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ABSTRACT, An id ea li zed plane tary flat-b o tto m geos trophi c ice- ocean m od e l is 
co nstru c ted \I'ith IJo und a ries at la titud es 5 and 65 :\ a nd lo ng itud es 50 \\ ' a nd 10 E 
in o rd er to a ppro :-;im<lte th e :\o rth .\ tlanti c. Th e m od e l is dri\ 'e n IJ\' fi :-;ed zo nall y 
a\'e raged \I'incl . s urf ~l c e a ir tempe ra tures a nd surface ocean sa linit ~, . ..-\ d yna mi c 
th erm ocl y na mi c sea -i ce m od el is co upl ed to th e ocea n mod el. Onh- th e th erm od\'n <l mi c 
in sul a ting e ffec ts o f th e sea ice a rc consid ered. a nd no sa lt f1u xes due to m elting a nd 
li'eezing a re includ ed , Fo ur equi librium simul a ti o ns o f a bout 5000 yea rs each a re 
perfo rm ed: t\l'O \I 'ith intera cti\'e sea ice \I' ith and \'I'ith o ut ice d yna mi cs, and t\l'O 
contro l simul a ti o ns \I' ith e ith er a fix ed or no ice COI,(, r. 

In th e t\l 'O silllul a ti o ns including interac tin' sea ice, c ha rac teristic osc illati o ns in th e 
ice thi c kn css and ocea n te mpcrature are fo und to occ ur. The oscillati ons are sma ll e r 
\I' he n sea -i ce d vnallli cs arc inc lud ed, Th e d ominant osc ill a ti o n occurs a t a bo ut a 5 \"ea r 
peri od , \I' ith tfl e ke:' lCature being that th e prese nce o f' sea ice tend s to in sul a te' th e 
ocea n a nd hence a ll o \l 's a n oceani c wa rming. This wa rming in turn en' ntua ll y ca uses a 
m elt-ba ck o f th e ice a nd a subseque nt coo l-d own o f th e ocean. O scill a ti o ns at lo nge r 
period s o f abo ut 20 yea rs in th e lhcrm o ha line c irc ul a ti o n arc a lso o bse rl't'd, These 
lo nger-period osc illatio ns a rc pa rti c ul a rl y p ro no un ced in th e llo rth\\'a rcl s urf~l ce \I'at er 
transpo rt , 

1. INTRODUCTION 

C o nsid era ble resea rch has been d o ne o n th e lhe rm o halin c 

c irc ul a ti o n o f'th e . \ tla nti c O cean b ~ ' Cl number o f' a uth o rs 

Br\"a n. 1986: Zh a ng and o th ers. 1992, 1993. 1995 : 

\\' ri g ht a nd Stac ke r. 1993 ), H O\\'e\T r. th e trea tm ent o f 

th e sea -i ce Co\T r has bee n limited , '\I a n ~ aspec ts o r tlI e 
th e rm o ha line c irc ul a ti on a rc la rgc ,," co ntro ll ed b y th e 

s urf~l ce ho und a n ' conditi o ns o n sa lt a nd hea l. Beca use o f' 

th e impo rtan ce o r th e role o f' th ese bo undary conditi o ns. 

\IT e:-; pec t th a t sea ice m ay pl ay a pa rti cul a rl y impo r ta nt 

ro le in th e th erm o h a line circ ulati o n. Spec ifi call y. th e 

p ITSe lll'l' of a n ice Co\T r te nd s to in sul a te th e o[('an \I'hile 
th e m elting a nd lreezing ca n modiry th e sa lt flu:-; es , This is 

es pec ia ll y tru e \I 'hen ice tra nsport is includ ed, in as mu ch 

as m elting so uth\l'a rd-m O\' ing sea ice ca n bo th coo l th e 

ocea n a nd d cli\ 'C r a subs ta nti a l fi -es h-\l'a tc r flu x. This sa lt 

f1u :-; m ay be quite c riti ca l as m os t ill\ 'Cs li gati o ns haw 

indi ca ted tha t pe rrurba ti o ns o f th e sa lt flu :-; can lead to a 
ca tas tro phi c breakcl o wn o f' the Ih e rm o ha line circ ul a ti o n 
(sce. e.g" Brya n , 1986) , Thi s IC;ltuIT is a n impo rta nt 

compo nc nt o f th e e m'c t of H e inri ch e \ 'ents o n ocean 

circ ul a ti o n {\\ ' ri g ht a nd Stoc ker. 1993 . 

In additi o n to th e sa lt flux. lhe in sul a ting' dIcCl o f sea 

ice ca n pl ay a role in a lterin g th e therm o h a line 
ci rc ul a ti o n , .\ 10 lTo\TL it has bee n d e m o nstrated that 

the prese nce o r a thermoch'na1l1i c sea-i ce co \'e r can lead to 
sho rt-tC'1'm osc illatio ns o r th e ice ocea n sys tem (Zh a ng 
a nd o th e rs, 1995 ) , H O\\"(, IT L ho \\' th e ch 'na mi c c ha racte r 

o f' th e ice COlT r mi g ht affec t suc h osc illa ti o ns has not bee n 

e:-; a mined, .\Iso th e prec ise ph ys ica l m ec ha ni sm s a re no t 

rull~ ' und e rstood, 

Beca use o f' th ese comple:-; iti cs. in thi s pa per \\"C loc us 
o n th e therm od yna mi c efTects o r th e sca - icc ('over a nd th e 
role o f th e sea-i ce ch 'na mi cs o n th e int e r-d ecad a l a nd 

sho rter osc ili a to J"\ ' c ha rac teri s ti cs produ ced 1)1" th e 

prese nce o r int e rac tilT sea ice , Th e foc us in thi s stud y is 

o n th e ph ys ica l m ec ha nism s res po nsible fo r such osc ill a 

t io ns, a nd th e rol e ice d yn a mi cs pl a~ ' ill m odul a tin g th e 

oscill a to ry he ha l 'io r. As a co nseq ue nce a n id ea li zed 
Ill ec ha ni s ti c Ill odel is used he re , \\'hile thi s m od el o nh' 

I'cry crucl ely a ppro:-; im a les th e :\o rth . \t1a nti c, th e 

mec ha ni sms a ppear ro bust eno ug h to m o ti\ 'a te imTs ti ga 

ti o n \I'ith m o re complete circ ulati o n m od els. 
O\ 'C rallth e s imul a ti o ns dem o nstra te th a t rh e inclusio n 

o f" inlcrac til'e sea ice intrinsicall y ca uses substa nti a l 
osc illatio n in th e th e rm o ha lillc c irc ulati o n and no rth

Il'a rd hea t t ra nspo rt, Tha t thi s m ec ha ni sti c m od el res u lt 

m a y ha lT m o re ge ne ra l a ppli cati o n is a lso co nsiste n t Il'ith 

m o re complete m odel-based studi es o f th e inter- a nnu a l 
I"<lri a bilit l o f" th e ice- ocea n Sl 's tem \I'hi c h indi cate th a t. 
\I ' ith ice d yna mi cs includ ed, int er- a nnua l l"<l1'i a ri o ns o f"th e 
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Green land Sea ice marg in a re large ly controll ed by a 
balan ce between oceanic hea t transpo rt a nd ice ad vec ti o n 

(Hi bi er a nd Zhang, 1994) . 

2. MODEL DESCRIPTION 

For thi s stud y, we m a ke use of a mechanistic sec tor 

geos trophi c ocean mod el. Th e mod el d om a in is bo und ed 

by la titud es 5° and 65° 1'\ (a la titud e just north ofIce la nd ) 
a nd 10ngilLLdes 50° \\' and 10 E. The mod el is in sph erica l 
coordinatcs a nd has a ho ri zo nta l reso lutio n of2.3° in bo th 
latitude a nd longitud e, with 14 "erti ca ll eve ls as shown in 
Table I. Thi s ocean mod el is somewh a t simil a r to th a t 

used by Zhang and o th ers (in press ) , a lthough th ere a re 
differences. Spec ifi call y, for a ll eq uat ions of moti on we 
utili zed a fl a t-bottom " ersion of th e Brya n Cox occan 
circul a ti on mod el with th e non-linear te rms remo vcd and 
a sim plifi ed equa ti on o f" state (Zhang a nd oth crs, in press ) , 
so that " 'e essenti a lly have a pla neta ry geos trophi c mod el. 

H owc\'e r , onc m aj o r m odifi ca ti o n is that we ha " e 

increased substa ntia ll y (by a fac tor o f fi" e) the viscos ity 
of th e bo ttom laye r. This effectively c rea tes a g rea te r 
d a mping of" th e ex te rn a l mode a nd a lso prod uces a 
bo n om to rqu e term resulting in some barocl inic adjust
ment in th e upper laye rs simila r to wh a t occurs with 

bottom topography . As a consequence, in this mod el, as 
contras ted to o th er pla neta ry geos trophic models, ch a nges 
in th e density fi eld will a lso ca use th e ve rti cally integra ted 
now to cha nge: hence th e " erti ca ll y integra ted £10\.\ - must 
be reca lcul a ted a t each timc step , not oncc as is th e ca. e in 
o th er geos tro ph ic mode ls. This is cons idered to be a 
reali stic feature of th e mod el, since to a large d eg ree it 

mimics th e bottom torque effec ts of bo ttom topog ra ph y. 
Also, it prO\' id es a consistent se t of equa ti ons as we simpl y 
integra te th e primiti,-e equati ons fo rwa rd in time without 
the non-linea r terms. In this mod el, the horiz onta l a nd 
ve rti ca l kinema ti c edd y viscosity a r e 5 x 108 a nd I cm 2 

Si, 

respec ti vel y, a nd th e horizonta l and ve rtica l diffu sio n 
coeffi cients a re 2 x 107 a nd 0.63 cm 2 s I . 

362 

Table 1. Thicknesses oJ ocean l'erti(([/ levels 

Lez'el "\ '0. 

2 

3 
4 
5 
6 
7 

8 

9 
10 
11 
12 
13 
14 

Thickness 
m 

46 

58 

73 
92 

11 6 
146 
184 

232 

292 
368 
463 
584 
673 
673 

Fo r forcing fi e lds we ha"e an eas t- west zo na ll y 
inva ri a nt surface wind stress with su rface a ir temperature 

and surface ocean sa linity spec ifi ed in a zona ll y unifo rm 

mann er with meridi o na l , ·a ri at ions. The wind stress . 
tem pera tu re and sa li ni ty Gelds arc essen ti a ll y the same 
as used by Zhang a nd o th ers (in press) excep t th a t we 
ha , 'e made the temperatures sli ghtl y cold er by subtrac ting 
a lin ea rl y increas ing tempera ture in crem en t. Conse

quentl y, our a ir temperatures ranged from 27.5°C a t 

5" ;'\! to - IO.1 5°C a t 65° l'\. Th e cross-over to below
freezing temperatures occ urs at about 5 1° "\'. 

For modeling sea ice, we made use of a d ynamic 
th ermodynam ic sea- ice mod el co upl ed to the ocean in a 
m a nn er similar to th a t employed by Hibler a nd Bryan 

(1987 ), except that a cavita ting Ollid rheo logy (Flaw a nd 

Hibler, 1992 ) in sp her ical coo rdin ate- ,,-as employed. In 
add iti on, on ly one leve l of ice was used, with onl y a mean 
ice thickness a nd no open water. For th e d yna mic sea-ice 
model, a n addit iona l sou thward surface wind stress of 
10mPa (0 .1 dynecm 2) was imposed. Additiona ll y, a 

m ean ice thi ckn ess of2 m a nd a southward ice ,-elocity of 
0.02 m s 1 we re imposed a t the north ern bound ary as a n 
open boundary-flux co ndition. Basica ll y, with this 
formul ation the ice motio n wi ll be a ffec ted by th e ocean 
curre11lS but will not modify th e ocea ni c mo me11lum 
eq ua li o ns. 

Since there is no seasona l cyc le here, the coupling to 
th e a tm os ph ere was sim plified, in that we pa ra meteri zed 
th e hea t flu x as what wou ld occu r for sensible hear nu xes 
onl y. I n th e case o f o pen wate r, this yields a hea t flux of 

(1) 

wh ere Ta is the a ir tempera ture a nd TI the surface wa ter 
tempera ture. The bulk transfer coeffi cient D has been 
chosen to yield nux es equi va lent to ha" ing a 30 d 
r elaxat io n in th e ocean-consen'a ti o n equ a ti o ns for 
temperature. This ,-alue is slig htl y hig her than th a t of 
Hi b ler and Bryan ( 1987 ), but is being used in a mean 

annual context. In the case of a n ice cover we a slim e a 
constant conducti\'ity k through th e ice a nd no hea t 
sto rage. \\' ith thi s assu mpti on. toget her with insistin g th a t 
th e hea t flu x is continuous . it is easy to show th at the a ir
sea hea t excha nge in th e presence of sea ice of thickness h 
IS g iven by (see, e.g ., Hibl er a ndFl ato, 1992) 

(2) 

where 

(3) 

a nd where Tr is th e freezing temperature of ea water. 
Consistent with Hibl er a nd Brya n (1987 ), th e melting 
effects o f" the ocean on th e ice a re obtained by insistin g 
th a t the upper layer of lhe ocean is a t freez ing in the 

presence of ice . T o accomplish this, suffi cient ice melt lo 

lower the ocean to freez ing takes place at th e end of each 
tim e step. 

Fo r lh e surface sa lt nu x we used a 30 d relaxation to 
mea n meridiona l valu es in the ocean salt-conservation 
eq ua tions. For a ll the model si m ul a tions d iscussed here, 
th e re laxa tion terms for both salt a nd hea t excha nge were 
a lways em ployed. 
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In addili on lO lh ese ice mod els, \I 'e a lso pe rform ed l\\'o 
" Ii xed ice-lhi ekn ess" cont ro l simul a ti ons, In th e firs t, o r 

" ze ro ice -thi ckn ess" case, th e insula ting effe c t o f th e ice is 

rem Ol'ed b\, simph' insis tin g th a t \\'h en n'e r the freez ing 
poinl o r sea \I'a ter is reac hed h\' th e ocea n , th e ocean 
tempera ture is nOl a ll o \l'ed to drop a n y lo\\'er. H O\\,e\'e r , 
n o ice is a ll o\l'ed to lorm, This dfec ti\ 'e ly rem Ol'es th e 

insulatin g efTec t o f sea ice , In th e second co ntrol 

simul a ti on , a fix ed ice COl'e r is spec ifi ed. a nd h ea t 

tra nsfer in to th e ocean is ca lcul a ted using Equa ti on (3 ) 

except lh a t Tr is tak en to he th e temperature o f the \I'a ter 
und e rn ea th th e ice \I'hich m ay be a bOl 'e fi-eez ing , As in 
th e " zero ice-thi ckn ess" case, th e ocea n surface tempera 
ture is co nstra in ed o nl y by no t being a llo\l'ed lO d rop 

belOl\' ['reez ing a nd is, in fae t, a llo\l'ed to go a bo\'e fi 'eez ing 

und er th e ice , C onsequ el1ll y. in thi s simul a ti on th e 
insul a tin g e ITec t or th e ice cove r is trea ted e\'en th o ugh 
th e re is no inte rac ti o n be t\l 'Ce n th e ice a nd th e ocea n , 

3. MODEL SIMULA TIONS 

U sing th e llum e ri ca l m od e l d esc ribed a bo\T, lo ur mod el 
simul a lio ns lO a qu asi-equilibrium obla in ed a ft er a bo ul 
5000 yea rs o f m od el integra li on \lT re ca rri ed o ut. j n a il 

cases, th e ice- ocean m od el \I'as initi a li zed \Vi th unifo rm 

tempera ture a nd sa linity. Th e three simul a ti ons th a t \I 'e re 

perform cd uscd th e different ice fo rmula ti ons menti oned 
a bOl'C , na mel y a m Oli onl ess simul a li on \I,he re a mo tionless 
lh e rm od yna mi c ice m od e l was empl oyed ; a n " ice 
d\ 'nami cs simul a ti o n" \I' he re ice tra nspo rt a nd ice 

d yna mi cs empl ol' ing a ca \'i ta ting l1uid rh eo logy were 

employed ; a contro l " zero-i ce" run \I,here no ice was 

a ll o \l'ed but th e ocea n \\'as no t a llo\\'ed to dro p belo\l' th e 
freezing lempera lure; a nd a " fix ed-i ce simu la ti o n" \,\,here 
the insul a ting elrects of th e ice cOl'er \\'e re imposed but no 
o th e r int e rac ti o n \I'as a llowed , 

3.1 Approach to equilibrium 

E ac h mod el \I'as in tegrated a t I d tim e steps fo r a bo ul 
5000 yea rs, Th e long-lerm tola l ocean energ ies a nd lo ta l 
ocean lempera tures a re sho\ln in Fig ure j, Bas icall y, a fl er 

a n inte rm edi ate osc illa tio n, th e mod els a pproach a n 

equilibrium sta te with rcla li\ 'Cly sta ble res ults, This is 

a lso tru e of th e ice ex tent a nd thi ckn ess for th e t\\'o models 
in cluding sea ice (Fig , 2) , l\o te thal th e tempera ture is 
co ld es t with th e ze ro-thi ckn ess ice run a nd wa rm est \I,ilh 
lhe "fi xed-i ce" contro l mod el. This is co nsistent \I'ith th e 

hea t tra nsfer at hi gh la titud es being hi ghes t in th e ze ro

thi ckn ess case a ndlo\l'C r \\' ith sea ice prese nt. \[ oreOl 'er, in 

the " fi xed-i ce" mod el. th ere is no coo ling of th e ocean by 
m elting sea ice , N Ole th a t th e ice-d yna mi cs case is only 
sli ghtl y \I'armer th a n th e mOli onl ess inte rac ti\ 'e-i ce case , 

This is beca use e\'en th oug h , as ShO\\'ll in Fig ure 3. th e ice 

COlTr is co nsistentI\' thi cke r fo r th e ice-dmami cs model. th e . , 

ocean is a lso cooled b y melti ng south \l'a rd-I11 01'ing sea ice , 

T he th e rm oha line circul a ti on pa tte rn is \ 'e ry simil a r in 
th e inleract i\ 'e sea -i ce cases a nd is shO\l'n in Fig ure + 
\I 'here th e m eridi o na l-slrea m fun c ti ons fo r th e "i ce
cll 'n a mi cs" a nd "zero-i ce" simul a ti ons a re sho \l'l1, .\To te 

th a t in th e case of th e " zero ice-thi ckn ess" m od el, th e 

cxcess i\'e cooling a t hi g h la titud es m o \'es th e d omina nt 

10 

9 
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7 

6 

5 
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\ 
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/ 
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/ 
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/' 
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2 ,SOx 1 0 4 L......... __ ~ _ _ ~ __ ~~ __ ~_-....J 
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Yea r 

Fig , I, Averaged ocean temjJeratllre over t/i e [( 'hole model 

dO/l7aill r e) and to lal kinelic ellerg)' (cm2 s ~) Ja r the 
mOlionlm illteraclire sea-ice model (solid line). Ihe ice
cLl'llamics model ( dolled line), the control run wiliz zero ia 
Ilticklless (dashed line ) and the conlrol run wilh fixed ice 
Ihicklless (dol -dashed lille). 

sinking to a slig htl y hi gher la titud e but shuts ofI' th e \ 'e ry 
high-l a titude c irculation. I n th e " fix ed-i ce" simula ti on 
lh ere is a m ore subtle enh a nced high-latitud e coo ling , 
Thi s coo ling fo llows from a \var m e r hi g h-l a titud e 

tempera ture a ri sing from no t fo rcing th e ocean tempera

ture to freezing b y m elting sea ice , It is felt th a t p a rt o f th e 

reaso n th a t such large OI 'erturning occ urs fa rther south in 

0,170 
Ice coverage (fraction) 

0 . 155 

0,150 L.....~ ............. _~---.L~_~ __ .-..L._~......J 

0.50 Ice th ickness (m) 

:::: r~""'-' 
0,20 

--------------~ 0 , 10 

0.00 L..... __ ~~_~ __ ............. __ ~_~--" 

o 1000 2000 3000 4000 5000 

Year 

Fig , 2, .Ileall ice coverage (fi-ac tio1l oJwhole oceall s1l1jare 
area) alld ia thickness ( 111 ) averaged over Ihe regioll 
covered b)' ice , T he solid lille is Ior Ihe moliollles:, 
illleracliz'e ia lIIodel alld the dOlled lille for l/ie jidl ice
c{J'lwmics lIlodel. For tomj}arisoll, Ihe Ii red-ice rOlllrol rull 
Iws a mean ice thickness oJ 1 117 alld !Ileall ice e,\ /fllt oJ 
0,151. 
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Ft~I{ . 3. Ire IhirkllfSJ dislriblllioll f or ( a) Ille lII olioll/es') 

illleracliN-ice lIlode! and ( b) Ih e ice-{{J'IWlllics model. 
Conlollr in/amI is 0.1 Ill . For rOIll/Jarison //ie fi l ed-ire 
.Iimulalion has 1.0 m Ihick ire el lfllding d01('11 10 55.8- . \ '. 

th ese simul a ti o ns is til l" so m cw ha t cxccssi"e! r co ld 
tempera tures used here a t hi g h latitud es. 

Th ese circul a ti on pa tte rn s a rc a lso renec ted in th e 

a 

5N 65N 

O( I11 ) ~~~~~j 

woo 81 
~ ~~ 

4rnm L[~'~'-LI~I~I -LI ~I~' -L' ~'~I -L'~'~'-L' ~I~' -L' ~I-LI-LI ~I-LI -LI ~'-LI~I 
b 

Fig. 4. Ou rlumillg slream:!imclioll cOlllourj' jar (a) Ih e 
ice- (~J' lIalllics model alld ( b) Ih e cOlllrol simulalioll wil/i 
:;.ero ice thicklless. The lIlolionless illlNar/iN sea-ice model 
)lields slrealll -junclioll cOli/ours l'el)1 similar 10 IllOsr ja r Ih e 
iCf-r{l'lIalllics model u'/Zile Ihefi \ erl-ire Illid lles.) /II odel ha.1 
a -I lrf{/11I J Ullclioll inlermediale belu'een ( a) alld ( b) . 
COlllollr illlam l is 1 SI'. 

36+ 

no nh\\'a rd hea t tra nspo rt fo r the fo ur m od els 5ho\\'n in 
Fig ure 5. 1n th e (\\ ' 0 m odels inc luding interac ti" e sea ice , 
th e no rth ward h ea t tra nsport pea ks a t aro und I SO Nand 
th en g radua Uv d eclines, a lth oug h th ere is sig nifi ca nt 

no rth ward transport a t hi g h la titud es. I n th e zero ice

thi c kn ess case, th e re is a hi g her tra nspo rt below a bo ut 

300 N and th en a substa nti a l redu c ti on of tra nsport 
fa rth e r no rth . 

Nort hward hea t tran s port 
100~~----~----r-----r---~~----~ 

80 

60 

40 
_/ 

20 

o 
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<p 

FI~£; . 5 . . \ ·orlhward heal Iraw/lO rl (JOl ~cm~ o C s I ) 1'5 

lalilude f or lit!' ice- r~) 'l7allli[J model (so lid lil/e) . Ihe .::.no
ice cOl/lrol simulalioll ( dOlled lil/e) alld Ilteji ,ed-ice cOl/lrol 
1II 0del ( dashed lille) . The heal lrallsjJorl!or l/i e 1I10Iiollle,\s 

illlemuil'e sea-ice lIlodel is illdisli llguishable al Ihis scale 

fro m Ihal/or Ilze ire-d),l1amics model. 

3.2 Oscillatory characteristics 

or pa rti cul a r interest for thi s paper are th e oscillato ry 

cha racteristi cs of th e "s tead y-state" \'e rsion of the two 
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Fig. 6 . .Ilea/l ice coverage (jraclioll ojwlzole oceall slI1jare 
area) and ice IlJicklless ( Ill ) ([l'eraged over Ihe region 
covered ~) ' ice al "slea~) ' slale'· . ( a I , a2) T he moLiollless 
ilZleracliz'e ice model: ( bl , b2) Ih e ice-(01Izamics model. 
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m od cls inc luding inre rac ti n' sea ice. ~l any characte risti cs 

of th ese osc ill a ti o ns can be e!\ pl a in ed !J\' so m e simple 

id ea li zed model co ncepts prese nt ed la te r. J n Fig ure 6 a re 

shQ\m 100 yea r long a mplifi ed tim e se ri es of th e icc 
CO\Trage a nd ice thi c kn ess fo r th e t\\·o mod els including 
inte ran i\T sea ice . T o compa re th e ocea n tempera ture 
cha racte ri sti cs, Fig ure 7 shows tim (' sni es of' th e same 

I 00 ~"Car s of oeea n te mp e ra tures n o rth of 46.6° N 

la \'t' ragecl Q\'er th e upper 53 1m o f' th e ocea n ) a nd 
surface hea t flu !\es for th c sa mc reg io n . Fina lh', selected 
ocea n c ircu la ti o n cha rac te ri sti cs a rc illustra tcd in Fig ure 
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FI~ft . 7 . . Il eall ll 'aler Ifll1/}{'ralllre ( C ) alld .Ill1face Ileal 
.f!llI e.1 ( /1 ' 171 ~ ) ./in Ihe regioll lIorlh of -16.6 .\ '. Tile 
wall'!" lellljJeratllre iJ Jar the u/J/Ja 531111 of t/ie oceall . (a l. 
a2 ) The motiollless-ire lIlodel : (b l. b2) the ice-((J'lIalllics 
model. For comjJarisoll . the [olltrol simulatioll.1 (;,ero ice 
alld'/i'\ed ice, res/Jectil'e(l>j haz'e 1i'lIIjHrature l'{/riatioll.1 ~f 
3.3838 3.38-10-C alld 5.961-1 5.9622 C: and heal-J1//\ 
l'arialioll.1 of 2-17.91810 2-17.917 /1 '1/7 ~ alld 51 .5410 
51.-1-1 11 '1/7 ~ . 

8. \\ 'hi c h shows th e north\\'ard \ 'o lum c tra nsport a t th e 
middle o /' th e ocean g rid in th e uppe r 53 1 m oJ'th e ocea n 
and th e no rthwa rd ocean heat transpo rt a l 46.6 N. 
R epo rt ed in th e fi g ure ca pti o ns a re the s tead y-state \"a lues 

10 1' these ocea ni c \'ar ia bles for the contro l simul atio ns. 

demonstra ting th e sta b ility of th e control simula ti o lls. 
I t is \'Cry clea r [rom Fig ures 6 8 tha t th e inc lusion of' 

th e rm a lh' illlerac ti\ 'e sea ice causes th e m od e ls to han' 
sig nifi ca nt osc ill atory c haracte ri s ti cs . Since the onh' 

boundan' cond itio n that is direct ly c hanging beca use 01' 
th e ice is th e hea t tra nsport into the ocea n. the e ffect that 

is being illustrated here is that the insulating c haracter
is ti cs of sca ice are lead in g to osci ll a ti o ns in th e 
th e rm o halinc c irc ulation \\' he n thc ocea n is a ll owed to 
m e lt bac k th e ice. 

I t is a lso c lea r that th e m a in ro le o r icc dynamics a nd 

tra nspo rt is to clecrease the a mplitud e o f' th e osc illations 

a nd so m e\\'ha t a lter th e phase of th e hi g hest li·equenC\·. 
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Fig. 8 . . l/eallll'{lter tram/JOrl /'{l rialioll.1 ( Si') ill Ihe /I/J/xr 
531111 oJ llie orean al t/ie ceIIler oJ morltl dOlllain alld heal 
I r{l/I.\/}{)rt ( I OI~cII1 2 Cs I ) al -16.6 .\ ·jiJr ( aI , a2) Ihe 

IIlOliollles.I"-ice lIIodr! alld ( b I . b2 ) the ice-(!l'lIamics 1II0del. 
For {() lIIj){1 riJ 011 , tlte tralls/Jorts/or the (olltrol rullS ( ;,ero ice 

alldJ/\ee! ice ) are 5.500-1 5.50 12 alld -1.4389 -I.-I-I08 Jor 
il'aler lrall s/J ort. and 10.3717 10.3723 and 38.161 38.173 

.fin heal Irall .ljJo rl . 

This is shOl\'ll perhaps mo re g rap hica ll y in Fig ure 9 \\·here 

\\' c sho\\' pO\\T r spcctra of th e dillerent time se ri es. The 

dominant osc ill a to ry charac tcris ti c is a high-freque ll c> 
flu ct ua li o n \I'ith a period ofarou llcl 5ycars ill the ice allCl 
tcmperalure \ 'ariab les at hi g h la titucl cs . These hi g h
I'requ enc), flu c tu a tio ns are a lso presen t in th e act ua l hea t 

transpo rt and to a lesse r clegree in th e upper-ocean 

\'o lum e tra nsport (Fig . 8 ). 

In th e case of th e water tra nsport (espec ia ll y in th e 
simulatio n inc luding sea -ice d)"nami cs ). t here is a lso a 
lo nger-term quasi-period ic \'aria bilil >' wilh a period o f' 
a bou t 20 \Ta rs. Th ese osci ll at ions are eith er no t presen t in 

the contro l simulations or at leas t a n order or m agnitud e 

sma lkr. The O\'cra ll magnitude o f th e osc ill ation in th e 

oce<ln ic-\\'a ter and hea t tra nsport is about 2% [or the 
mo ti o nless-ice case a nd about 10

;') /01' th e ice-dynamics 
m ock!. Th e surface temperature \'a ri a ti ons (relati\'C to 
o C l ha\'C simil a r perccntage c ha nges, while th e heat- nu x 

\'a ri a tions a re \T ry substantial (23% and 8% (e) r th e 

m o ti o nless a nd ice-ch-nami,'s models, res pec ti\ely l. These 

large r \"(lriations refl ect the substa nti a l \'ariabi lit )" in the 
ice thi c kn ess o[ about cj.Q % a ncl 10'1.1 fo r th e t\\·o model s. 

It is also useful to note that , \\ 'hile in a ll cases th e 

d~' nami c -i ce model yields small oscillat iolls , it is in the 

perce n tage c ha nge in ice thi c kn ess that th e bigges t 

dil1e rencc occ urs. r n particular, th e ice thickness in th e 
ice-ch 'nami cs mod e l has a ma!\imull1 osc illa to ry change of 
a bou t 0.04 III which is onl y sli g htl y smaller than the 
th er lll od ~ ' l1 alllics -o l1h ' case of 0 .06m. Also, both model, 

ha \ 'C \'Cry simil a r ice e!\ tcnt s. with rdati\ 'el y small 

cha nges of about II % a nd 6% , respecr i\·eh-. (o r the 

m o tionless a nd ice-d\"11 a mi cs cases . 
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Fig. 9. Power sjJectra of time series. Solid lilies arefrom the ice-({J'lIamics model and dashed lines are from the motionless-ice 
model. 

4. DISCUSSION AND CONCEPTUAL MODEL 

Th e d o m ina nt res ult shown by th is num eri ca l m od el is 

th a t in clusion o f a n ice cO\'e r (which direc tl y a ffec ts o nly 

thc sea- a ir hea t (]uxes a nd nOl th e sa linity flux es ) res ults 

in pro no un ced sh on-te rm osc ill a ti o ns of ice ex te nt, ice 
thickness, ocea n tempera ture, tra nspo rt a nd e ne rgy . In 
th e case o f sea-i ce thi ckn ess, eX Lent a nd surfa ce hea t 

exc ha nge. th ese oscill a ti o ns a rc su bsta n ti a l ("" I 0% ). bu t 

they fo rm a much sm a ll e r percentage in th e case of th e 

ocean \ 'o lum e a nd hea t tra nsports ("" I %). Th e m a in 

eflec ts o f th e incl usio n o f ice transpo rt a nd d yna m ics are 
that th e m ag nitud e o f th e osc ill a ti o ns is redu ced a nd the 
d o minant hig h-freque ncy compo nent is shifted from a 

5 year pe ri od to a hi g he r freq ue ncy of a bou t 4 yea rs. Al so, 

in terms of specifi c nlri a bl es , th e ice-ex tent \ 'a ri a tions a re 

c ut in ha IC\\'hen d yn a mi cs is includ ed , wh ile th e thickn ess 
\ 'a ri a ti o ns a re similar in m agnilUd e . H owe\'c r , beca use o f 
grea ter ice m ass in th e ice-dyna mi cs case (resultin g fro m 
ice bcing tra nspo rted so uthwa rd ), th e percentage c hange 

in lhi c kn ess is much less . 

In lerms o f a co nceptu a l m od el, th e hig h-frequ e ncy 

osc ill ato ry cha rac teri sti cs ca n be qualitati\ 'e l), ex plain ed 
by co nsid e rin g a n ice CO\'e r on LOp o r a wa rm ocean w hi ch 
is receiving hea t laterall y. As th e ocean warms, it m elts 
th e ice and is th en cooled by the sea a ir hea t tra nsfe r. 

Bas ica ll y \\'e can imag in e : ta rtin g o f[' with a cold ocean 

a nd a thin ice cover. U nd e r th ese circ umsta nces the ice 

then thi c kens rapiclh'. However. as th e ice becomes 
thi c ker , it in sul a tes the ocea n m o re dTecti\'Cly . As thi s 
occ urs, the ocean warms up a nd e\'C ntua ll y m elts th e icc 
back, \\ 'hi eh th e n a llows the a tm os ph ere LO cool th e ocea n, 

a nd th e cyc le starts o\'e r aga in . 

H owe\ 'e r , thi s simple view is compl icated b y th e fac t 

that th e la te ral hea t transport a lso chan ges in res po nse to 

c ha nges in the ocea n temperature. Th e intera cti o n and 
phase re la tionships betw een th ese \ 'a ri a bl es arc shown 

m ore c learl y in Fig ure 10, whi ch compares 40 year tim e 
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series of th e ocean tempe ra ture of th e upper 53 1 m o f th e 
ocean no rth of 46.6° N , a nd the hea t transport. In Fig urc 
11 , th e c ross-co rrela ti o n be twee n th ese variabl es is p lotled 

to es tab li sh phase differences better. These fi g ures sho w 

th a t th e ice thi c kn ess a nd ocean tempera ture a re out of 

ph ase as we wou ld expect. i\lo reove r , exa mina ti o n o f the 
tim e se ri es shows (es pec ia ll y in the motionless sea -i ce 
cO\'e r case ) th a t there is a \ 'e ry sha rp drop in th e ocea n 
lempera ture coinc id ent with a \ 'e r )' sharp pea k in lh e 

northwa rd heat tra nspo rt. Wh at a ppears to be ha ppening 

here is that a strong coo ling at the surface when th e ice is 
\'C ry thin res u lts in a surge in no rthwa rd heat tra nspo rt 
(no t necessa ril y a t th e surface ) . On ce thi s di es down , th e 
ice thi c kens again and th e ocea n g raduall y warms up. 

The lo nge r-te rm cycl ica l effecl can be rela ted lO th e 

no rthwa rd ocea ni c tra nspo rt in th e th ermohaline sys tem. 

Bas icall y we can im agine th a t th e rate o f cha nge o f the 
no rth\\'ard oceanic transport wou ld rou ghl y sca le with 
th e ratc o f change o[ the ice thickness. This assert io n is 
reaso na ble in the sense thal a bigger ch a nge in ice 

thi c kn ess co rresponds to a larger cooling and, since we 

expec l the stre ng th o f the no rthwa rd tra nspo rt to sca le 

wit h th e coo ling , increased coo ling will correspond to a n 
inc reased north wa rd tra nspo rt. 

A fin a l iss ue is th e fac t th at th e model including ice 
d yna mics has a hi g he r-freq uency osci ll a tion th a n the 

m odel with motionless sea ice. The qua litati\'e a rgume nt 

here is thal th e coupling be tween the ra te of ice-th ickness 

d ec rease and ocean-\\'ater tempe ra ture is stronge r fo r the 
mode l with ice transport includ ed. The id ea is that wi th a 
dynamic ice cover the th ic kn ess is being controll ed m a inl y 
by th e southward tra nspo rt o f ice. H en ce, in this case , 

\\ 'a rm e r wa te r direct ly m e lts a ce rta in a mount o f ice 

w ithout sig nifi ca ntl y ch a ng ing th e thickn ess . In th e 

mo ti o nl ess-i ce case, on th e o th er ha nd , th e thi c kn ess is 
di c tated b y a ba la nce between ice g rowth a nd m elting by 

th e ocean. H e nce th e re is a nega ti\'e feed-back, since as 
th e ice is m elted by th e water it will become thinne r a nd 
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al'eraged ol'er Ihe regions as described ill Figures 6- 8. 

g ro\I' so mell'h a t [~ls t e r. \\ ' ith thi s nega ti\T fCed-bac k, th e 
ra te or c ha nge o r ice thi ckn ess sho uld sca le less stro ng ly 
\I'ith \I'a te r temperature. T hi s a rg umC'llt is co nsistent with 

th e tim e se ri es in Fig ures 6 a nd 7 II'h e re th e m ean ocea n 

tempera ture-oscill a ti o n c ha nge is ha k ed \I' ith th e inclu

sio n o f d yna mi cs \I·hil e th e thi c kn ess c ha nges a re similar. 
These C]u a lil a ti\ 'e concepts m ay be put in equ a ti o n 

fo rm as fo ll o \I's. Fo r the icc g ro\l,th \IT 11<I\ 'e 
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Fig . 1/. (;ro.l.\ -corre/alioll behl'een meall ice Iltirklle.IJ alld 
(}({'all lelll/Jera III re (solid lille) . ice IltirklleJS alld Ileal 

I rallJjJ 0)'1 ( dolled line ) , alld heal IrallsjJo)'1 alld oceall 

lelll/Jeralure ( dashed fine) . T he lag arrangemenl is such 
IlIal al T = 2 Ihe (orre/alioll i.1 Jar lite .fin I Nl riable al 
lillle t /L 'illt 1111' secolld m riab/e ?)'ear.1 earlier. See Figure.1 
6 8 Jor a r/1'.lm/Jlioll oJ Ihe l'Ctriab/eJ. 

\I'here h is so m e kind of a\'e rage ice thi c kn ess , T g is th e 
surf ilee tempe ra ture o f th e ice . T\\' is so m e kind of wa ter 
tempe ra ture, and Tr is th e freez ing tempera ture o r sea 

wa te r. The first term of thi s equa t io n is th e heat tra nsfe r 

thro ug h th e ice a nd th e second te rm is so m e type oC 
id ea lized me lting term. Fo r th e ra te o f c ha nge o f wa ter 
tempera ture \I't" ha \'e 

clT". J(:3 
-- = --+Tt ,. 
clt h 

(5) 

\I ' he re, as be fo re, h IS som e kind o f' a \ 'e rage ice thi ckn ess 

and Tt,. is th e no rthward ocea ni c hea t tra nspo rt. Fina ll y, 
101' th e no rth wa rd ocea ni c hea t tra nspo rt T tr we a rg ue 
th a t 

elTtr = J(~ . clh . 
elt clt 

(6) 

Ir \IT nO\I' a rg ue th a t th e ra te o f tra nspo rt embodied in 
Equati o n (6) occ urs a t a lower frequen c>' th a n th e ra te o f 
c ha nge o f ice thi c kn ess, \\ 'e ca n diffe re nti a te Equa ti o n (5) . 

a nd combin e it \I·ith Equa ti o ns (4 ) a nd (6). a nd sepa ra te 

o ut th e t\l 'O differellt frequ ency compo nents (as th e 

equ a ti o ns a re esse nti a ll y lin ea r ), o bta ining 

d2T". J{J.K2.T\\' 
- 1-'- + I 2 = const a n t c t - 7 

(7) 

(o r th e hi g h li-equ ency a nd 

(8) 

It) r 1 he lower freq ue ncy . Both eq ua li ons a re osc ill a ti o n 
eq uati o ns. 

Th e a rgum e nt that th e re is a weake r coup ling a t th e 

hig h fl'Cqu ency fo r th e mo ti o nl ess-i ce mod el is a lso bo rn e 

Out I)\' exa mining th e re la ti ve m agnitud es o f th e thi ckn ess 
a nd tC' mpe ra ture va riatio ns sho wn in Fig ure 10. Spec ifi
ca ll y, fo r th e m o ti o nless m od el. th e ra ti o o f' th e thic kn ess 
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" a ri a nce to th e tempera ture "a ri a nce is less th a n th a t fo r 

th e simula ti on including ice d yna mi cs . 

In prac ti ce, of course . th e two oscill a ti ons a rc no t 
perfec tl y d ecoupl ed , a nd th e re is like ly CJuite a lo t o f a uto
regress iw' behayior th a t places th ese pea ks in a red-noise 
bac kground. As a consequ ence, thi s simple model should 
be co nsid e red qualitati, "C . H oweve r, it is UScfLd to ge t 

so me structure to he lp ex pl a in so m e o f the m a in 

cha rac teri sti cs of the osc ill a to ry behavior of th ese two 

simula ti ons. 

5, CONCLUDING R EMARKS 

The ma in res ult of this pa per is th a t in clusion of th e 
insul a tin g effec ts of sea ice in a hemisph eri c ice ocea n 
m od e l na tura ll \' indu ces osc ill a ti ons in th e ocea n 
temperature a nd ice thi ckn ess as well as in th e th erm oha 
lin e circul a tion wh en th e ocea n is a ll owed to melt bac k 

th e ice . While no t extremely la rge (4% fo r th e ice m a rgin 

a nd 10% fo r th e th ickn ess ) , th e magni tud e of th e 
osc ill a ti ons is commensura te with inter-a nnu a l "ari a ti o ns 
in lhe Greenla nd Sea ice m a rg in (see, e .g ., Hible r a nd 
Zh a ng, 1994). These osc ill a ti o ns d o no t d epend on d irec l 
modifi ca ti on of th e sa lt nu xes by ice mclting and freezing 

but a re stri c tl y due to th e insul a ting effec ts of th e ice 

combined with th e melting effec ts o f' wa rm er wa ter. The 
osc ill a tory cha racteri sti cs can be ex plain ed by consid erin g 
a thi ckenin g ice co,'e r to lead conc urrentl y to warmin g o f 
th e ocea n b y e ith er reducing th e sea a ir hea l loss a nd /o r 

in creasing th e northward hea t tra nsport in th e th e rm oha 

line circula ti on. As th e ocea n wa rms up . it eventu a ll y 

ca uses th e ice to stop thickening a nd sta rt thinning, w hi ch 
in LUrn will cool th e ocea n . At th e point a t ,,·hi ch th e 
ocea n then becom es coo l. th e cyc le sta rts o, 'e r aga in. 

\\' ilh th e inclusion o f ice ci yna mics, th e osc ill a li ons still 
occ ur but a re somewh a t d ecreased in magnitude. Also , 

th e so uthwa rd tra nspo rt of ice c rea tes a mu ch thi cker ice 

cO\'e r with a n extent sli g htl y fa rth e r south . The reduc ti on 
of magnilud e o f th e oscill a ti ons ca n be qua litative ly 
a rg ued to be du e to a thi cke r a nd more sta ble ice cm'er 
mo re contro ll ed by th e so uth wa rd ice tra nspo rt , a nd 
hence mo re fix ed in space, th a n in th e th erm od yna mic

onl y case. 

One importa nt difference reb 'ant to rea l oscill a ti ons in 
th e clima le sys tem is th a t ,\,ith d yna mi cs included , a ltllO ugh 
th e ice thi ckn ess changcs sig llili ca I1ll y ( 10% ) durin g th e 
osc ill a ti on, th e ice margin cha nges less (a bout 4% ). This 
res ult in turn sugges ts th a t if such a n osc ill a ti on is present in 

th e North Atl anti c it would be qLlite ha rd to see in th e ice

ma rgin reco rd , e, 'en th ough it mi ght be occ urring in th e 
thi ckn ess of lh e ice cO\'e r in th e ma rg in a l seas . This wo ul d 
be espec ia ll y so in lighl o f' seasona l a nd inter- a nnua l 
silllul a ti ons of th e ice ma rgin by Hibler a nd Zha ng (199+) 
which sugges t th a t inter-a nnu a l " a ri a ti ons of'th e Greenl a nd 

Sea ice ma rgin a re la rge ly contro ll ed by flu ctu a ti ons in th e 

ice-mass tra nsports out o r th e Fra m Stra it. 
A pa rti cul a rl y interes tin g fe a ture o f th e low-frequ ency 

osc ill a ti ons in this mod el is th a t th ey a re c lose to th e same 
frequ ency ra nge as d o min a nt b(O IH /O lfi ) oscill a ti o ns 

o bsen 'ed in Greenl a ncl ice-co re reco rd s (Hi bie r a nd 

J ohnsen , 1979) a nd in N o rth Am eri ca n tempera ture 
reco rds (\Iock a nd Hibler, 1978). S pec ifi call y , Hible r a nd 
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J ohnsen (1979 ) fo und th a t a d o mina nt fea ture of th e 

iso topi c ra ti os in th e Gree nla nd D ye 3, Cre te a nd :'Iilcent 

ice cores O\'e r th e las t 800 years " 'as an oscillation ,,·ith 
a bo ut a 20 year peri od . Th ere were a lso hi gher-freq uency 
pea ks a t a ro und 3- 7 vea l's o bse rved in th e spec tra. This 
" 20" yea r osciJl a ti o n " 'as a lso th e domin a nt osc ill a ti o n 
fo und in sho rter-t e rm No rth Am eri can tempera ture 

records by ~10c k a nd Hibl er (1978), especia ll y in th e 

north eas tern U.S .A. Th ese simil a riti es be tween tempera

ture-reco rd , 'a ri a tions a nd th e oscilla ti ons produced in 
thi s simple geos trophic ice ocea n m od el provid e motiva
ti on lO im'es ti gate possibl e coupling ecreeLs in th e ice 
ocean sys tem in m ore cl e ta il. 

It sho uld be emph as ized th a t th e res ults reported here 

ha , 'e been obta ined with a n id ea li zed sec tor ice- ocean 
m odel " 'ithout seasona l fo rcing a nd with a number of 
as pec ts of th e co uplin g (mos l no ta bl y sa lt nu xes b y 
melting a nd freezing ice ) neglec ted . As a consequ ence, 
w hil e th ey a re qu a lita ti ve ly quit e use ful , th e d egree to 

whi ch such osc ill a ti o ns may be present in m ore ph ys ica ll y 

co mpl e te ice-ocea n circul a ti o n m odel s is no t clear. 

H owe\'(' r , beea use wc fee l ce rta i n key , 'a ria bl es a nd 
maj or processes a re inc lud ed , th ese mecha ni sti c mod el 
res ults a rc signifi cantly th o ught-provoking, a goa l which 
has been th e m a in thrust o f' thi s paper. Clearl y , ,, ha t is 

need ed is m or e comple te a na lyses using m o re reali ti c 

m od els o r th e Atl a nti c a nd Arc ti c including seasona l 
, ·a ri a bilit y. 
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