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ABSTRACT. T he prim a r y effec ts or g loba l wa rming o n th e Alll arc tic ice sheet can 
il1\'o lve increases in su rface m elt f'o r lim ited a reas a t lower e le\'a ti o ns, inc reases in net 
acc umul a ti o n. a nd increased basa lmelling undc'!' fl oating icc, 1-'01' mode ra te globa l wa rm­
ing, res ulti ng in ocea n tempera ture increases o f' a few C , t 11(' Ia/ge illrrease ill basailllPlI illg (aI/ 
becollle Ihe dOlllillalllj{lclor illlhe /ollg-Imll res/Jollse qllhe ice sheet. The res ul ts fi'om ice-sheet m od­
e lling show th a t th e increased b asa l m e lt ra tes lead to it redu ct io n o f th e ice she h-es, 
increased stra in ra tes a nd now a t the grounding lines, th en thinning a nd noating or th e 
m a rin e ice shee ts, w ith co nsequen ti a l further basa l m elting, 

The m ass loss rrom basa l m e lting is co unte racted to sO lll e ex te nt I)\' th e increased 
acc umul a ti o n, but in th e lo ng term th e area of ice cO\'C r dec reases, par tic ul a rl y in \\'es t 
An ta rct ica, a nd th e m ass loss ca n domina te, The ice-shee t ice-s helf' model o fBudd a nd 
o th ers (1994) with 20 km reso lutio n has bee n m odifi ed a nd used to ca rr y o ut a numbe r or 
sensi ti \' it y studi es o f the lo ng-te rm res po n se o f th e ice shee t to presc ribed a mo un ts of 
g loba l wa rming, Th e cha nges in t he ice shee t a rc computed o ut to nea r-equilibrium, but 
m ost of tlw cha nges ta ke place within th e first few tho usand yea rs, I-o r a g loba l m ean tem­
pera t ure increase o f' :l ( C wi th a n ice-she l r basal melt ra te o r .5 m a I t he ice shel\Ts d isap­
pear w ithin th e fi rs t few hundred yea rs, a nd the m arine-based pa rt s o f the ice sheet thin 
a nd re t rea t. By 2000 yea rs th e \ "es t A nt a rni c regio n is red uced to a number o f sm a ll, iso­
la ted ice caps based o n th e bedrock regio ns which are nea r or a bovc sea le \'e l. This a l.l ows 
th e wa rmer surface ocea n wa ter to circ ul a te throug h th e a rchipelago in summer, causing 
a la rge cha nge to th e loca l c lima te of th e regio n, 

INTRODUCTION AND BACKGROUND 

The re has bee n a continuing controve rsy over rece nt yea rs 

rega rding the deg ree of warming a nd minil11um ice ex tent 
whi ch m ay ha\'(' preva iled in th e A lll a rct ic d uring th e Pli o­
ce ne (sce, e,g" \\'e bb a nd H a rwood, 1991; Barret t a nd o thers, 
1992: Sugden, 1992), The deba te continued with a number o r 

p rese nt a t io ns a t thi s sym posi um co ncerned w i th th e i nt er­

preta ti on or foss il s in th e Sirius }o rm a ti o n o f th e Tra ns­

a nt a rctic t-.lo unt a ins, a nd a tt e ntio n has a lso bee n draw n to 
e\' ide nce o f' a war mer Plioeene c lim a te from ot her a reas 
such as the ~1arin e Pl a in of th e Vestf'o ld Hills (Quilt )" 
1996), An occasiona l them e in th ese d isc uss ions is wheth er 

numer ica l mode ls of th e ice shee t can illumina te th e ra nge 

o r possible ice-sh ee t clima te sensiti \' iti es a nd the res po nse 

ti mes for such cha nges. 
A second a pplica ti o n of' int erest ro r such mode l, is th e 

long-term res po nse of th e Ant arctic ice sheet to t he p ro­
j ected climate cha nges ca used hy th e increase o f' a tmo­

spheri c co nce lll ra li o ns o f CO 2 a lld o th e r g ree nh ouse gases, 

\\ 'hen co nsidering th e sta bilit y o rth e Anla rctic ice shee t 

it is impo rta nt to reca ll th e rem a rk s ofOeri em a ns a nd Va n 
der \'ee l1 (198-1-) a nd \'a n der \ 'ee n (1986) th a t substa nti a l a nd 
ra pid pa rt ia l deglacia t io n O\'e r III i lie n ni a lti mc-sea les wo uld 
haw a negli g ible impact o n the g loba l energy budgel. This is 

beca use, oyer th ese time-sca les, o nl y a \ 'e ry sma ll fi 'ac ti o n o f' 

t he energy tra nspo rt from th e a tm os phere a nd ocea n is 

required , T he persiste nce o f the Anta rctic ice sheet is 
acco rding ly mo re de pend e nt on th e conditi o ns o f th e a ll11 0-

sphere a nd ocean whic h res tric t t he fl ow of' hea t to the ice, 

An impo rt a nt exa mpl e is the way in which a t p rese nt th e 

continua l fo rm a ti o n or sea ice a round t he per iphery shield s 

the fl oating ice she hTs fro m wa rme r c ircumpola r wa ters, 

The q uesti o n o r the eq uilibrium ex tent o r Ant a rctic ice 
as a func ti o n o f increas ing mag nitudes o fclilll atic wa rming 
h as bee n addressed us ing ice-shec t m odelling by Hu ybrechts 
(199-1-). H owe\'cr, th a t stud y did no t include g ro unding-line 

d yna mi cs o r ice-shell' fl ow, so tha t th e ext ent o f th e ice, 

including ice g ro unded below sea Je w' l, was "e ntirely co n­

tro ll ed by the surface mass ba la nce': I n cffect th e c1 ima ti e 
f()JT ings used by Hu ybrcchls (199+) to re prcsC'nt th e \\'arm er 
clim a tes were th e ch a nges in net surfacT acc umula ti on 

res ulting from increasing p rec ipit a ti o n with tempe ra ture, 

o fEe t against increasing a bl a tion a nd surface melting which 

can predomina te a t th e 10 \1 '(' 1' e le \ 'a ti o ns, At prese nt , a nd fo r 

sm all a mo unt s o f' warming, net surface abl a tion in th e Ant­
a rct ic is \'C ry sm a ll a nd m os t o r th e in' loss occurs fro m th e 
caking o f'ice be rgs a nd basa l m elting under th e fl oa ting ice, 

Some ice shek es a t p rese nt ha \'C basa l g row th of m a rin e ice, 

but it is understood th a t such g rO\\'lh ca n occ Llr o nl y fo ll ow­

ing coo l ing ('rom m elt i ng from ru rt her LI nd er t he ice (e r. 

J aeobs a nd o th e rs, 1992), The basa l-ice ne t ba la nce is \ 'C r y 
sensitive to th e tempe ra ture o f the ocea n wa te r c irc ul a tin g 
unclerneat h t he ice shelves, as shown by \\'i II ia ms a nd o th e rs 

(1998). 
A n impo rta nt ea rl y res po nsc to clim ati c \I'a rmin g in th e 

Ant a rctic is a n increase in the mea n tempera ture of th e 
water in front oi'the icc shc k cs a t depths below th e ice-shell' 
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base, whi ch a ll ows the circu la ti on of" warmer water unde r­

neath th e ice' sheh 'es ( O 'l~ rre' 11 a nd ot hns, 1997), T hi s res ult s 
in increased basa lmclting a nd decreased basal freez ing, a nd 
a pprec iabl e ne t to ta l melt ra te's can pre\'a il , e\'('n [o r ocea n 
tcm pera tu rej ust I C abo\'C th e prese nt cond itions throug h­

o ut the water column a t th e ice li'(mt (Willi a ms a nd ot hers, 

1998). R ecent inrerences by l\i choll s (1997) tha t basa l melt­
ing could denease with wa rmer conditi ons we re based o n 
obse r\'ed cha nges through a seasona l cycle w ith a n ocea n­
temperatu re-cha nge a mplitude of abo ut 0. 1 C. T his is q uit e 
d i rrerent rrom t he [ut ure \\'a rm i ng cond it ions considere'd 

here, where' th e wa rmer, more saline C irl' umpola r D ee p 

" 'ater increases in tempera t ure a nd , because or the reduc­
ti on in dee p m ix ing under th e dimini shed sea ice, becomes 
able to c irc ul a te' under the ice sheh-es w ith a tempera tu re o f 
2- 3 c: abO\'C freezing. 

It is recogni sed th a t th e mec ha ni cs or th e tra nsiti on 

be tween th e grounded ice and rl oating ice is in ge nera l quit e 

complex (e.g. l\lo rl a nd a nd Shoema ker, 1982; I\lacAyea l, 
1987; Pa terso n, 199+; Hind ma rsh, 1996). At prese nt , th e thick 
ice sections of t he major ice st reams f1 o\\' i ng i 1110 th e g rou nd­
ing zo nes of th e ex isting la rge ice shelves have re la ti ve ly lo\\' 
stra in r a tes in tha t regio n due to the res ista nce or th e 

embayed ice shel\'Cs (cr. Thomas a nd l\Iac Ayeal, 1982), By 

compa ri son th ose thick outl et g lac iers which ha\'e unim­
peded fl oa ting to ng ues ha\'C la rge strain rates, assoc iated 
with th eir large ice thickn esses, following th (' \Vee rt ma n 
(1957)-typ e fl oat ing-ice stra in-ra te rela ti o n (cC Crabtree 

a nd Doake, 1982; r.Jo rgan a nd o the rs, 1982; Buckl and o th ers, 

1987). 
As th e ice shelves thin from inc reased basa l melting, 

increased defo rm ation a nd calving can a lso se t in, a nd , as 
t he thinner ice-shell' ice is removed , tb e thi cker ice regions 
nea r the gro un d ing lines of th e ice streams become free to 

stra in a t th e la rger ra tes associa ted with th eir free-rloa ting 

thickness in a m anner compa rable to tha t of th e- ex ist ing un­
impeded thi ck outl et g lac iers. This process, which is illus­
tra ted in th e model res ult s below, th en a ll ows th e ice 
streams to a lso thin a nd fl ow mor e ra pidly to\\'a rd s their 
g rounding lines, which th en ret reat. Conseq uently, th e pro­

cesses o f" ill creasing basal IIII'Lt rates or the ice sheh-es, fo llowed 

by the illcreasillg strain rates of the thirkjloating ice, nea r th e 
grounding lines, as the ice shelves disappea r, a re th e dOlll i­
lIallt/Hoee.Hes illvoh'ed il7 tlte retreat o/lIIarille-based ice sheets as a 
res ult o[ increas ing warm ing. These processes were incorpo­
ra ted in to th e ro rcing for a n ice-shee t model by Budd a nd 

o thers (1987) to st udy tb e response of th e Wes t A nta ret ic ice 

sheet to future wa rmin g. A hi gh-reso luti on fl ow-band m odel 
with 20 km longitudina l resolution was used w ith pre­
scribed inc reases in thinning ra te, assoc ia ted wi th increased 
melting rat cs, a nd stra in ra tes dependent on th e ice thi ck­
ness, to simul a te the tra nsient a nd equili br ium responses to 

prescribed wa rming a nd melt ra tes. A coa rse r-resolution 

model w ith a 100 km grid was a lso used to obta in th e simil a r 

tra nsient a nd equilibrium res ponses ro r the whole A nta rct ic 
ice sheet a tta ined a rt er 10000 yea rs. These models did no t 
ex pli citl y include the ice shelH's except in de termining th e 
thickness a nd stra in-ra te cha nges near th e grounding lines 

from the inc rcased melting, a nd the ex tent of the Qoating 

ice to tb e ca king front. 
Explic it ice shelves wc re included in th e model of th e 

whole Ant a rct ic ice shee t a t 20 km r('so lution by Budd and 
o th ers (199+) to examine th e simil a r r es ponse to futu re 
wa rming using prescribed basa lmclting ra tes increasing as 
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a fun cti on of tempera tu re. T hese m odel runs were res tri cted 

to t he nex t 500 years bec<l use o r th e la rge a mou nt o r compll­
ter time rcquired . Th e simul a ti ons a lso included th e im pac t 
o r increas ing ne t acc umula ti on assoc ia ted with wa rm ing, 
ta ken f"rom th e increases in precipit a tio n minus t'\ 'a pora ti on 

(P - E ) der ived ro r ruture wa rming scena ri os by Buckl a nd 

Simm onds (1991). The a mo unt or wa rming considered was 
no t eno ug h ro r signifi ca nt surl'aee melting to occur, a nd eo r­
resp onded to increases in g loba l mea n temperature o f' up to 
3.2 C. 

~lore recentl y, th e same icc-sh ("c( model was used w ith 

the output rrom aJlII~)' rO Il/Jled a till oS/J/i ere oceall- sea -ice lIIode! 
simul a ting th e tra nsient response to g radu a lly increas ing 
a tmospheric concentra t io ns o f g reenho use gases up to t hre'c 
timcs eq ui \'a lent C:O~ a nd th en keeping th a t le\'Cl consta nt 
[or a further 500 yea rs ( O 'l~ rrell a nd others, 1997). In th a t 
st ud)', th e lo rci ng fo r t he ice-sheet ice-shel/ lIlodel i nciudcd 

inc reased basa l melting as a func ti o n o r increasing wa ter 

tempera ture (a t thc depth below th e ice she lf) using tem­
pera tures extrapola ted from model g ridpoints adj ace nt to 
the ice sheh'es, whil e th e' increased net acc umul a ti on was 
ex plic itl y computed in th e co upl ed m odel from changes in 
(P - E ). 

It was a lso fo und from th e clim ate-model simula ti on 

th a t s urf~lee tempera tu res did not r ise high enough fo r sur­
face melting to becomc sig nifi cant in th e to ta l mass ba la nce. 
i\ num ber of sensiti" it y studies \\'ere a lso ca rri ed ou t w ith 
th e ice-shee t m odel to exami ne se pa ra tel y the e ITec ts o f' th e 

increase in ne t surface acc umul a ti o n a lone a nd the rapid 

onse t of" the prescribed water-tempera ture cha nges. Initi a ll y 
the increased acc umul a ti on o lEe t the loss o r grounded ice to 
the sea, but as time progressed and th e icc sheh -cs retrea ted , 
the loss from th e g round ed ice, du e to increased flow ra tes, 
became domi na m a nd t he ice-sheet vo l ume decreased. Bot h 
Budd a nd o th ers (199+) a nd O 'Fa rrell a nd others (1997) 

sta rted with eont 1'01 simula ti ons based on present condit io ns 
where t here is no net basal melt under t he la rge ice shel ves, 
a nd melt ril r lloating ice occ urs only 10 1' th e m os t northe rl y 
la titudes a round Ant a rcti ca. The wa rm ing-a nomaly sim u­
la ti ons were th en ca rri ed o ut with presc ribcd additi ona l 

melt ra tes (ro r sensiti \' it y slUdies ) o r 1,3 a nd 10 m a I in Budcl 

a nd o the rs (199+) a nd for \'a lues co rres po nding to I ( a nr! 
2 c: wa rming (giving 6.6 a nd 18.6 m a I rrom th e Russe ll­
H ead (1980) re la ti on ) in O'l'~lrre ll a nd o th ers (1997), as well 
as the t i me-va r yi ng rorc i ng Crom t he cl i ma tc-model out pu t. 
In the simula ti ons of O 'l'a rrell a nd others (1997) th e ice­

sheet m odel was no t run out to eq uili brium , mainl y because 

orthe ext ensive a mo unt o f" computer time required. 
H ere wc concentra te o n th e peri od a ft er the ice shelves 

hm'e la rgel y d isappea red , a nd assume t ha t th e wa rmer con­
diti ons arc ma inta ined with th e " 'a rmer \\'a ter circul a ting in 
the exposed em bayments to a llow th e hi gher melt ra tes to 

continue a t a constant presc ribed lc vel as the ice-shee t 

m odel runs o ut to a new eq uilibrium . 

The main obj ecti\ 'e o f' thi s paper is to show t ha t th e rel­
a ti vel y modest occan warming imposed here o\'er a n ('x­
tended pe ri od can cha nge the cha racte r of Anta rct i, ice 
sheh-es, in troducing a m~or di sequilibrium nea r th c 

g rounding line or th e ma rine pa rts or the ice shee t, whi ch 

can a lter th e geometry o f' th e ice shee t a nd the loca l clima te 
considerabl y o n a mill enni a l timc-sca le. The much g rea ter 
melting errect o[ sma ll increases in ocea n temperature not 
onl y fa r out we ighs t he upper SUI-face abl a t ive power of ri sing 
a ir tempera ture, but a lso imposes a stra in regime a t th e 
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grounding line \\'hich drains out th e marIne ice shC'C't by 
drastica lly altering the geo me tr y of' th e ice in th e ice-shelf" 

basins. 

The mo re spec ifi c a im is therefore to sh o\\' th e long-term 

respo nse of th e ice-shee t m ode l a nd th e cha nges in the ice 
config urat io n f(lr the co ill i n lied fi xcd deg ree o f' \\'arm i ng 
obta i ned from the prC\' iOll s cl i m a te-m ode l stlld y. \\'e fj nd 
that the bulk o f' the \\'est Antarct ic ice shee t, in particul a r 

th a t part grou nded II'e ll below sea level , ca n disappear for 

a relat ively sma ll a m o unt o f g loba l mean wa rming (3 C ). 

Th e time required to reach a new stead y-stat e eq uilibrium 
is o f" th e ordcr o r 20 ka, but m ost o f th e changes take place 
withinthc first few tho usa nd yea rs, so we co ncentrate here 
o n describing th e cha nges ta king place OIT r th e first 2 ka o f' 

the II'armi ng. 

In any case, once the co ntiguo us \ , 'es t Ant arctic ice sheet 

is IT mOl'ed in a warmer clim a te, the warmer surface ocea n 

water with rl'duced sea-i cl' COIT r is able to circ ulat e around 
th e residual arc hipe lago. This result s in dra m a tica ll y a ltered 
circumstances for the regio na l c limate. a nd calls fll r reCO ll­

sidera ti on 0 (" th e longer-term climate fo rcing. As discussed 

la ter, o nc ca n expec t dra m a tica ll y increased mean summer 
tem pl' ratures for th e regIOn compa red with th ose I\·hich 

prC\'a il a t present. 

BASAL MELTING AND ICE-SHELF GEOMETRY 

\\' ha teITr th e detai ls 0(" force ba la nces in vo k ed in the int er­

act ion of g ro unded ice shee ts a nd th e major embayed ice 
shehTs 0(" Antarctica, it is cl ea r th a t the stra in ra tes ex peri­
enced by the thick ice a t the grounding lines of'these shek es 
are substa nti a ll y 10ll'er than the f'ree thinning ra tes that 

wou ld be expected if th ey a butted the ocean as ice clifE 

(Budd a nd o thers, 1987). Once basa l melting ("rom co nt act 
II'ith a lI'arm er ocea n o\'erta kes the ne t snow acc umul a ti o n 
{)ITr th e iee shek es, a nd th e ice-shelf'fi'o l1l beg ins to retrea t, 
ice shek es in th e major bays ta ke o n a different a nd simpler 

cha rac ter. In a negati\'C local net mass-ba lance regime, ic e 

sheh-es a re na tura ll y sho rt er fi 'om grounding line to caking 

front. so th a t th e \\'eertm a n-t ype stra in thinning a nd th e 
basa l melting both wo rk to taper the ice-thickn ess profile. 
Fo r me lt rates nr se\'('ral m a I, th ese sho rt shel\'('s arc slIbject 
to essentially unres trained " free" thinning ra tes reaching 

back to the I'icin it y of the grounding lin l' . By contrast, under 

a positi\T loca l ice-shelf m ass-ba la nce regime, a n ice shelf 

may become sufficie nt Iy thick to exte nd OI 'e r a g reater di s­
ta nce, Il'ith strain thinning act ing in opposition tn the thick­
ness ad\'C'c tion a nd net surface a nd basa l acc umul a tion , 
resulting in fillin g o f bays, a nd con tacts with di sta nt isla nd s 

o r ot hrr pinning points, and producing the e m bayed s it ua­

tion cy ident today for th e m£Uor Antarctic ice shek es, \I'here 

the tra ns\'erse shear stresses across the ice shelf pl ay a n 
impo rt a nt a nd com plica ting role (Budd alld o th ers, 1982: 
Thomas and J\ lac AyC'a l, 1982). 

FORCING FOR THE ICE-SHEET MODEL 

The basal melt rates used by Budd a nd others (199c l) were 
based o n th e f"ree-noating ice-melt rates o r Russe ll-H ead 
(19BO), supported by the iceherg di sso lution ra tes derilTd 

by Budd and o thers (1980) a nd H a ml ey and Buclcl (1986). 

The res ults of \\'illiams a nd o ihrrs (1998) indicate th a t if' 

there is icl' g rowth ta king pl ace under a n ice shelfat prese nt , 

a certa in a mo unt of additi ona l me lting is requireclto dimi­
lI a tc th l' ice grow th complet ely, a nd thi s reduces the amount 

of net me lt th at wou ld occur without th e frcez ing. \\' hil e cx­

(cnsil,(, ex tra me lting Il'as fo und for m odes t increases in 

ocean temperatures, th e increases lITre less than th ose es ti­
m a ted on th e simple r bas is o f' th e frce-floating ice a nd ice­
berg studi es. Th erefo rc in thi s stud y (as we clo not ex plicit I>' 
treat the hi g h-reso luti on m ode llillg of'the water c ircul a ti o n 

under tile ice shek es ), we choose cOl1se l'l'a tilT ly loll' me lt 

ra tes for th e water temperat ures in compa ri so n \I·iih those 

g i\Tn in Budd a nd oth ers (199+' ta ble 3). Those I'a lues II'e lT 
based nn th e results f'rom Ru sseli-Head (19BO) and can he 
represented by t he re lation 

,1 

JII = c( t,BP . (1) 

II'here 1\1 is th e hasal m elt rate ( in m a \ DB is the differ­

encl' fi 'om th e pressure-melting point fo r th e in situ ocean 
water, and (' is a co nsta nt wit h the I'a lue of" G . .')7 m a I K ' ;~. 
1'1'0111 th e co upled m ode l result s of O 'Farrell and o th ers 
1997 th e mean ocea n tempe rat ure increase for the \\'Luer 

co lumn 1)(' 1011' th e ice fro nt s is mo re than I c: bl' th e time of' 

2 x C:01, a nd 01'('1' 2 c: by 3 X C:01 Il'ith th e warming slowly 

increasing f'urther ovl'r tim e. 
It sho uld be no tcd th a t th e c lima te-m ode lling runs were 

not cou pled to th e ice-sheet modelling a nd did not inc lude 

the ocea n ci rcul a ti o n under th e ice sheh-es o r th e cha nge in 

geome try as th e ice she h-es disappeared. Here lIT halT 

ass umed the warl11rr water continues to circ ul a te throug h 

th e ex posed embay me nt s and under th e res idual float ing 
ice. g i\' ing the sam e melt rat es. 

Obs('rl'at io ns of floatin g-i ce melt rates in th e .\ntarct ic 
a rc still rdalilT ly limited . A sUlllm a ry has bee n g in' n by 

Budd a nd ot hers (1987, table 2). This includes rcfrrcnce to 

va lues up to 7 111 Cl I with prese nt water temperatures. Fo r 

hi gher II'a tcT telllperatures, melt ra tes ha\'C been inferred 
li'om iceberg disso lutio n (Budd and others, 19BO: Ha ml e>' 
a nd BlIdd, 19BG) which a ppea r to be compat ibl e with th e 
labo ra to ry-sca le res ult s 0(" Russell-Head (1980). Holdsworth 

(1982 ) derilTd ice-edge me lt ra tes OI'er 8 m a I in \I 'a ter at 

1.3 C, abo ut 0.5 c: a bo\T freezing point. These \ 'a lues illus­

trate th e lIneerta int y of' melt ra tes as a funct io n of II'ater 
tem pe ra ture, but suggest the \ 'a lllcs used here are no t un­
reaso na ble fo r th e warmer co nditions co nside red. 

Fo r the ice-sheet m ode l a se ri es of'simulations hil\ 'e bee n 

ca rri ed out with difIr ren t melt ra tes to determine the sens i­

ti\ 'ity of th e fin a l configuration, and the timing of th e 

rC'lrc'a t, a nd icc-I 'olume cha nges, to the increased melting. 
It was found in the ea rli er studies that th e m a in dIen is that 
th e ice shelves m elt III ore slowly fo r th e lowe r me lt rat es 01 ' ('1' 

th e first lOO or 200),ea rs. By 500 yea rs the c1ifTrrences a rc 

re lat i\Tly small , as th e hi g h st ra in ra te becomes domina nt. 

a nd by 2000 "~000 )'ea rs th e ice-sheet -edge co nfig ura ti o ns. 

,,·hich a re close to eq uilibrium, differ ITry little. \\ 'e prese nt 
he re, as an exampl e, th e result s o f' a CO I1 S(T\'at i\T cho ice of" 
melt ra te, 5 m a I, to illustrate the ice-shee t res ponse. 

Sensit il ·it y st uclics hmT a lso bee n ca rri ed o ut for cha nges 

in the n et acc umulat ion. BI' 3 x CO 2 th e co upl ed clim a te 

mocl el g in's a m ea n accumulat ion-ra te increase o r a bout 
50'Yo ()\'Cr th e prese lll-day accumu la tion. Althoug h th e ac­
c umulatio n rat e co uld be ex pected to increase cve n f'urlh er 
as the ice shec t retreats a nd m ore ocean II'a ter is ex posed, 

the sensitil ' it y st udies sholl' that thi s is relati\Tly unimpor­

ta nt fo r th e fin a l ice-shee t- edge confi g ura ti o n. The reasons 

fo r thi s a rc th a t the melt ra tes a re still la rge compa red II'ith 
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the surface net accumu la tion rate, and that the a rea o[ th e 

ice shee t over which th e snow can acc umul a tc decreases. 
Therefore, for the case chosen 10 1' o ur sta nda rd long 

simul a tio n, th e base-leve l net acc ulTlul a ti on ra te is se t a t 
150'1.. of the prese nt di stribution. Within the modd it a lso 
increases where ice-sheet ele\'a ti o n lowers, in acco rda nce 

with th e elevation dese rt effect described by Budd a ndJens­

sen (1989). Other as pects of th e ice-shee t model a re a lso 

simi lar to t ha t described by Buclcl a nd J enssen (1989) and 
Budd a nd oth ers (199+), a lthough it is \\'orth emphasising th e 
major fi.-aturcs which con t rol th c bou nda ry regions of th c 
grou nding zones. to r deep bedrock th c ice-sliding re la ti on 

a llo\\'s a sl11 00th transition from g rounding to float ing, with 

increas ing si iding \'elocit r (v,, ) in regions of decreasing basa l 
shear stress (7 ) due to th e influcnce of decreasing efTecti\"C 
norm a l strcss, taken as proport iona l to the thickn ess of icc 
abo\'c buoyancy (Z* l, through th c rela ti on 

(2) 

wherc /'; 1 = 1m2 a I Pa I, a nd k2 = WO m I, and th e mini­
mum ya lue for Z ' is se t a t 20 111. 

The simplifi cd icc-shelf ll1 0de l used in th e studies hy 
Buclcl a nd o th ers (199+) and O 'Fa rrell a nd o th ers (1997) was 

designed to treat the strong trans\"erse shear strain ra tes 

prese nt in embayed ice sh el\'es. Fo r th e prese nt study, \\'hich 
concentra tes on th e pe riod after the major ice shelves ha\'c 
retreated , where the floa ting ice is prima ril y in the \Vccrt­
lTl a n free-stra ining regime a difle-rent simple ice-shelfmoclrl 
is appropria te. The ice-shelf fl ow direction is based on the 

la rge-sca le slope of the ice shelf, while the increments in flm\' 

ra te a re calcul a ted from th e w rtical stra in rate of th e ice 

thickness a ppropria te to th e liTe-floating stra in-rate regime. 
Cah'ing occ urs when the icc thi ck ness la ll s to 2.50 m. 
Although thi s is a c rude but simple form of calving rela ti on, 
it is found th a t th e major res ults are not \Try sensitive to the 

prescr ibed calving thickness. Th e Weertm an-t ype ice-she lf 

free-thinning rate (EJ can be ex pressed as a fun cti o n of ice 
thi ckness (Z ) as 

(3) 

where n is ta ken as 3, a nd qB) is directl y related to the ice­

deform ati on properti es [or the mean colullln telllpera turc B 
through the ice; fo r example, for B;:::: 20 C , a nd isotropic 
ice rhcology /,; ;:::: 1.5 x 10 10 m :! a I. 'Ib gi\'c a n a pprec ia ti on 

of'the large increases of\'e rtica l stra in ra tes (i J a nd annual 
stra in thinning ra tes (cl Z/d t ) with increasing thickness, 
Table I prm'ides a few values based on - 20°C. to r the warm­

ing run prese nted here, the \'alue of /,; is taken as k = 3 x 10 It> 

m :! a I, based on the labora to ry st udi es of ice-flow proper­
ti es a nd th e observed thinning rates of ice fronts a nd outlet 
g lacicrs (e.g. Budcl a nd othe rs, 1987; Budd a ndJacka, 1989). 
In additi on, a conser\'ati ve m ax imulll limit on thc \Trtical 

stra in ra te has bee n se t a t IODic. a I to show tha t excessi\"(, 

values a re no t required for the la rge retreat. This simple 

model provides a n appropri ate ocean-margin boundary 
condition lo r th e grounded ice shcct a nd represents reason­
a bl y we ll th e ice shelves which arc free to strain unimpcded 
by cmbayment restricti o ns. 

T he increasing basa l melt rates (up to 5 m a I) a re thus 

th e prima ry fo rcing for th e retreat, whereas the increase in 
accumulation a t 150°!.. of t he prese nt only contributes t ypi­
ca ll y up to about 0.3 m a ( to th e rate of ice-shelf thickness 
cha nge. 

ft/ble /. Free-floating ice-strain rates (f) alld rates of ire­
t/tiiklleSH/tallge (dZ / dt )./orB = - 20 C 

ir(" (hickll"" Z 111 1 :l'ill ~,(J() 750 1000 
Straill raIl' ( ((XI a ( 

0.2+ I.l):l 6. 18 1:)3 

Ic("-Ihickncs> chang" dZ/ dl (111a I1 0.60 ~l.(i() +8.6 1:,:) 

RESULTS FROM THE SIMULATIONS 

i \ se t of perspect i\ 'e views o f surface ele"at ion a re presentecl 

in Fig ure I to show th e pa ttern of retrea t o[the ice shee t o\Tr 

time. It takes the first 100 yea rs in the transient co upled 
c lima te model for the tempera ture cha nges to reach th e 
values required far the hi gher melt ra tes (5 m a I in thi s 
case ). After that the ice shek es thin , cah T a nd retreat within 
100 200 years, Jor quit e a wide range of" melt rat es. The 

cha nge in ne t surface acc umulation has littl e effect on tha t 

timing. ro r the results presented here, the model was sta rted 
with the present grounded-ice-shee t config ura tion a nd th e 
climate-cha nge forcing a ppli ed immedi a tely. 

Aft er the major ice sheh-es disappear, the high f1oa ting­

ice stra in rates [o r the thick ice fl owing from th e ice strea ms 

dn'e1 op a nd th e ice flow from th e g rounded areas increases. 

The ice st reams thin a nd the grounding lines re treat, par­
ticul a rl y in those regions where th e bedrock li es Curt hest 
below sea levcl. Eventuall y, the saddlc region of \\'cs t 
Antarctica (approxim ately 79 S, liS ' \V ) becomes a fl oat to 

form a new tra nsient ice shdf: Continued thinning, melting 

a nd caking progress ively removes th e g rounded-ice con­

nec t ions between those isola ted regions which rema in 
because th ey ha\"e bedrock dose enough to sea le\"C1 a t th eir 
Il e\\" g rounding lines for the grounded ice to sun·i\"('. After 
2000 years th e a rea of ice co\'cI" is a lready g reat ly reduced, 
but the ice thickness is still quit e la rge on these se pa ra te 
grounded areas. The ice thi cknesses in th ese iso lated regions 

decreasc rapidly towa rds their equilibrium values, wh ich 
are a pproached more slowly a nd asy mptotica lly O\'e r the 
Il ext kw thousand years. The effect 01" the increase in accu­
mulation rate is to reduce the ra te of lowering of th e residua l 

ice ca ps in \ \est Anta rctica, a nd to increase the ice e!c\'a ti on 

in cent ra l East Antarctica, e\'en though the ice-sheet area 

decreases. The slow responses to isosta tic bedrock adjust­
ment a nd equilibra tion to t he new acc umulation reg i me 
mcan tha t a truc stead y stat e is not achi eved for a much 
longe r period, but these I"urthcr cha nges a re relati\'e ly sma 11. 

The cha nges in ice volume with time [or the first 2000 

years lo r th e simulat ion of Fig ure I a nd a lso for the case 

without the additi onal 50'Yo acc umul a tion a rc shown in Fig­
ure 2. The fi g ure shows se pa ra tcly th e cha nges in to ta l ice 
a nd floa ting ice, a nd th e cha nge in th e \'olume of ice abmT 
fl oating, com 'ert ed to th e contributions to sea-I e\'d cha nge. 

;'IJote th a t the vo lume contribution to sea-level cha nge is sub­

stant ia ll y less tha n the grounded-ice vo lulll e change because 

of th e large fraction of th e g rounded ice wh ich is below sea 
Ic\TI, o r rather below th e level required fo r floa ting. The 
ea rli e r pa pers addressed th e warming for th e period mTr 
which thc major ice shelves retreated. '1\.vo hundred yea rs 

of"the forcing used here brings us to a comparable situ ation, 

a nd th e subsequent changes a re show n in Fig ure 2. 
Contour maps comparing th e surface elevation [i'om the 

initi a l state to the config ura tion a ftCl" 2000 years fo r th e 
sta ndard simulation are prese nted in Fig ure 3. 
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Fig. I. ,.j lime seql/ence qfjJersjlerlil le I,iw's o/Ihe challgillg . llllarclic ice sheetJi'Ollllhe lIIode!. J;'ollllhe jJresenllo 2(){)O),ears aJier 
Ihe ollsel qf warllling. H,ilh 5111 a I basa/llle/I rate alld 50 % illo'ease ill a('(I/lIIlI/alioll rale, The lillleJi-ollllhe slart is ,lholt 'lI ill 
) 'earsJin eachfmllle, 

The long-term cha nges in ice \ 'olume a nd sea InTI are 

simil ar to those presented by Eudd a nd ot he rs (1987 ) except 
th a t in the carl y stages the increase in acc umul a tion O\,!:T 

Anta rctica (which was not included in th e ea rli er stud y) dE­
creases the ra tE ofsca-Ie\ 'cl ri se i'rol11 iCE [1 0\\' to sOl11e extenl. 

This is simila r in th e first 500 years to the result s of Eudd 

a nd othe rs (199+) a nd O 'rarre ll a nd o th ers (1997), shO\\ing 

th e dependEnce on th e m agnitude orthe acc umul a tion rate, 
The .')0% incrEase in acculll ul a ti on rate here is cqui\'a lcnt to 

a lower ing or abo ut 3 III III a I in sea Ic\ 'cl, \\'hich pa rti a ll y 
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Fig 2. The progress rifclwllgesJor Ihe sill/ulat iOIl iLLllstrated ill 
Figure J, shown ~J' the plots rif ( a) total ice 1I01ul1Ie, ( b) Jloal ­
illg-ice volul1Ie (both 106 kll/:~ and ( 1' ) sea -level cOlltribu ­
tiol/s J1'O Ill the changes (blue (II rv!'s), Also SIz07.f ' /z ([re t/ze 
resul/sjor the correspolldillg {{/se 1}"i/hou / illcreased accumula ­
/iol/ ( red [lll'ves), The lmge increase ill jloa/illg ire occurs 

1I ,/ten cen/ral ' I (stAn/arctira becomes aJ7oat, 

o fTse ts th e ri se fmm ice flow. The fin a l configura ti on is pri­
maril y defined by the edges orthe bedrock regions reaching 
more th a n abo ut 250 m below sea \en' l, where the ice can 
flo a t, thin from strain a nd melting, and fin all y cal\'e, Bf'd ­

rock isosta tie acuustment a ll ows t he bedrock to rise slowly 
a nd thi s adds to th e longer time req uired to reach a com­
pl e te equilibrium, but does not sign ifi ca ntl y a lt er th e bas ic 
pic turc as show n in Fig ure I. (It pro\' ides a sli ghtl y stabilis­
ing effect on th e residual g rounded ice,) The tota l contribu­
ti on to sea-I C\'C I rise a ft er 2000 years a mo unts to about 3.4 m 

1'01' th e casc wit hout increased acc umul a tion. For the 50% 

166 

higher acc llmulation case a net co ntribution to sea-I C\'e\ ri se 
of 1.8 m is obt a ined, This is consistent with the cumul at in' 
eITec t of the higher acc umul a ti o n ra te a nd th e decreasing 

a rca of g rounded ice. Ot her aspects \\'hich would nced to 

be considered in refinin g th ese estima tes wou ld im'ol\-e pos­
sible further increases in acc umul a tion assoc ia ted with th e 
a lte red cli mate, a nd the sta te o[,dynamic bal a nce in th e icc­
shee t modeL At present , th e ice shee t is believed to be close 
to ba la nce with the H olocene acc umula tion regime, but as 

the present model has a n ice-shelf treatment wh ich is not 

designed to describe th at period , wc sta rt from the present 
ice-shee t configuration rather th a n a n exact eq uilibrium 
condition, 

DISCUSSION AND CONCLUSIONS 

Th e present stud y represent s onl y a pre limina ry a tt empt to 
understand the possible ex ten t of th e Antarctic ice sheet 
under somewhat wa rmer cond itions, such as a Pliocene 
warm period, a n ex treme Pleistocene interglacia l, o r in an 

ell\'iron mcnt fo llowing a n ex tended period of future warm­
ing rrom increased g reenhouse gases, The purpose has been 
to show the importa nce of th e p rocesses of basal melting 
a nd the increased stra in rates of unimpeded thick ice in 
dri ving th e retreat o f' marine ice shee ts, It is appare nt that 
abo ut 3°C: of g lobal mea n warming, co rresponding to 2 c: 
of warming for the wate r under the ice shelves a nd res ulting 

in 5 m a 1 basa l melt ra tes, is eno ug h to cause the dem ise of 
the marine ice regio ns of' \\ 'est Antarctica a nd a retreat 0[' 

coasta l ice towa rds more firml y gro unded regio ns e lse­
where, O\'er a time period of abo ut 2000 years, From sensi­

ti\'it )' studi es it is a lso appare nt that sma ller a mo ullls or 

warm ing a nd melt rates (e,g, 3 m a 1) would cause a simil ar 

demise over comparable ti mc-sca les but with somewhat 
more fl oat ing ice a t the ea rl y stages, These response times 
arc rcl a ti \'C ly short in thc co nt ex t of poss ible Pliocenc warm 
epi sodes, The minimum a mount of warm ing or increased 

melt ra te required to res ult in a n extensi\ 'e retreat oC the 

West Antarctic ice sheet has not ye t been de termined, That 

wou ld need a much morc comprehensive treatment of the 
ocea n wa rming from the coupled climate model, combined 
with high-resolution modc lling of the water c ircu lat ion 
under the ice shel\'es, coupl ed to basa l me lting a nd freezing, 
simi lar to th a t carri ed out by Grosre ld a nd Gerdes (1998) 
a nd \\'illi a ms a nd others (1998) but ex tended to the com­
ple tc Antarctic coastli ne currentl y fringed by ice shd \'es, It 
wou ld a lso be necessa ry to include th e feedback o['the chan­
g ing geometry of the ice topography and ocea n basins into 
th e co upled climate mode l a nd into the hig h-reso lu tion 
models for the ocean circul a ti on under th e rema ining fl oat­

ing ice shel\'es, 
To determine th e mod ifi ed climatic conditi ons which 

wou ld prevai l for the fin a l ice config ura ti on, a new coupled 
model run wou ld be requ ircd with th e imposed wa rming 
and including the fe ecl backs ['rom the changing geometry 
Wc propose to continue research in that vein, but a prelimin­

a ry ind ication of the resu lting rurthcr a lt era tion in regiona l 
clim ate ca n be m ade by rela ting th e temperatures o\'er pres­
ent-day ice a nd ocea n regio ns to th e new ice-sheet configu ra­
ti on, At present , th e meanJ a nua ry surface a ir temperatu res 
in centra l \\ 'es t Anta rct ica and a lso a long the R oss lee Shelf 
nex t to the 'n ansa nt a rctic ~lount a in s a rc in the range - 15 
to 20 G With the reduct ion in sea ice which accompanies 
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F ig. 3. EleNtliOIl (Oil /aliI lIIa/)s (0. 0.1 lit ell 0.25 kill sjJa(illg l(·i//t kill (OIl/OIlIS /lIj;!tIiglt/ed). S//01('II./OI (a) /lte illi/ial (OI!j1g11)([/ioll 

(/Jlese ll /) alld (b) af/er 2000}e({J:f..f01 the rale q/h gllle I. 

th e warmer scc na rio (+3 °C: ), a nd th e c ircul a tion o r wa rm er 
wa ter (",+2 C ) from rurth e r no rth (e.g. th e Ross Sea ) 

th roug h th e ncwl y C'x poscd a rchipelago, it ca n be ex pected 

tha t surface ocea n tempera tu res o\T r thi s rcgion \I'o uld 

anTage a bo ut + Ice during the summer minimum sea-i ce 

pniod. This is eq ui valent to a loca l rcgiona l warming o r 
+ 16 to +21 C:, re la ti\T to th e prese lll tcmpera tures, res uit­
ing from a n ass umed initi a l g loba l I\"<uming of onl \" :1 c:. 
The ice ch a nges in th e Anta rctic co uld a lso have a sm a ll 

f"cedbac k to th e g loba l mean cha nge ( d~ Simmo nci s a nd 

Buclcl , 1991). 
In summa ry, it is worth emphas ising th a t th e \\'es t Ant­

a rctic ice sheet is se nsitive to rcla tin' ly sm a ll a mounts o r 
g loba l " 'arming (or the m ag nit ude ex pectcd to res ult fmm 
m ore th an a do ubling orco~ co nce lltra ti on ), prm' idcd th a t 

th e wa rming is imposed fo r long enough (of th e o rde r o f 

1000 yca rs). Th e result a nt contribution to sea-kIT I change 

fm m th e Ant a rc tic ice shee t o\T r th a t peri od co uld be ex­
pected to a mo unt to a bout 2 III O\'(T 1000- 2000 yea rs. Oncc 
the ice sheln's di sappea r, a ft er th e first fell' hundred yca rs, it 
is likely th a t the continued rctreat wo uld be irreITrsiblc 

until near to th e new equilibrium config ura ti o n. Thi s is 

because the high grounding-line stra in ra tes wo uld continue 

to a ppl y unl ess dec reased by HT)' much lower ice tempera­
tures o r res tra incd by regrowt h o ("thick embayed ice shcln·s. 
The tim c required 1n l' these to return is compa ra ble to th e 
timc ta ken In r th e continued retrea t to mo\"(' csscnti a lly to 

completion. 

C:o nst'quentl y, we conclude th a t the d t' mi se of th e \\'es t 

Anta rct ic ice shec t co uld occur irrcH)cably rrom a g loba l 
I\'a rmin g o r a reI\' C imposed ro r onl y a [ew hundred yt'a rs. 
Thi s re presents a rela tive ly sho rt peri od w ithin tile contex t 

o f th c Pliocene o r ewn a pre\'io us int erg lac ia l. Fo r future 

sce na ri os o f g loba l I\'a rm ing, res ul t i ng from i ncreasi ng 

g rcrnilouse gases, the res ult s prese nt ed herr a lso illustra te 

th e poss ible longer-t erm co nsequences if th e lI"a rmer condi­
tions conlinue f(.l r s(,\'(, ra l centuri es. 
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