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ABSTRACT. A two-dimensiona l vert icall y integrated ice-flow model has been 
used to simulate the current state of th e ice cap of King George Island , South Shetl and 
Islands, Antarctica , as well as the sensitivity of this sta te to climate cha nge. The model 
was forced by an energy-balance mod el that generates the specifi c mass balance from 
c1imatological input d ata of two resea rch stations. It proved diffi cult to simul ate 
sa ti sfacto ril y th e entire geometry of the present-d ay ice cap. Nevertheless, it was 
possible to simulate a stearl y-state ice cap whose volume and areal ex tent approximate 
the (es tim a ted ) current situa tion . Severa l experiments have indica ted that this sta te is 
highl y sensitive to climate change . Th e model predicts tha t cooling by I K will 
increase the ice vo lu me by 10% and warming by I K wi ll decrease it by 36% . A 10% 
change in precipita ti on will a lter the ice volume by less than 8%. App lica tion of the 
IPCC-90 Business-as-Usual scenario leads to a 55% reduction in the ice volume by the 
year AD 2100, compa red to the present-d ay situa tion. The response of the ice cap to 
warming is therefore tota ll y different from the response of the main Antarctic ice shee t 
which is beli eved to gain mass by increasing tempera tures . 

INTRODUCTION 

King George Island (62° S, 58° W ), the largest island of 

the South Shetland Isla nds, is situated nea r the northern 
ex tremity of the Antarctic Peninsul a (Fig. I ). Since the 
island is situa ted so fa r north , its clim a te is dominated by 
westerl y winds and is cha rac terized by a rapid succession 
of eas twa rd-moving low-pressure sys tems. These sys tems 
transport rela tively warm and humid a ir towards the 
coas ts of Antarctica. The relatively warm clim a te is 
responsible fo r significa nt a bl ation on the lower parts of 
the g laciers a nd ice caps during th e summ er. In such 
maritime conditions, g lac iers and ice caps are very 
sensitive to temperature cha nges (O er lemans, 1993) . 

The idea that the King George Island ice cap may be 

sensitive to clima te cha nge was put fo rwa rd earlier by 
Bintanj a ( 1995a, b ) . His ass umptio n was based on 
ca lculations of the surface energy balance in the ab la tion 
zone of Ecology Glacier, a n outlet glacier near Arctowski 
Station (Fig. I ). Surface energy flu xes and ablation were 
calculated (i'om meteorological data, coll ected during th e 
summer of 1990- 91 (Binta nja, 1995a, b) . On the basis of 
these data, model calcul a ti ons showed that a warming of 
1 K increases th e ablation by almos t 15% on Ecology 
G lacier. 

In this stud y, we attempt to g ive an idea of the 
sensitivity of King George Island as a whole. The smaller 
adjacent Ne lson Island (Fig. I ) was included in the 
ca lcula ti ons. I ce fl ow was simulated by a two-dimensional 
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vertically integra ted model which is based on the model of 
MahaITy (1976) . She a pplied the model to the Barnes Ice 
Cap in Canada. M ass-ba la nce profiles are simula ted 

sepa rately by an energy-balance mod el and are imposed 
on the ice-flow model. The energy-balance mod el was 
used ea rli er to simul ate the mass ba la nce of va lley g lac iers 
in thc Alps a nd Norway and of the Green land ice shcct 
(e.g . O erl emans, 1992 ) . 

DESCRIPTION OF THE MODEL 

The mod el consists of two parts: one pa rt that si m ul a tes 
ice flow a nd another (independent ) pa rt that models th e 

surface mass balance. Both pa rts wi ll be d escribed briefl y. 

For furth er background on the ice-flow mod el a nd the 
mass-ba la nce model, the reader is referred to NI a ha ITy 
(1976) and O erlemans (1992 ), respec tively. 

Th e evo luti on of th e ice ca p is d etermin ed by 
conserva ti on of ice mass. If the ice thi ckn ess is deno ted 

by H , one has 

oH 
[jt=-V.F +lVI. (1) 

H ere F is the vert ica ll y integrated mass-flow vector and 
1VI is the mass bala nce (length / tim e) . The mass-flow 
vector is the prod uct of the vertica l mean veloci ty U a nd 
th e ice thi ckness H. The velocit y u consists of a 
d eform a tion velocity U el a nd a sliding velocity U H• On 
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F(£t , I, .\laj) qf k illg G'eolge fJlalld alld , \ 'e!.IOII hland 
wilh al/i/ude rOil/ours ill III a ,5.1. T wo rfJearch ,lla/iollJ are 
illdira/ed: Arr/owski a/ld Bellillgs/Wl/SfIl , The majJ has 
been /akm from Barsclz alld others ( 1.985) , 011 the basi.l of 
sheet lI'6258 (1:200000), DOS, LOlldoll 1968, The 
i/l:>e/ lIIaj! show:> //ie silualioll oj'lhe islands with resjm'! 10 

Ihe An/arc/ic Peninsula and An/arc/ica, 

the bas is of Nye's genera li zed (a rm of G len 's la ll' (:-'ye. 
1957 ) a nd t he fo rce bala nce, lI'e used t he fo llowing 
ex press ion fo r U d : 

H ere A is th e fl ow pa ra mete r, p is th e ice d ensit y, 9 is th e 
g ra \'ita ti ona l acce lera tion a nd h is th e cle\ 'a ti on of th e 
bedrock a bo\'(' sea leH'1. This eq ua ti on is based o n th e 
fo llowing ass ump ti ons: (a ) the ice d ero rms in pla nes 
pa ra ll el to th e hori zo nta l p la ne, (b ) th e longitudina l 

st ra in ra tes a rc mu ch sm a ll er th a n th e shea r stra in r a tes 

a nd (c ) the horizonta l cha nge in \'ertical \ 'Cloci ty is much 
sma ll er th a n th e \'e rti ca l cha nge in ho ri zo ntal ve loc ity, T o 
ob ta in th e to ta l \ 'Clocity u , a sli d ing component \\'as 
added , W c fo llowed th e a pproac h ofBin dse hadler (1983 ) 

by ex press ing th e sliding veloc ity as 

As is the sli d ing pa ra me ler, N is th e ice o \'e rburden 
p ressure a nd P is th e wa ter pressure (bo th in metres of 

\\ a ter) , Equat ions (I ), (2) a nd (3) comple te ly formul a te 

th e ice-fl o\\' mode l. The process of ca h 'ing is modelled 
crude ly: ice \I'hi eh flows beyond th e currelll la nd sea 
bou nd a ry is lost. 

T he m ass b a la n ce IIf (sec Eq ua ti o n ( I )) \\'as 

ca lcul a ted o n th e basis of th e surface energy ba lance, 

The basic equa ti ons read 

M = l~<1I{ (1 - J) min (O: - cpl L) + P* } cif (.,I) 

a nd 

cp = (1 - a)G + l in + f Olll + H, + H I , (5) 

Th e compo nents of th e ene rgy ba la nce cp a re th e a bso rbed 
sho rt \\'ave radi a ti on (et is a lbed o, G is g lo ba l radi a ti on ) , 
in com ing a nd o Ulg;o ing 10ngwa \'C Ilu xes (Jill a nd JOtlr) a nd 
th e turbulent flu xes o r sensibl e a nd la tent hea t (H , a nd 

HI)' t-.lclting occ urs \I'h en th e energy ba la nce is positi\'e , 

L is th e la tent hea t of melting, In Equ a ti on (4 ), f is th e 

CraCl io n or me lt \\'ate r that refreezes a nd does nOl 
contributc to mass loss, P' is th e accum ul a ti on ra te, 

T he fo rm ul at io n of' th e a lbedo is crucia l to th e 

sensiti\'it y o f th e ice cap , So tha t signifi cant feed -bac k 
mec ha ni sms ca n be ta ken into acco unt, th e mod el 
ge nera les th e a lbedo int ern a ll y, R e!e\'a nt p rocesses like 
mc ta mo rph os is o r sno\\' a re in co rpo ra ted in th e m od e\. 
G lo ba l rad ia ti on is pa ra nw teri zed in terms of Cl tmospheri c 

tra nsm iss i\ 'i ti es, cloudiness a nd so la r e!e\'a tio ll , Th e 

incomi ng long \l'a\'e rad ia ti on is ca lcul a ted acco rdin g to 

the approac h 0(' Kimha ll a nd othe rs ( 1982 ) in \\' hi ch 
elea r-sk ~ a nd c l o ud ~ ' cond i t io ns a re d ist i ngu ished, The 
c lea r-sky t('rm is parame teri zed (\'ia a tmos ph eric emiss i\'
it )' ) as a fu nc ti on o f \I'ate r-\'a po ur pressure, tempera ture 

a nd a ltitude, The con tribution of clouds is basica ll y 

para mete ri zed as a fun c ti on o f cloud- base tempera ture 
a nd lra nsmi ss i\ 'it )' of a ir be t\\'ee n cloud a nd s url~l ce , 

O utgo ing long\\'a \'e ra di a ti o n is ca lcul a ted fi 'om th e 
s urf~lce tC'mpera lUre, \\' hi ch is ass um ed to be a t th e 
me lting point. Th e turbulent flu xes a re ca lcula ted from 
tempe ra ture a nd \'apo ur- p ressure d ifIe renees be t\\'ee n 

surface a nd at m os ph ere, i\ consta nt turbul ent- exc ha nge 
coe fli cient is ass umed ( I '~ \\ ' m ~ K I) , 

!\I e teorologica l input da ta needed to run th e m <tss
ba la nce model a rc tem pera ture a nd humi d ity a t screen 
height , cloudiness a nd prec ipit a ti on , S ince littl e in fo rm a

ti on is a \'a il a b!e a bo ut hu m idit y a nd clo udiness, th ese 

qu a ntiti es a re ta ken to be consta nt with tim e, Precipita

ti on d epend s on a ltitude, S inuso id a l \'a ri a tion in a ir 
te lll pera t u re is ass umed to ge nera te d a i I y a nd seasona l 
cycles, Furth er de ta ils abo u t input arc gi\'C n in th e nex t 
sect ion, 

TECHNICAL ASPECTS AND INPUT DA TA 

Equ a ti o n ( I) is soh 'C'd numeri ca ll y on a rec ta ngul a r g rid 

o f' 99 X 45 points, Th e g rid-point di sta nce is 1 km, Spa ti a l 

de ri \'a ti\ 'es a rc a pp rox im a ted by centra l diffe rences, The 

a lt ern a ting d irec tion im p li c it (ADI ) scheme (e,g , Smith , 
1978 ) is used fo r th e integra ti on in time, Due to lac k or 
c1ata. th e bedrock topogra ph y \\'as ca lcul a ted by ass uming 
that the icc ca p is perrec tl y plas ti c, \\' ith a basa l shea r 
stress of 60 kPa, o u r ca lcula ti o ns agrec ro ug hl y \I'jth ice 

thi ck nesses measured by Orh eim a nd Go\'orukha (1982 ), 
Sin ce th e mea n ice thi ck ness is re la ti \'C ly sma ll ( l OO m ), it 
is ass u ll1 ecl tha t th e bed rock does no t reac t to th e load o r 
th e i('e mass , 

T o simul a te th e mass ba la nce of King G eo rge Island , 

wc used meteoro logica l d a ta o hta ined a t Arc towski a nd 

Bellings ha usen resea rch sta ti o ns (:'Ia rti a no \· a nd R a ku sa

Suszcze\l'ski . 1989 ) a nd on E cology G lac ier (Binta nja , 
1995 b ), The d a ta ro r th e t\\'o resea rch sta ti ons a re th e 
res ul t or regul a r m e tco ro logica l o bsen 'a ti o ns (e ig ht 
measurements pe r 24 h ) during th e period 1978-87 , Th e 
meas urements on E cology Gl ac ie r , a n o utlet g lac ier nea r 

Arc to \l's ki s tati on , \I'ere ca rri ed o ut during D ecember 

1990 J a nu a ry 199 1 within th e progra mm e of th e First 
Dutch Ant a rc ti c Expedition , So me input pa ram e le rs [o r 
th e mass-ba la nce simul a lions a rc li sted in T a ble I. T o 
tak c acco unt or the rac t th a t th e measurement s a t th e t\l'O 

resea rch sta ti ons a re m ad e a bO\'C a n ice-free surface , th e 

a nnu a l mea n tempera tures a t ,\rc to\\'ski a nd Belling-
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A."nall and olhers: Clill1ale sensiliz ' i~)' of l/ie ice wjJ oj fling C:eol~!?e Islalld 

Tabfe 1. Clilllalofogiw/ injJul jJaJ'{{lIlelers jar Ihe simuf
alioll q/ I/i e rej'ermce IIwss-bafallfl' jJrojilesjor Ihe areas 0/ 
Arelowski alld Bel!ings!zallsen 

Arclowski Beffingshallsen 

1\[ea n a nnu a l temperarure 
( C) 

Yea rl y amplitud e ( C) 
Lapse rate (Q C m I ) 

Cloudiness 
Relati\'{' humidity (% ) 

- 2.9 

4.8 
0 .0062 

0.77 
SO 

- 3.5 

4.8 
- 0.0062 

0.S9 

90 
Annual prec ipitat ion (m ) 0.6 + 0.0022h 0 .9 + 0.001 7h 

sha usen (- I.S and - 2.4 C, respecti\'Cly ) \Vere lowered by 
1.1 QC. This typi cal temperature difference hetween land 
and ice was deri\'Cd from measurements on and nea r 
Ecology Glacier (Billlanja , 1992) . The temperature lapse 
rate of' 6.2 K km I was obta ined by a series o f' ba lloon 

so undings during th e same period. Th e a nnua l precipita

ti on va ri es fi-om a bout 0.5 m year I a t Arctowski (l\I a rti
a nov a nd R a kusa-Suszezewski, 1989) to ap proxim ately 
2m yea r I at the summit (Za moru yev, 1972 ). In a ll 
experim ents discussed here th e precipitation rate depends 
lin ea rl y on th e a ltirude but it is consta nt th ro ug hout th e 
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3 

yea r. The preCipita ti on gradient of 2.3 m km I for th e 
Arcto\\,ski a rea can be consid ered as ex tremely large (c l'. 
1. 2 m km I for i\'igardsbreen (O eri cma ns, 1992 ) which is 
situ a ted in th e \I'et c lim a te of \\'estern ;'\o r\\·ay ) . 

Th e meteorological data listed in Table I g i\'e a 

reasonable simulation of mass-balan ce profiles for th e 

ArcLOwski a nd Bellings ha usen a reas (Fig . 2). Unfortu
nately, there a re LOO littl e data a\'a il a ble to undertake a n 
objeniH' test. As a first g uess, the t\l'o-dim ensiona l 
distribution of' th e mass ba lance o\'C r th e island was 
obta ined by weighting th e two mass-ba la nce profiles. The 
weig hts were se t a t I on the ice divid e and elsewhere th ey 

\'a r)' bet wcen 0 and I , dependen t on th e distance to the 
ice di\'ide a nd LO th e coas t. In this way, the clim a te of' 
Bcllings hause n domina tes the area no rth of the ice d i\'ide 
a nd the climate o f' i\rcto\\,ski d o mina tes th e so uthern 
parts o f' th e island . This sc hem a ti c a pproach is more or 

less just ifi ed by the prevailing large-scale circulation 

\\'hi ch a frects mos tl y th e north and no rthwes tern parts of 
the island. The southern a rea is to some degree shi e ld ed 
['ram thi s ac ti\ ·it y. 

RESULTS 

Shnulation of the pres ent-day ice cap 

In o rd er to il1\'es tigatc th e response of th e ice cap to 
climate cha nge , \~ e defined a n equilibrium sta te which 

b 700 
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·· ······· dT = + IK .; 
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FI~!? 2. ,\ foddled mass-ba/allce projiles 0./ Ihe areas of . lrrlolcski alld BeffillgshallseJI. The cfill/alofogicaf dala ill Table 1 
defille Iltl' refl'rl'llre jJl'l!jile ( solid lilles ) . Tlte dOlled lille.) illdicale odj/llled I}/'(~ji/es./()r a worll/illg or {(}o/illg (clT = ± 1 k: 
( a) alld ( h)) alld a /0 % cltallge ill jJl'eCljlilaliulI (dP = ± 10%: (e ) alld ( d) ). 
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A'lla/J ({lid olhm : Climate semitiz'i!)' ~/ the ice ca/) ~/ A'illg George Islalld 

T able 2. Characteristics ~f the presell t-d{~)' ice ((If! alld 
.If/'eral 's imulated ice cajJ,S ill equilibriulI!. III all lIIodelled 
{a.les Ihe .floil' jJarameter A = 8 x JO :2 1 111

6 ,S I . \ . 3 T he 
(O IOlalll .llidillg jJarameler A, = 6 x J() 111 1118 .\ 1, \ ' "

T he reJeretlce stale is defilled ~J ' a l ' {//~)'illg .slidillg para
meter. dejJmdillg 011 the maJ.\' ba/allce (.lee tel t ) 

Pre.lfII l , \ '0 (;0 11.1 la ll I , 'ariable 
.llale .I/idillg .Ilidillg .llidillg 

( rej'erell((, 

.Itate) 

\ 'o lume ( x 1011 m l) 1. 5+ 3. 12 1.4-8 1. 55 
') 

.\rca l ex tent (klll - 1429 1+71 1397 1+02 

.\l ca n thickn ess (m ) 108 2 12 106 III 

ag rcC's bes t with th e c urre nt s tat e o f th e icc cap. 
C a libra ti o n was cl o ne by aclju stin g th c Il u \\' parametcr 

A a ncl th e sliding param e te r A, (Equ a ti o ns (2 ) and (3 )1. 

,\rea l e:-;t ent o f th e ice cap , \ 'o lum e a nd m ea n thi c kn ess 

se l'\'('d as compa ra ti\,(, qua ntiti es. T a ble 2 li sts th ese 

quantiti es fo r th c prese nt-d ay ice ca p (c!eri\Td fro m 
SUrf;l CC topograph y a nd based o n th e ass umptio n th a t th e 
icc cap is p erf i:.'C tl y plastic ). Th c ice \ 'olume is a bo ut 15% 

la rger th a n th e estimated ice \'o lume tn th e Euro pean 

Alps in th e mi d 1970s. 

The ice \ 'o lume of th e m odel ice cap with A = 8 x 
10 ~ I m lis 11\ :1 a nd A, = 0 (no slicling ) is m o re th a ll 

twi ce til e ice \'o lulll c o f' th e prese nt-cl ay ice cap . 
Increas in g th e lI o w para m c ter to 10 2 2 Ill !> S I ~ :l redu ces 

th e diffc rcncc but o \'(Tes tim a ti o n is s till sig nifi ca nt 30 (%) . 

An illlpro \'em c nt was o bta ined b y including basa l sliding 

in th e m O\'C l11 c nt of' th e ice. Sin ce th e ice o f Kin g G eo rge 
Isla ncl is tcmpera te, thi s is a logical step . Th e elkc ti\ '(' 
pressure \\ 'as ta kc n to be 80 % of th e icc O\ 'erburde n 

pressure N - P = 0 .8:\' ; sec Equ a ti o n 3 1 . T a ble 2 

sho \\'s th a t quit e good rcsults a re o bta incd \" ith A = 8 x 
10 21 m 6 s l :\i :l a nd As = 6 x 10 III m 8 s l :\i 3 . The simu-

la ted a real c:-; tcnt 0 [' the icc is abo ut 2% sm a ll e r than its 

c urre nt area l cx te nt a nd th e ice \'o lum e a nd mea n ice 
thi c kn ess dine r ri'o m th e prese nt stat e h y o nlY +% a nd 
2°o, respcc ti \'(' I ~. The icc thi c kn ess is too sm a ll o n th e 

hi g hes t p a rts o f th e isla nd a nd LOO la rgc nea r th c ice 

m a rg in. So m c impro\'e m cnt is o bta ined by introducing a 
s liding p a ra m c ter that c ha nges lin ea rl \' with mass 
Inti a nce : A,(J\J = I m \\·.c . = 9 x 10 IS m B sl :\, :l a nd 

A,(J\J = + 2m\\·.e . = 3 x 10 IH m Bs I ~ I. T a bl e 2 

shows th a t th e difTc re nces I)c t\\'ee n thi s s ta te a nd th c 

c urre nt stat c a rc bid ), sm a ll. This stat c se l'\ 'Cd a s a 

re fcrcnce sta tc fo r climatc c:-; pe rim cnts. Simul a ted surfacc 

a ltitud es a rc p lo ll cd aga ins t m easured SUi'lilCC a ltitudcs in 

Fig ure 3. It is c lea r th a t th e agreem e nt be t\\Te n th e 
p rcse nt-da y a nd th e m od ell ccl icc \ 'o lull1c is ca used pa rtl y 
h y erro r ca ncc ll a ti o n: O\ ,(, ITs till1 C1 ti o n of th e \ 'o lum c Il e<lr 

th e icc marg in 10 \\' a ltitud cs I is m o re o r Icss co mpe nsa ted 

fo r by und c res tim a ti on nea r th c di\'id e hi g h a ltitud es ). 

Furthe r expc rim cnts \\'ith di fk rc nt sliding pa ra m c t('f'iza 

ti o ns did no t impro\'e th e res ults . Pro ba bl y. th e m a jo r 
rcaso n [o r the d isc repan cy is th c a ss umptio n that th e 

"":' 700 ,-----------------" 
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Fig. 3. Sill/lllated .I l1lface a/titllde 0/ the rl'Ji'rfllrf ice ca/) 
(.H'I' 1nl alld T able 2 ) agaill.11 lIIea.lurl'd .IUI.!({('f alliludl' . 

lo ngitudin a l s train ra tes a rc negli g ible compared to th e 

shea r stra in ra tes. In th e centre and nea r th e edges o f th e 

ice ca p this is no t tru e . . \t th c sa m e pl aces . th e (initi a l l 

ass umpti o n th a t th e ice d c fo rms pl as ti ca ll \' causes 
p ro blem s. C al c ul a ted ic(' thi ckn esses a rc too la rge w here 
th c surfa ce slo pe is sm a ll a nd \ ' ice \'C rsa . 

Climate sensitivity 

III o rcl e r to stu ch ' th e res pu nse o L the ice ca p to climate 
c hange , \\ 'C pe rturbecl th e rekrc nce s tat e w ith s tc p\\'isc 
c ha nges in mass ba la nce. C a lculatio ns are continued until 

a ne \\' equilibrium Slatc is reac hed. First, we co nsid er 
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A"llajJ alld others: Climate Wlsitivi{J' !!f t/ie ire caj} of killg George fJlalld 

(separate) cha nges in tem perature in crease/decrease of 
I K ) and in prec ipitation (increase/d ecrease of I 0% ). The 
effe ct of th ese changes on the mass-balance profil es is 

shO\\"I1 in Figure 2. The effec t of a \\'a rmer or cooler 

clima te is considerable and most pronounced on th e 10llTr 
parts o f th e ice cap. i\lass bal a nce is less alreCled by a 
change in prec ipitation a lld is inlluenced mainly at hi g h 
altitude. Th e response of the iec cap in terms of \·olume. 

mean lhi ckn ess and extent of ice is shO\m in Fig ure +. 
Clearly, th e conflgura li on of th e ice cap alters sig

nifi cantly with the imposed changes in temperature. For 
a I K coo ling. a n increase in ice yolumc of 10'% is 
predi c ted. Th e ice-cO\Tred surfilee gro\\'s by 4% and 
almost reaches its max imum ex tent (th e mod el fo rbids 

ex tension beyond th e currenl land sea boundary) . i\fca n 
ice thickness increases b y about 5% . Th e response of lhe 
ice cap to a warming of I K is spec tac ular: a 36% 
decrease in ice \'olume and a 26% decrease in arecd extent 
arc predicted. Th e reduction in mean ice thi ckn ess is 
13 %. The ice d ome of i\elson Island di sa ppea rs a lmost 

entirely. Considering th e rela ti\'e ly low a ltilude of the 

island , thi s is not surpri sing. The imposed warming 
ha rdly affects th e areal extent of ice north of the di\·id e of 
Kin g George Isla nd. H o\\'c\Tr, th e ice margin south of th e 
di\'ide re trea ts sign ificant ly. Calculations using larger 
tempera ture perlurbations have shO\\'n th a t the ice cap 

evenlually disappears if warming is more than 5 K. As 

can be exp ec ted on th e basis of the perturbed mass
ba lance profiles. th e imposed cha nges in precipita ti on 
ha\'C less efTect than warming or coo ling. Especially, th e 
ice \'o lume is inlluenced but by no t m ore than S°/c, . 

Fig ure 5 g i\'es a n id ea or th e respo nse time of th e ice 

cap. Again, th e reference state is perturbed with a I K 
warming or coo ling. Apparent ly, a new equilibrium is 
r eached more ra pidly a fi e r cooling th a n a fte r warming: 
th e response time is 25 yea rs ill th c case o r coo ling and 
150 yea rs in the case of warming. Basica ll y, thi s fea ture is 
caused b y the fact that the maximum ice ex tent is reached 

within se\'era l d ecad es a ft e r th e perturbation . Once this 

maximum has been reac hed , th e increased ca lving nux 
contro ls th e ice volume to a la rge ex tent and prevcnts the 
ice ca p rrom ex tensi\"e g row th (clV jdt ;::::: 0 ). Clearly, the 
crude formul a tion of calving is essential in this reasoning. 

The ice cap in the next century? 

Th ere is considerable un ce rtaint y in predictions or future 
climate. Seve ra l scena rios are out lined in the Intcr
gO\'ernmental Panel on Climate Change ( I peC ) report 
on climate cha nge, which a re based on future man-m ad e 

emiss ions of greenhouse gases (Bretherton and olhers, 

1990) . Onc of th ese is th e so-ca ll ed Business-as-Usual 
(BaU ) scena rio . According to this scena rio , fe\\' o r no 
steps arc taken to limit man-m ad e emissions. Compared 
to the situation of 1990, th e scena rio predicts a doub ling 

of the atmospheric CO2 concentration by th e end of the 

next celllury. Concentrations of the effective greenhouse 

gases CH4 and CFC-I I wou ld be dou bled before AD 2050 . 
The a \-crage ra te of increase of g lobal mean temperature 
during the nex t century is estimated at 0 .3 K per d eca d e. 
This imp lies a n increase of 3 K above the level of 1990 
before the end of the next century. We applied the BaU 

scenario to obtain an impression of th e response of th e ice 
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cap to a possible change in c lima le during th e next 

century. In order to alloll' for a less dramatic cha nge, 

simula tions were und erlaken with ha lf th e temperature 
increase that is predi c ted bv the BaU sce n a ri o 
(0.5 x BaU ). This situation is close to IPec scena ri o C. 
which assumes some limita tion of th e em iss ion of g reen 

hOll sc gases. Two runs per scenario were ca rried ou l: one 

with consta nt prec ipita lion a nd one with a 5% K I 

in crease in precipitation. Again, th e initi a l situa tion is th e 
equilibrium refe ren ce sta te as deseribcd before. 1 = 0 is 
taken as 1990 and th e simulatio n continues until ,\\) 2 100. 
Changes in ice \'o lume are presented in Figure 6. This 

fi g ure d emonslrates that th e BaU scenario res ulls ill a 

rapid redu clion in the \'olume of the ice ca p. Large 
changes arc predicted, particul a rl y in th e second half of 
the 2 1 st century. By AD 2050 th e ice \'01 ume has decreased 
by 10-20'Yo relati\'e to the refe rence vo lume and by AD 

2100 the ice \'olume is roughl y ha lved. Th e 0.5 x Bau 

scenario is ob\'iously less radica l: by I\D 2050 th e ice 

\'o lume has d ec reased by 5- 10% of th e original \'olume 
a nd by AD 2100 thi s percentage is 15 20%. The (igure 
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A'lIajJ alld olher:,: Climale :'f/lsilil'i{J' oIlhe ice ca/) oI Il 'illg Geolge Island 

d em o nstrates th a t th e ice-\'o lum e dec rease is no t sig nifi
can tl y d epressed by a 5% K I increase in prec ipit a ti o n . 

The res po nse o f th e ice cap LO c lim a tc cha nge is 
de pend ent bo th o n its initia l sta te a nd o n th e p ro pe rti es of 

ice fl ow. T o illustra te thi s, th e Bau sce na ri o was a pplied 

to a n initi a l s ta te in whi ch basa l sli d ing d oes no t 

contribute to th e fl ow o f th e ice. Compa red to th e 
refe re nce Slale, lhi s ice cap is LO O thi c k (hi g h ) a nd its 
ed ges a re too s teep . T o foc us o n th e dlc'Cl o f clim ate 
c ha nge o nl y, th e simula ti o n \\'as perfo rmed continuo usly 

witho u t basa l sli d ing . The res ult of this e:-; pe rim e nt is 

shO\\'I1 in Fig ure 6 . R cla Li \'C m ass loss redu ces fro m 55°;() 
to a bo u t 19<% . A bso lute m ass loss is o b \' io ush- reduced less 
sig n ificaJ1l ly (Il'om 7.8 x lQlO LO 5.6 X 1 01() 1~11 ) d ue lO th e 
d ifT(Te nl initi a l co nd iti o ns. The red uct io n in m ass loss is 
caused bas ica ll y by th e dilll' rent [l ow c ha rac teristi cs a nd 

by th e differe nce in hypsom e try o f th e two refe rence 

sta tes . 

SUMMARY AND CONCLUSION 

Th e present-day ice ca p of King Geo rge I sla nd \l as 

represented by a s tead y-sta te fo rm th a t was simula ted b y 

a two-dim e nsio na l \ 'C rticall y integra ted ice-flo w mod el. 
Bed roc k to pogra plw was cs ti ma ted b y ass umin g pe rfec t 
pl as ti c it y o f th e ice . l\l ass-ba la nce pro liles were simula ted 
by a n energy-ba la nce m od el a nd \\'e IT superposed on th e 

fl o w mod e l. C lim a to logica l d a ta fi 'o m t\\·o resea r c h 

sta ti o ns se l'\'ed as input fo r th e e nergy-ba la nce mod el. 

l ee \'o lum t' a nd area l e:-; te nt o f th e s teady-sta te ice ca p 
c losel y rescm bl e th ose o f th e prese nt-d ay ice ca p. 
H O\\T\'er, it IJrO\'ed diffi cult to simu la tc th e sha pe o f th e 
ice cap sa ti sfactoril y. C lose r agree m ent \I'ith th e o bse n 'Cd 

surface ele\'3 ti o n might be o bta ined by adj ustin g th e 

calc ul ated bed rock topogra ph y. This adjustm ent m ay 
inc rease th e m ean ice thi c kn ess to a m o re rea li sti c va lu e . 

Th e stead y-sta te ice ca p was su bjec ted to seve ra l 
e:-; pe rim ents simula ting clim a te c ha nge . i\ tempe ra ture 

inc rease of I K redu ces th e ice vo lum e by as mu ch as 

36°;;) a nd la rge pa rts o f th e isla nd lose th eir ice cO\·e r. 

Espec ia ll y, th e ice m a rg in o r th e so uth ern p a rt o f th e 

isla nd re trea ts sig nifi ca ntl y. Th e ice cap disa ppea rs 
entirely if th e tem pera lUre increase is la rge r th a n 5 K . 
Th e effect o f' a I K cooling is less dras ti c: th e ice volum e 
inc reases by a bo ut 10%. It is cl ea r th a t this number 

d epends criti ca ll y o n th e crud e trea tm ent of calying : the 

m od e l presc ribes that ice canno t fl o w be yond th e 

presc n t-d a y bo u nd a r y be twee n la nd a nd sea. Th e 
res po nse o f th e ice cap to a 10% ch a nge in prec ipit a ti o n 
is m od es t: no t m o re th a n 8% of th e ice \ 'o lum e is gained 

o r los t. 

In o rd e r to stud y th e res ponse o f th e ice ca p to poss ibl e 

future wa rming, \re perturbed th e steady s ta te by a 

g radu a l tempe ra ture in crease a t a n a\'e rage ra te o f' 0. 3 K 
per d ecad e (T PCC-90 Busin ess-as- Us ua l (BaU ) scena rio) . 
Th e m odel predi cts th a t th e ice \ 'o IL/me will be reduced b y 
13% in 1\1) 2050 a nd by .,)5% in 1\0 2 100 (4·9% in the case 

o f a 5% K I inc rease in prec ipita ti o n ) . It sho uld be n o ted 

th a t th e BaU sce na rio re fers to c ha nges in g lo ba l m ea n 

tempe ra ture a nd th a t th e loca l clim a te o r Kin g G eorge 
I sland m ay sho w a different tempera ture co urse . 

It is c lea r th a t th e respo nse o f th e ice ca p to c lim a te 

cha nge is d e pende nt o n its initi a l conditi o ns a nd its fl ow 
c ha rac teri sti cs . This \I'as illustra ted by a n expe rim ent in 
whi ch basa l sliding did no t contrihute to th e fl O\\· o f ice . 
i\ e\'l, rthel ess . a ll th e ex perim ents presented here ind icate 

th a t th e ice cap o f Kin g Geo rge Isla nd is \'C ry se llsiti\ 'C to 

clim a te c ha nge. R edu c ti o n in th e ice \ 'o lum e is to ta ll y 

dirTc re nt ['ro m th e res po nse o rth e m a in Anta rc ti c ice shee t 
to \\'a r m ing, w hi ch is beli e\'Cd to ga in l1l ass in th e case o f' 
increas ing tem peratures (Hu yb rec ht s a nd O eri e m a ns, 
1990 1. S in ce th e re la ti\T ly \\'a rm c limate of King Geo rgc 

I sla nd is re p rese llt at i\'C o f til e Sou th S he tl a nd I sland s a nd 

poss ibh- fo r th e entire no rth ern pa rt of th e Anta rctic 

Peninsul a, it is pl a usibl e th a t th e g lac iers a nd ice ca p~ in 
thi s area a rc a lso \'(T V sc nsiti \,(, to c li ma te c ha nge. 
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