, R/V Endeavor, R/V Albatross IV) 
exped i t ion in September—October 1981 . T h e 
r ing s tud ied was t h e f o u r t h w a r m r i ng ob­

served to fo rm in t he s lope water reg ion in 
1981 a n d was d e n o t e d 81-D (see cover) . T h e 
first analyses of these observat ions were p r e ­
sen ted at a j o i n t A G U / A S L O m e e t i n g in San 
A n t o n i o , T e x a s , in F e b r u a r y 1982 (Eos, p . 5 1 , 
J a n u a r y 19, 1982, abstracts f rom session, 
Physics, Chemis t ry , a n d Biology of Gulf 
S t r eam Rings) . T h e s e findings have subs tan­
tially modif ied o u r pe rcep t ions of the r ings . 
Rings can have c o m p l e x life cycles tha t m a y 
involve r e p e a t e d in te rac t ions with the Gulf 
S t r eam. For e x m p l e , d u r i n g the pe r iod of 
s tudy, 81-D u n d e r w e n t a major in te rac t ion 
with t he Gul f S t r e a m d u r i n g which b o t h a d e ­
crease in r ing d i a m e t e r a n d a shoal ing of t h e 
t he rmoc l i ne by near ly one - th i rd occu r r ed . 
D u r i n g this in te rac t ion , two major en t r a in -
m e n t s were obse rved . A t o n g u e of w a r m wa­
ter f rom the Gul f S t r e a m spiral led in to t h e 
r ing f rom the west s ide. Su rp r i s ing excesses 
of r a d o n were f o u n d within t he r ing core 
f rom 20 to 250 m d e e p , indica t ing some of 
these waters h a d b e e n p r o x i m a t e to sedi­
m e n t s within t h e pas t few weeks. A second 
t o n g u e of a b o u t 180 k m 3 of shelf wa te r was 
d r a w n into t he r i n g o n t h e east side. D u r i n g a 
1-week p e r i o d of in t ense gales a n d the en-
t r a i n m e n t events , t h e u p p e r 100 m of t he 
r i ng core ga ined substant ia l a m o u n t s of dis­
solved oxygen as a resu l t of air-sea e x c h a n g e 
a n d pho tosyn the t i c p r o d u c t i o n . T h e r e also 
was a vertical flux of n u t r i e n t s to the e u p h o -
tic zone tha t s t imula ted new p r o d u c t i o n a n d 
resu l ted in a n overal l dec rease in n i t ra te in 
t he u p p e r 100 m. T h e s e changes did no t oc­
c u r in t he s lope wa te r ou ts ide the r ing . 

W a r m core r ings w e r e pos tu la ted to have a 
core of biologically p o o r Sargasso Sea water , 
slowly c h a n g i n g in p o p u l a t i o n a b u n d a n c e a n d 
species compos i t ion to tha t of t he slope wa te r 
as the r i ng m a t u r e d . I n fact, t he r i ng core 
was f o u n d to be r ich in biota. Ch lorophyl l , 
p r i m a r y product iv i ty , b iogenic silica, par t icu­
late ca rbon , a n d par t icu la te n i t rogen were 
h i g h e r in the c e n t e r t h a n in slope water . Zoo-
p l a n k t o n b iomass m e a s u r e m e n t s showed t h e 
r i ng core to be as r ich as the s u r r o u n d i n g wa­
ters . 

1982 Time Series 

T h e first cruise of t h e 1982 t ime series was 
comple t ed May 10, 1982. T h i s was a j o i n t 
sh ip o p e r a t i o n involving the R/V Knorr, t h e 
R/V Oceanus, R/V Endeavor, a n d R/V Albatross 
IV. N A S A c o n d u c t e d two aircraft overfl ights 
for ch lorophyl l , sea sur face t e m p e r a t u r e , sa­
linity, a n d ocean sur face waves spect ra us ing 
a variety of a i r b o r n e sensors . 

I n f r a r e d images revea led the fo rma t ion of 
r i ng 82-B in late F e b r u a r y . Sh ip of o p p o r t u ­
nity X B T observa t ions in March showed t h e 
r i ng core to have t e m p e r a t u r e s be tween 17° 
a n d 18°C to d e p t h s of 300 m. By late Apr i l , 
t he co re h a d b e e n cooled to t e m p e r a t u r e s less 
t h a n 16°C a n d was m i x e d un i fo rmly to a p ­
prox imate ly 450 m. A l t h o u g h core waters of 
this r i ng were of Sargasso Sea or igin , major 
t r ans fo rma t ions in t h e biological a n d chemi ­
cal cons t i tuents h a d a l ready occu r r ed . Major 
n u t r i e n t s (ni t ra te , silicate, a n d p h o s p h a t e ) 
were p r e s e n t in subs tant ia l quant i t ies to t he 
surface, a s i tuat ion ra re ly observed in t he 
Sargasso Sea. I n add i t i on , a n u m b e r of phy­
top l ank ton a n d z o o p l a n k t o n species typical of 
s lope wate r a n d shelf wa te r were p r e s e n t 
within r i ng core waters . T h e r i ng h a d very 
low ch lorophyl l concen t r a t i ons relative to t h e 
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adjacent h igh velocity r eg ion a n d slope wate r 
a p p a r e n t l y because of t h e lack of stratifica­
tion in t he surface waters . 

Each of t he t h r e e N S F - f u n d e d vessels car­
r ied o u t c o m p l e m e n t a r y tasks in this coord i ­
na ted s tudy. R/V Endeavor was respons ib le for 
e x p e n d a b l e b a t h y t h e r m o g r a p h t races (XBT) 
star surveys of t he t e m p e r a t u r e field of t he 
r ing a n d for m a p p i n g vertical s t r u c t u r e of 
hor izonta l c u r r e n t s to 100 m us ing an acous­
tic D o p p l e r c u r r e n t prof i l ing system. Cont in ­
u o u s m e a s u r e m e n t s were also m a d e of tem­
p e r a t u r e , salinity, ch lo rophyl l , a n d o t h e r ac­
cessory p lan t p i g m e n t s a n d transmissivity of 
the surface waters . Deta i led C T D - O 2 profiles 
to the sea floor were m a d e o n t ransec ts across 
the r ing a n d o n t ransects u p s t r e a m a n d 
d o w n s t r e a m of the r i ng f rom the con t inen ta l 
shelf o u t in to t he Sargasso Sea. Bio-optical 
profiles w e r e also m a d e at each stat ion, which 
inc luded sepa ra t e d e t e r m i n a t i o n s of t e m p e r a ­
tu r e , salinity, as well as ch lorophyl l , fluores­
cence, transmissivity, downwel l ing a n d u p -
welling spect ra l i r r ad i ence a n d nu t r i en t s . 

Most of t h e e x p e r i m e n t a l biological a n d 
chemical w o r k was c o n d u c t e d a b o a r d t h e R/V 
Knorr. F o u r t e e n major s tat ions w e r e occup ied 
for pe r iods of 1 2 - 4 8 h o u r s , d u r i n g which 
t ime C T D - O 2 rose t te casts u s ing 5-1 a n d 30-1 
bottles w e r e m a d e to ob ta in wa te r for use in 
s tudies of p h y t o p l a n k t o n species compos i t ion , 
bacterial e n u m e r a t i o n , a n d physiological 
s tudies. T h e la t ter i n c l u d e d s tudies of t he 
i nco rpo ra t i on of , 4 C , 1 5 N , 3 3 P , a n d 3 0 S i 
labeled nu t r i en t s , t h y m i d i n e u p t a k e by bacte­
ria, a n d t race meta l d i s t r ibu t ions . Ne t collect­
ed zoop l ank ton a n d bot t le col lected micro-
zoop l ank ton were u sed in g r az ing expe r i ­
men t s . Ch lo rophy l l profiles w e r e d e t e r m i n e d 
in t he u p p e r 100 m f rom p u m p e d samples . 

Spatial m a p p i n g of m a c r o z o o p l a n k t o n a n d 
midwa te r fish was ca r r i ed o u t o n b o a r d t he 
R/V Oceanus at e ight s ta t ions e x t e n d i n g f rom 
the r i ng c e n t e r to t h e s lope water , u s ing 
M O C N E S S ne t systems with 1 m 2 a n d 20 m 2 

nets . T h e 1 m 2 system o b t a i n e d d e p t h specific 
samples at 100 m intervals f r o m 1000 m to 
200 m a n d 25 m intervals f r o m 200 m to t he 
surface. T h e 20 m 2 system o b t a i n e d d e p t h 
specific samples at 250 m intervals f rom 1000 
m to t he surface . I n add i t i on , l a rge vo lume 

p u m p i n g for pa r t i cu la te m a t t e r at 8 d e p t h s 
f rom the surface to 700 m, ch lo rophy l l casts 
genera l ly to 100 m (occasionally to 200 m) , 
a n d shallow ( u p p e r 600 m) a n d d e e p (deep-
sea floor to an a l t i tude of 600 m) casts for ra­
d o n 222 , r a d i u m 226 , a n d r a d i u m 228 were 
m a d e at these s ta t ions. T h e la t ter samples 
were collected with 30-1 niskin bott les d e ­
ployed o n the h y d r o w i r e o r o n a C T D / r o s e t t e 
system which also c o n t a i n e d an in situ p u m p ­
ing system for t h e ex t rac t ion of r a d i u m 228 . 

R/V Albatross IV c o n c e n t r a t e d o n the physi­
cal a n d biological desc r ip t ion of t h e shelf wa­
te r e n t r a i n e d to t h e west of 82-B. Vert ical 
CTD -O2 profiles to 1000 m a n d p l a n k t o n 
hauls in t he u p p e r 100 m were m a d e o n t r an ­
sects across t he f ea tu re . T h e r e w e r e also con­
t i nuous u n d e r w a y m e a s u r e m e n t s of t e m p e r a ­
t u r e , salinity, a n d ch lorophyl l . I n add i t ion , an 
a r ray of seven c u r r e n t m e t e r m o o r i n g s w e r e 
set at t he e d g e of t h e con t inen ta l shelf a long 
the n o r t h e r n side of 82-B a n d in t he en t r a in -
m e n t fea tu re . 

Summary of Warm Core Ring 
Findings to Date 

1. Satellite a n d aer ia l r e m o t e sens ing p r o ­
vide quant i ta t ively useful i n fo rma t ion o n t h e 
t e m p e r a t u r e a n d ch lo rophy l l s t r u c t u r e a n d 
character is t ics of w a r m core r ings . 

2. I n m a n y ins tances , we have seen l a rge r 
changes in t he physics, chemis t ry , a n d biology 
of a r i ng in a week 's t ime t h a n we h a d ex­
pec ted would occur in several weeks. T h e s e 
changes were associated with Gul f S t r e a m in­
terac t ions , a n d cold wa te r z o o p l a n k t o n spe­
cies invad ing t h e r ing . T h e cold wate r species 
h a d h igh physiological ra tes c o m p a r e d to 
the i r w a r m wate r c o u n t e r p a r t s . L a r g e chemi ­
cal fluxes have b e e n seen in t h e c e n t e r of t he 
r ing . 

3 . Stratification in t h e wate r c o l u m n a n d 
its var ia t ion with t ime plays a very i m p o r t a n t 
role in chemical a n d biological processes in a 
r ing . 

4. T h e r e were substant ia l u p w a r d shifts irf 
the zoop l ank ton b iomass of 82-B be tween 
March a n d May. T h e s e shifts a r e obse rved in 
t he slope water , b u t they d o no t occur in t he 
Sargasso Sea. 

5. Significant a m o u n t s of shelf wa te r a n d 
associated o rgan i sms can be advec ted in en-
t r a i n m e n t fea tures . 

T h i s in terd isc ip l inary r e sea rch p r o g r a m is 
substantial ly increas ing o u r k n o w l e d g e of t he 
processes associated with w a r m co re r ings . 
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