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ABSTRACT. This pa per im'estigates th e lo ng-te rm impact orsea ice o n g loba l c lim a te 
using a glo ba l sea-ice- occan ge nera l circ ulati o n m ode l (OG C ;\f1. The sea-i ce compo nent 
im'oh-es sta te-o r-th e-a rt d yna mi cs; the ocea n compo ne nt co nsists o r a 3.5 x 3.5 x II 
laye r primiti\ 'C-equa ti o n model. D epending o n the physica l descr ip tio n o f sea ice, sig nifi
cant cha nges a rc deterLed in the eom 'Cct in' acti\ 'it y, in th e hydrogra phic properti es a nd in 
the thermoh a line cir ul a ti o n of the ocea n m odel. ;\los t o f th ese cha nges o ri g ina te in th e 
Southern O cea n, emphas iz ing the crucial role o f" sea ice in thi s m a rg ina ll y sta bly stra tifi ed 
regio n of th e world 's oceans. Specifi ca ll y. irthe e[frc t o fbrin e rel easr is neglected , th e deep 
layers o f th e So uth e rn O cea n \\'a rm up co nsidr ra bl y; thi s is associa ted with a wea keningof 
the So uthe rn H emisphere o\"(Tturning ce ll. The remo\'a l o f th e commonl y used ''sa linit y 
enha nce m ent" leads to a simil a r clTee l. The dee p-ocea n sa linit y is a lmost un a ffected in 
both experim ents. Introducing exp li cit new-ice thi ckness g rowth in pa rti a ll y ice-co\Tred 
g ridcells leads to a substa nti a l increase in cO Il\Tct i\ 'c acti\ 'i ty, es pecia lly in th e South e rn 
O cean, with a co ncomita nt sig nifica nt coo ling a nd sa linificati o n of th e deep ocean. Poss i
ble m echa nism s fo r the res ulting interac tio ns be twee n sea-ice processes and dcep-ocean 
charac teri sti cs a rc suggested. 

INTRODUCTION 

The roc us ofthi s p a pe r is the role orsea ice in th e fra mewo rk 
o f a n ocean ge nera l ci rcuiati o n moclel (OG C :-l ). The a ims 
a rc to estima tc the im p act or some spec ific cha rac teristics o r 

sea ice o n la rge-sca le hydrographic p ro perti es a nd the th('\"

m o ha line circ ul a ti o n, a nd to contribute to imprO\ 'ing the re

presenta ti o n o f se<] ice in g loba l clim a te m odel s. 
E a rli er sludies addressing th e ro le o f sea ice in g loba l 

c lim a le include Aagaard a nd Ca rm ac k (199+), Al ekseey 
(199-1-) a nd \\'adh a ms (1994) from the obserya ti o na l \·iew

point, a nd Ya ng a nd :\feelin (1993), Rind a nd o the rs (1995), 

l ogg\\'eil er a nd Sa muels (1995) a nd r-.Ia ie r-Reimer (1993) 
rrom th e m odelling \·iewp o int. t-.Ios t m ode lling studics sur
fer ei ther fi'om h ig hl y idealised se tli ngs o r from si m pi i fi cd 
ass um pti o ns co nce rning the treatm ent o r sea ice. 

In this pa per, a rea li stic representa ti o n of sea ice in th e 

fra mework of a g loba l, primitive-equ ati o n OG Cl\I with "rea

li stic" top og ra phy a nd seasona l fo rcing is proposed. \vith thi s 
config ura ti on threc sensiti\ 'ity int egratio ns a rc perfo rmed. 
The se tup a ndlhe m a in res ult s a rc repo rted here. 

THE MODEL 

The 1001 used fo r this il1\'es tigati o n co nsists o f a g loba l 
3.5 x 3.5 II layer resolutio n ye rsio n o f th e H a m burg 
O cea n Primiti\ 'c Equa lio n (HOPE) m odel (" 'o lfT a nd 
1Ia ie r-Reimer, 1996; L a tif a nd o th e rs, 1994·; Legutke a nd 

o th ers, 1997). It is based o n a n upg raded ve rsio n o fDrij01 0 ut 

a nd oth c rs (1996). Unlike th e m ore commo nl y known 

z-coordin a te ocea n models (na mel y th e r-.lodul a r O cea n 
110del ( t-.[Ot-.l ) (Brya n, 1969; Cox, 1 98·~; Paca nowski , 1995) 
a nd th e La rge-Sca le G eostrophie (LSG ) m odcl (;\la ier-Re
i mer a nd o the rs, 1993)), this m odel uses the \ 'isco us-plas tic 

constituti\ 'C law to desc ribe the interna l ice st ress in lhc 

sea-i ce m omentum cqu a ti o n (fo ll owing Hibler, 1979). Other 

d ifferences a rc dcsc ribed in Drij010 1l t a nd o th ers (1996). 
The se nsit iy it y integra li o ns a rc sta rted fro m a c),c lo

s ta ti o nary cond iti o n a rri \"l'd a t a ft e r a 10 000 yea r integra
ti on with resto ring bo unda r y co nd iti o ns fo r sea-su r face 

tempera ture (SST) a nd sa linit y (SSS) (pe rsona l com m uni

cati on from Drij010 ut , 1995). Th e fo rc ing field s co nsist of 
111 0nthl y c1 im a tolog ica l d a ta rrom H e llerlll {l n a nd R ose n
stein (1983) fo r th e wind fi e lds, a nd tcmpera ture field s fr0111 
" 'ood rulf a nd Olhers (1987), as well as a nnua l Ill ean d a ta 
fro l11 Le\'itus (1982) for th e sa linity res to ring (a ll identi ca l 

to DrijOlO lIt a nd o th ers, 1996, a nd l\Ia ie r-R eimer a nd othe rs, 

1993). The time-step is 20 ho urs. Each se nsiti\ 'it y ex peri

mcnt is integra ted ro r 300- 500 yea rs to a r r i\'C a t nea r- cy
clostat io na r y conditi o ns \\'ith respec t to th e \'olul11e 
tra nsp o rt of th e Anta rctic C i rcum pola r C urre nt (AC C ). 

Th e DrijOlo ut a nd o the rs (1996) HOPE \"Crsio n was 

recently m odifi ed , mainly in o rder to impro\'e th e streng th 

o f th e ACe. "Sa linity enha ncem ent ", fo ll owing Eng la nd 

(1992), has bee n i ntroducecl to O\T I"Co me the summe r bi as 
ill th e L e\'itus (1982) surface sa linit y fi e lds o rthe So uthern 
O cea n (SO ). The di rect sola r ra diat io n ove r sea ice, as well 

as the sa linit y resto ring und er sea ice, have b ee n w ith

draw n. Furthe rm o re, the m o m e ntulll flu x unde r sea ice is 

no\\' p rO\' ided by the ice- ocean stress, th e edd y \ 'iscositi es 
a nd difTusi\'iti es ha \"(' bee n inereased , a nd th e bo t tom rric
ti o n decreased (p e l'so na l comlllunica ti o n fro m Drijf110ut, 
1995). 

BACKGROUND OF THE EXPERIMENTS 

Brine release 

The m os t crucia l impact o r sea ice o n SSS a ri ses from brinc 

release during sea-icc fo rm a ti o n, a nd fres h-\\'a ter release 
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S[ossel: Sea ice ill an ocean GO\! 

during melting. In ma rginally stably stratifi ed reg ions, like 
most of the SO, these processes haw a direct impac t on the 
rate and sites of deep cOIl\'ection and bottom-wa ter format ion. 

Maier-Reimer (1993) studied thi s effect with the global 
LSG OGC r--r. He indicated th at brine rel ease contributed 
substamia ll y to the cooling o[ the deep ocean, while it con
tributed onl y ma rgina ll y to the meridiona l heat transport in 
the ocean. 

While the se tting of his experiment is simil a r to the one in 
this paper, the sea-i ce component of the LSe model is simpli
fi ed in its dynamic formul ation in that sea ice is drive n by the 
upper-ocea n current and provided with a simple \' iscous 
rheology to avoid excess ive ridg ing in conve rgem regions. 

Salinity enhancelTIent 

England (1992, 1993) introduced the concept of salinity 
enhancement for hi s coarse-reso luti on, global MOy1 OGCM 
ex periments. In order to compensatc for the fact that no sea 
ice was includecl in hi s model \'C rsion, and that the Lev itus 
SSS in the SO is biased toward summer values (sce previous 
sec tion ), the model SSS was resto red toward 35.0 psu in the 
southernmost gridcell s a round A nta rctica during the 
winter months. \Vith thi s measure, England (1992) ac hieved 
a substa nti a l increase in SO ove rturning, a nd a more reali s
ti c bottom-water sa linity, which was underestimated in 

ex periments without sa linity enhaneemen1. 1oggweiler and 
Samuels (1995) criticized this measure as o\'erestim ati ng the 
brine-release effec t o f sea ice, a nd suggested a wea ker (and 
more reali stic) SSS restoring in an otherwise simil a r model 
eonfigu ration, loca ll y employi ng the sal i nit y obsen 'Cd nea r 
the bottom of the continenta l shelf a round Anta rctica. 

In addition to the fac t that these model experiments did 
not explicitl y account for any sea-ice effec ts, they a lso did 
not consider seasona l vari a ti ons (except for the imposed 
sa li nit y enhancement during the willler months). 

New-ice thickness growth in partially ice-covered 
gridcells 

Explicit new-ice form ati on in the ice-free pa rt of a model 
g ridce ll is o ften neglec ted or crudely pa rameterised in the 
framework of a g loba l ocean model. Subtle changes in the 
formul ati on of thi s process havc a crucia l impac t on the 
overa ll growth ra te of sea ice, and thus on the ocean's 

upper-bounda ry conditions in terms of the SSS (Stossel 
a nd others, 1996). The model formul ation of new-ice ideally 
consists of explicit new-ice thickness g rowth combined with 
a pa rameteri sa rion fo r the ratc of lead closing. 

The present HOPE model \'e rsion employs the same for

mul ation for sea-ice thermodynamics as the LSe model. It 
is simplified in compa rison to the more commonly usecl 
desc riptions based on comprehensi" e heat-ba lance ca leula
ti ons [or the ice-free a nd iec-co\'C red pan s or a g ridce ll (e.g. 
Pa rkinson and \Vashing LOI1, 1979; Owens a nd Lemke, 1990; 
Oberhuber, 1993; Legutke a nd others, 1997). The essential 
difference i the ass umption that ice growth is a fun ction of 
a specified surface temperature, instead of onc that is di ag
nosed from the surface heat bala nce (see Stossei, 1996, Stos
scl a nd others, 1996, in press, [or a deta iled di scussion). The 
other ma in difference is the way the thermodynamic lead 
clos ing is pa rameteri sed. This specific pa rameteri salion 

pa rtl y compensates fo r the fact that there is no explicit 
new-ice thi ckn ess g rowth in the present HOPE model ver
sion and the LSG model. 
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THE RESULTS 

Potential energy release through convection 

A common measure for the Q\'era ll rate of cOIl\'Cc ti on is rhe 
meridiona l- vertical volume transport di splayed in the mer
idional overturning cells (sce next sec tion). The cell s res ult 
from a zonal integration of the meridiona l vel ocity field , 
a nd thus clo not ta ke into account a ny zona l contributions 
of sinking or rising waler masses. An a lternati\ 'C measure 
of convec ti"e activi ty is th e potenti a l energy release asso
ciated with convec ti on. \\' hile the meridiona l ove rturning 
illustrates the o\'era ll ad\'ec ti\,e pattern, the potenti a l 
energy release is mostly a measure of verti ca l diffusion (in 
the model essemi all y determ i ned by convec tive adj ustment). 

Figure 1 shows the seasona l cyc le of the potemi a l energy 
release as an ave rage O\'C r the higher latitudes (I'PI > {O") of 
both hem ispheres. 
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Fig. 1. Seasollal qdes rifhemisjJherica/~y averaged N I-! ( ojJen 
.~ymbols) and SI-! ( solid symbols ) seasonal qcles rif/JOlenlial 
enel'g)' release ~)I cOllvection ill mll 'm 2 T he riferellce Simul

atioll Is demarked by circles; e,\j;erlmenl J Is triangles; experi
ment 2 is squares; alld eXjJeriment 3 is stars. 

rf the effect of brinc release is neglected ( Experiment I; 
triangles ), hardl y a ny cha nge is fo und in the Northern 
Hemisphere (;\fH) while the seasona l cycle in rhe Southern 
Hemisphere (SH ) is shifted towa rd decreased convection in 

the SH fa ll , and increased convection in the SH spring. As 
the sea-ice salinit y in thi s ex periment is assumed to be the 
same as the SSS, ice forma ti on in the fa ll is not associa ted 
with brine rel ease, leading to decreased convec ti on during 
thi s time orthe yea r, while melting in the spring is not asso
ciated with fresh-water release, thus lead ing to enhanced 

convec tion. 
If the seasonal salinity enh ancement in the SO is deac ti

va ted ( Experiment 2; squa res ), a substantial O\'C ra ll rcduc
tion in SO cO I1\ 'Cc ti on is monitored. Note tha t salinity 
enhancement is onl y acti\'e in the ice-free part of a g ridcell , 
which is subj ect to salinity restoring and only active in the 
three SH winter mOlllhs. The cO I1\ 'ec ti\ 'C acti\·it y is stronger 
in the SH fall. There is a lso a change in the NH, indicating 
a n inter-hemispheri c I ink. 

If new-ice thi ckness g rowth in pa rtially ice-cO\'ered 
g ridcell s is explicitl y acco unted [or ( Experiment 3; sta r ), 
the convec tion rate in the SH fa ll increases substa nti ally, as 
expected due to brine release associa ted with enh anced ice 
fo rmation. 
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Meridional overturning 

Fig ure 2 shows th e global meridi onal O\TrLurning stream

functi on for the reference experiment. It sho\\'s a strong owr
turning cell of about +0 Sv in th e ~H , assoc iated with deep
water fo rmatio n in the northern North Atl a ntic. The SH 
()\'Crturning is split by a ver y wea k Deacon ce ll , which is 
relat ed to the northwa rd Ekman transport in th e belt orthe 

SO lI'es terlies. The streng th of the SO ce ll south of 60° S is 

simila r to the o\Tra l1 SH cell ; approxima tely 15 Sv of Ant a rc
tic Bottom Water (AAB\\' ) fl oll' across the Equator. 
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Fig ure 3 shows th e corresponding stream-functio ns for 
the three sensiti\'it y experiments. In the first experiment 
(Fig. 3a ), the intrusion of AABW wea kcns to 10 S\', whil e 
the st reng t h of the SO overturning ce ll is a lmos t uncha nged . 
The second experiment ( Fig. 3b ) leads to a reducti on of the 
streng th or the SO o\'enurn ing ce ll , while the intrusion of 
AABW is a lmost uncha nged. The highes t impac t is brought 

abo ut in th e thi I'd ex peri ment (Fig. 3c ), The SO O\Trturning 

cell is wea kened a nd the intrusion of AA13\\' increases sub
stanti a ll y from 15 to 25 S\,. 

These fea tures a rc ge neral ), consistent with the fi gures of 
p otenti a l energy release, with Ill ore SO cOll\Tc ti on leading 
to more intrusion of AAB\\'. This suggests th a t the o\Trall 

SH o\TrLurning cell is the decisi\T ce \l in indicating th e 
streng th o f 1\ ,\ 13\\' formation, 

Dee p-ocean water mass 

The cha nges in potcnti al energy re lease duc to cO I1\Tction , 

especia ll y th a t associa ted with AABW fo rm atio n, can bc 

monitored as cha nges in deep-ocean temperature a nd sali
nit y. As demonstra ted in Stossel (1996) a nd ~Ia iCT-Reim c r 

(1993), cha nges assoc ia ted with brine release orig in a te in 
the m a rg ina ll y stably stra tifi ed regio ns of th c SO. 'labIc I 
shows thc g loba l mea n potenti a l tcmpera ture (0) a nd sali
nit )' (S) a t + km depth for th e reference HOPE OGCi\ I 

simula ti on a nd the three sensiti\'it y integra ti ons, toge th er 
with th c obscn 'Cdlig ures acco rding to L('\' ilLl s (1982). The 
refe rence simul a ti on underestim ates both tCIllpCTat urc a nd 
sa linit y. An inCTcase in convccti\ 'C ac ti\,it y, as obta ined with 
L1w third ex periment, is associa ted with a sig nifica lll furth er 

decrease in temperature a nd a n increase in sa linit y, indica t
ing icc fo rm ati on a long th e coast of Anta rctica (beyond th c 
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core of wa rmcr a nd more sa line dce p \\'a ter ) to consliwtc 

the domina nt role in the botlom-watCT fo rm a tion. The first 
two ex perimcnts yield a n inCTease in tempCTaturC, whil e the 
sa linit y rema ins almos t un cha nged ; thi s sugges ts opcn 
ocean cO Il\ 'C'ct ion to be th e domina nt source of change in 
thesc ex perimcnts (see thc l1ext sec ti on ). 

CONCLUSIONS 

Wc perfo rmed three sensiti\'i ly integ ra ti ons with the globa l 
HOPE OGe :'l , \\'hich includes sta te-o f-th e-a rt sea-ice 

d yna mics. Thc forcing is prO\'ided by c1imatolog ica l 
monthl y fiel ds fo r momentum forcing a nd temperature rc-
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Stiissel: Sea ice in an ocean GClI/ 

Table 1. Global mean jJotential temjJera ture and salinit)l 

(J s 
( C I psLI 

LC"i l llS 0.7 3+.71 
Rcf. cx p. 0.2~:n 3-L653 
Exp~rim c nt I 0.606 3~·.659 

Experim ent 2 0.+01 3+.655 
Experi ment 3 - 0.0-1 I 3-1.6')-1 

storing, together with a nnual field s for sa linity restoring 
(exeept for the contributi on of salinity enhancement). Sig
nificant changes were obsen 'cd in co nYec ti ve act i"it y, the 
streng th of the global meridiona l ove rturning of the SH, 
and the globa l mean deep-ocean water mass. 

As expec ted, the eflect of brine rel ease, the salinity en

hancement a nd new-ice thickness growth in pa rti a lly ice
coyered g riclcell s alll eacl to a significa lll increase in cOlwec
ti, 'C acti,·i t y associated wi th colder deep-ocean temper
atures and a higher intrusion of AAB\ V into north ern 
latitudes. While the overa ll la rge-sca le features are consis
tent, differences occur in the streng th of the SO oyerturning 
cell (e.g. the weakening demonstrated in Experiment 3). 

The increase in new-ice fo rmation (Experiment 3) a nd 
the neglect of brine-release (Experiment I) are both asso
ciated with a n overa ll increase in SH ice thickness (Figs 
4a, c ), though these experiments lead to opposite results in 
terms of AABW form ation a nd the cooling of the deep 
ocean: only Experiment 3 is associated with a la rge r 
increase in deep-ocean salinity. This suggests that an effec
tive increase in sea-ice fo rm ation yields temperaturc- and 
sa linity-dominated convec tion, while brine release leads to 
the entrainment of wa rmer (a nd more sa line) deep wa ter 
into the mixed layer associated with sea-ice melting (e.g. 
M a rtinson, 1990). The convective acti vit y in the latter case 
is thus temperature driven, with a concomita nt cooling of 
the deep ocean. This suggests tha t the first experiment is 
mos tly assoc ia ted with open-ocea n com·ec tioll , whil e the 
third experiment more elose ly represents nea r-bounda ry 
convection (e.g. earmac k, 1990), a phenomenon res tricted 
to shelf regions a nd not assoc iated with a direct upwelling 
of warm, deep water. Near-bounda ry convection is a lso in
dica ted because of the fact th at coas ta l polynyas a rc rep
resented as g ridcells with lower ice concentration in la rge
scale model s. These g ridce ll s were subj ec t to more enhanced 
ice form ation in the third experiment. 

Th e salinity enhancement (Experiment 2) increases 
com"Cction, balaneing ice form ation with warmer deep 
water, and cooling the deep ocean without significa ntl y 
increasing its sali nity. This is indicated in Fig ure 4b, which 
shows no significant change in SH winter ice thickness. Eng
land (1992) and Toggweilcr and Samuels (1995) appli ed their 
salinity enhancement on fu ll gridcell fr actions to mimic the 
"sea-ice effec t". In the present case, the SSS restoring 
( toward enhanced saliniti es ) is restricted to the ice-free frac
ti on of a g ridccll. Over the ice-covered frac tion, the sea-ice 
effect is "real" (through the sea-ice model). In the ice-free 
fraction, the SSS restoring is additiona ll y modifi ed in the 
case of new-ice g rowth. All of th is leads to a much weaker 
effect, pa rticul a rly on the deep-ocea n sa linity. It is clear that 
a vari ety of nOIl-lincar rel a ti onships need to be considered to 
describe properl y the upper ocean boundary conditions in 
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Fig 4. SO winter sea-ice th ickness differences: resjJeclivf SOI 

sil ivil:J' milllls reference integratioll ; ( ([ ) EXjJeriment I, ( b) 
E XjJerim ent 2, ( c) Experiment 3. increment is 0. 2 m. 

regions affected by sea ice. Thus, in order to estimate more 
reliabl y the "sea-ice effect" on the deep ocean, at leas t the 
first-order sea-ice processes interaCling with the ocean 
should be included in subsequent ana lyses. 
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OnTall, these experiments demonstrate tha t the way in 
which sea iee is treated in OGC\I[s may have a substantial 

impac t on the ocea n's hydrographie properties a nd circu la
tion. This interdependenc y encouraged a seri es of further 
ex per imellls, including a rea li sti c forcing of th e sea-ice com
ponelll from the m mosphcre. Specifically, the effec t of a 
more realisti c wind forcing is tes ted in terms of' the data 
so urce itsel f (the Hellerman and R osenstein (1983) winds 

arc notoriously poor in the SO (see Stossel a nd others, 
1990)) and in terms of its \'a ri abilit ), (monthl y mea ns \'s 
daily \\'inds (sce e.g. Srossci, 1996)). The uiLim ale goa l is to 

assess lhe poss ibl e impact of sea ice on the g lobal ocean, 
and to improve understanding of' the \'a rious interactive 

processes of the coupled ice ocean system. 
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