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ABSTRACT. A new three-dim ensio na l, tim e-d epe nd ent ice-shee t m od e l, inc lud
ing th e ca lcula ti o n of th e coupl ed tempe ra ture a nd \ e loc it ) field s, isos ta ti c adjustm ent 
o f th e bedrock a nd a m ass-ba la nce pa ra m e teri za ti o n . \\ 'as used to reco nstru ct th e 
e \'olutio n o f th e Gree nl a nd ice shee t in res po nse to a climate hi ston' d eri\'ed fro m th e 
oxygen-18 m easured in th e GRIP ice cor e , St ead y-s ta te ex perim e nts \\ 'e re d o ne to tes t 
th e sen siti\'ity of th e mod el. first to vari a tio ns oCpoo rl y kn O\l'n pa ra m e te rs. secondl y to 
diffe re nt c limates. Th ese ex pe riments sho\\' th a t th e m od elled ice shee t is no t \ 'Cr y 
se nsiti\'e to \ 'ari a ti o ns in th e geo therm a l hea t Oux, bur \ '(: 1'\' se nsiti\ 'C to cha nges in th e 
acc umula ti on, 

INTRODUCTION 

Gl acie rs a nd ice shee ts respond se nsiti\ 'e ly to clim a te 

cha nge, but th eir res po nse is diffi c ult to interpre t. In thi s 
stud y, we try to impro \ 'C o ur und e rsta ndin g o f g lac ie r
clim a re interac ti o ns b y m ea ns o f a three-dim ensio nal 
num eri ca l model of th e Grfe nl a ncl ice sh ee t. Su c h mod els 

we re prey io usly d e\'elop ed by \-la ha IT\' ( 19 76 ) , J enssen 

( 1977 ), V erbitskii ( 1981 ) , R ee h ( 1982) , O e rl em a ns a nd 

V a n d e l' \ 'een (1984 ), Grigo ry an (1985 1. Hall ( 1987 ) . 
Hu ybrechts a nd O erl ern a ns (1988 ) . Fas too k a nd C ha p
m a n ( 1989 ), Lindstro m a nd :\facA yeal ( 1989 ) a nd Calm' 
(199 -1- ) , The J ensse n , Hu ybreehts, L indst ro m a nd CalO\' 

m od els ta ke th e co up li ng o f' th e tempera ture a nd ve loc ity 

fi e lds in to acco unt , by so h 'ing th e m od e l equ a ti o ns o n a 

three-dime nsio na l ne two rk . Th e m od e l we prese nt he re 
belo ngs to that g ro up, 

THE ICE-SHEET MODEL 

Th e mod el \I't d e\'elo pecl is a three-dim ensio na l ice-shee t 
mod el, including th e co upling berwee n th e ice tempera ture 
a nd th e \'e loc it y, Th e <"I'o luti on o r th e ice-shee t gfo m etry 
res ult s fro m a m ass-ba la nce a nd a bedroc k- adjustm ent 

mod e!. The basic equa ti o ns gO\ 'e rnin g th e mod e l a re 

simil a I' to th ose o f o th er three-dim ensional m od els such as 

th a r of Hu )'brec hts ( 1990) . Tn th e sha ll ow-ice a pprox ima
ti o n , ice d ero rm a tio n res ults fro m shea r stra in o nl y, \\'e 
\I'ill prese nt o nl y th e differences with th ose models. 

H o ri zo nta l \'e loc ity is ex pressed as : 

3 [(OS) 2 (OS) 2] DS u,(z) = -(pg)' 0:[' + uy 0,1' Se(z) 

3[(DS)2 (DS) 2] DS tllJ(z) = - (pg) Eh + uu uy SII(Z) (1) 

(2) 

\I'here S is th e ice-shee t surrace a ltitud e . p th e ice d ensit y, 
9 th e accele ra ti o n from g ra \'it y, ,I' a nd y th e ho ri zo nt a l 

coo rdin a tes , z th e \'e rti ca l coo rdin a te. posi ti\(· ujJ \I'a rd s 

\\' irh th e o ri g in a t sea b 'e!. ]]AT(Z) is a tcmpera ture
d e pe nd ent pa ra m e te r a ppea ring in th e re la ti o n be t\l'Cc n 
ddo1'\llatio n rat e a nd stress , A tunin g cocffi cie lll sf is 
includ ed in B AT(Z) , 

Th e equ a ti o n d esc ribin g th e tim e e\ o luti o n or th e ice 

thi c kn ess is a d iffu sio n equ a ti o n \\'ith a hi g hl y no n-lin ea r 

dir,u si\ 'it\ coefTi cie nt : 

uH = _ ~ (D DS) _ ~ (D US) + j\f _ F 
ut Eh DX Dy Dy 

(3) 

') [( DS) 2 (OS) 2] rS 

D = -(pg)' aT + oy In S,,(z)dz (-1) 

whe re If is th e ice thi c kn ess. JI! th e m ass ba la nce a nd F 
th e bo tto m m elting. Th e ice-shee t ex te nt a nd thi ck ness 
arc ge ne rated b y th e m od e l. 

Th e no \'c lt y o f th e m odel is th a t Sa a nd J S"dz a re 
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calcul a ted onl y once a nd th e calcula tion is optimized (sce 

be low ). The verti cal velocity, which is d erived fi'om th e 

incompressibility conditi on , has al so been expressed as a 

fi.ln c ti o n of I S"d z . 
Th e temper a ture fi eld must be known in ord er to 

ca lcula te Sa a nd I Sndz. It is d erived from th e heat 
eq ua ti o n , with th e fo llowing conditi ons a t th e boundari es : 

a t th e ice-shee t surface, th e tempera ture d epends 0 11 

clim a te a nd surface elC\'a ti on (see next sec ti on ) , whil e at 

th e ice /bedrock inte rface, th e tempera ture d epends on th e 
geo th erm a l hea t nu x a nd th e type of base (lower th a n or 
a t th e melting point ) . 

The bedrock adjustmen t is d escribed b y means of a 

diffusion equa ti on simila r to th a t used by L e treg uill y a nd 

o thers (199 Ib ). 

SURFACE TEMPERATURE 

The surface temper a ture is used for th e mass ba la n ce as 

well as th e upper-bo unda r y condition for th e ice te mp
era ture. It has three co mponents: 

Te. = Tao + 0.0065(So - S ) + L1T'lim ' (5) 

T,o is th e present a tmos pheri c mean a nnu a l tempera ture 

distribution a t th e ice-shee t surface , parameterized from a 
ma p published b y Ohmura ( 198 7) . Th e second compo
nent ta kes into acco unt the changes due to a ltitud e 
\'a ri a tions of th e ice-shee t surface, using a lapse ra te . The 
third component is th e time evolution d epending on th e 

climate. Fo r this, we use a temperature reco rd d eri\ 'ed 

f!'Om the 8180 meas urements of the CRIP ice co re 

(D a nsgaa rd a nd o th e rs, 1993) as clim a te forcing during 
250 000 yea rs. Th e reco rd spa ns th e las t g lacia l inte r
g lacia l cycle entircl y, a nd mos t of th e onc before th a t. 
Doubts exist as to th e va lidity of the reco rd pri o r to 

85 000 BP (C roo tes a nd o thers, 1993 ) . H owever, eve n if 

the d e ta il s of th e reco rd a re un ce rta in prio r to 85 000 BP, it 
is use ful fo r th e experiment to simula te th e ice-shee t 
n 'o luti on during two full clim ate cycles. F or o ur nl.od el 
stuel y, \Ve lilt ered some of th e hi g h-frequency \'a ria ti ons 
,,·ith a splin e smoo thing . Th e ori gin a l reco rd a nd th e 

smoo th ed one a re shown in Fig ure 4a . 

MASS BALANCE 

Th e mass-ba la nce di stribution is composed of acc umul a

ti on , a blation , cah 'ing a nd bottom melting . Since each of 

th ese respond differentl y to cha nges in tempera ture, th ey 
a re pa ra meterizeel se pa ra tely. 

Accumulation 

W e used th e present acc umul a ti on distribution (Ohmura 

and R eeh , 199 1), co rrected for climatic tempera ture 
\'a ri a ti ons a nd changes in th e ice-sheet surface slope 
according to th e equa ti on: 

acc(t) = aec(O) X exp(0.078 X (Ta - TaU)) 

( 
0'+ 0.001) 

X min 1.5,-----
0'0 + 0.001 

(6) 

2 

where acc(t ) a nd aec(O) are acc ulllul a ti on rates a t tim e t 
a nd th e present tim e, respec ti ve ly, and a a nd 0'0 are th e 

surface slopes of th e ice shee t a t time t a nd a t th e present 

tim e, respec ti vely. Th e ex ponenti a l facto r in this equ a ti on 
comes [i'om a stud y of pas t acc umulation ra tes of th e GRIP 
ice core, cen tra l Greenl and (D a h 1-] ensen a nd o th ers, 
1993). The second factor has been introdu ced to take 

into acco unt th e cha nges in th e orographi c component of 

th e prec ipita ti on when the ice shee t is very different from 

th e present one. Beca use th e Gree nl a nd bedrock topogra 
ph y is in some places mounta ino us a nd \'ery irregula r, th e 
0.001 and 1.5 coe fll cients ensure th a t th e factor \'a ri es 
between reaso na ble limits. During g lacia l conditions, for 

a n ice sheet onl y slightl y la rger th a n th e present one, th e 

o rogra phi c co rrec tion term d oes no t d e\·ia te m uch from 1. 
It becomes more importa nt for clima te warming when a 
la rge pa rt o r a ll of th e ice shee t may disa ppear. Th e 
o rog ra phi c co rrec ti on th en shifts the a r eas o f hi gh 

acc umula tion towa rds more sloping g rounds. 

For a clima tic tempera ture d ec rease of lOoG, represen t

ing th e L as t Gl ac ia l M aximum , and no change in th e ice
shee t surface, acc umula ti on ra tes ca lcula ted from Equ a ti on 
(6) a re 46% of th e present value. For a clim a ti c increase of 
5°C , corresponding to th e m aximum of th e previous 
In terglacia l, acc um ul a ti on ra tes a re 148% of th e present 

\'alue, a ll o th er things kept constant. The a mplitud e of 

acc umul a ti o n cha nges as a fun c ti on o f tempera ture 
cha nges is hi g her th a n th a t used with the Hu ybrechts 
mod el for th e Greenl and ex perim ents (Huybrechts a nd 
o thers, 199 1; L e tri:g uill y a nd o th ers, 1991 a, b) . 

Ablation 

Abla ti on is desc ribed by mea ns of R eeh '8 ( 199 1) positiw 
d egree-d ay model. r n th e model, air tempera ture a nd sno\\" 
acc umula tion determin e th e melt processes. H oweYer, th e 
model allows for th e possibility of ha \'ing pos iti\'e tempera

tures (and melt) even when th e average da ily tempera ture 

indica tes tem pera tures below th e freez i ng pain r. D i fTe ren t 
melt" ra tes a re used to melt snow a nd ice, in order to acco unt 
fo r th e a l bedo d ifference (Brai thwaite a nd Olesen, 1989 ). 
Th e produ Clion of superimposed ice is ta ken into acco unt in 
th e acc umula ti on/a bla tion process, and th e wa rming th a t is 

crea ted by ph ase cha nging at th e snow or ice surface IS 

includ ed in th e surface tempera ture of th e ice shee t. 

Calving and bottom melting 

In Gree nl a nd , th ere a re a t present no ice shelves la rge 

eno ugh to h a ve a signifi cant rol e in th e ice-shee t 

d yna mics . E\-e n with th e lower sea-l evel stand o f th e 
glacia l clima te, they a re un likely to have ex tend ed much 
beyond tb e coas tline. Accord ingly, ice shelves a re no t 
includ ed in th e m od el. Th e ice los t b y calving is usua ll y 

es tim a ted to be of the same order of m agnitud e as 

abla ti on . In th e m od el, ca lving is simula ted by se tting th e 

ice thi ckn ess to ze ro wh en ice reaches th e coas tline. Th e 
coas tlin e was ke pt fi xed a t th e prese nt p os iti o n , 
corresponding to a zero sea leve l. Th e error res ultin g 
from this assumption is no t ver v impo rta nt, as th e sea 

fl oor a round Gree nl a nd is steep. 

The a m o unt of ice lost by bo ttom melting is negli gible 
com pa red to th e g loba l m ass ba lance of th e ice shee r. 
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NUMERICAL METHOD AND SPECIAL 
FEATURES OF THE MODEL 

Ice tempera tu re a nd \'e loc it y must be calc ul a ted thro ug h 

th e d epth of th e ice, \\'hi ch m ea ns soh-ing th e m ode l 

equa ti ons on a three-dimensio na l ne t\\'o rk of g rid po in ts . 

\ \ 'e did so Iw m eans of finit e diffe rences . o n a ne t\\'o rk of 
4 1 x 7 1 g rid po in ts in th e horizonta l \\ 'ith a spacing o f' 
+0 km. a nd 11 (Te nl \' spaced g rid points in th e \·enica l. 

Th e bedroc k a nd ice -shee t- sur face to pog ra ph y a rc 

d e ri\'ed from th e 20 km spaced d a ta se t th a t \\'as used 

fa r th e ex p e rim ents with th e Hu y brec hts m o d c l 

(Hu >' brec ht s a nd o th e rs, 199 1; Le treguill y a nd o th ers. 
199 1 a. b ) . In o rd er to a\'o id bo undary pro blems a t th e 
bedroc k a nd the ice-shee t sur face \\'ith the three 
dimension a l \'a ri a bles , such as tempera tu re a nd \'e loc ity, 

th e \ 'e rti ca l coo rdin a te \\'as sca led to th e ice thi ckn ess. 

This a lso has th e ach 'a ntage of m a king it possible to 

g rea tl y sim p lif) ' th e \\Titing of th e \ 'Cloc it\· a nd tempera
ture pa pe r in pre pa ra ti on by C. Ritz ) . 

An o th e r pa rti cul a r feature of' th e mod el co nce rn s th e 

integra ls S. a nd J 5" clz in Equ a ti ons ( I) a nd (+) . Since 

th ese a re used in th e calculatio n o f ice-thi ckn ess e\'o luti on 

as \\'C II as th e \ 'elocity fi eld , whi ch in turn is used fo r th e 
tempera ture fi eld , spec ia l a t te n tion \\'as g i\'e n to its 
ca lcul a ti o n . In a !inite-diffe rence moclc!. a ll \ 'a ri a bl es 
a re ass um ed to beha \'e lin ea rl y be t\\'Ce n th e g rid points, so 

that th e tempera ture can be ex pressed as a linea r fun c ti on 

of d epth betwee n th e g rid points. Instead of usin§ a n 

o rd ina ry num e ri ca l integrat ion , B.u(z') (5 - z') was 
expressed . by m eans of a T ay lo r 's expansion , in such a 

way th a t th e integra l has a n a nal yti ca l so lutio n fo r th e 
inten 'a l be twce n t\\·o g rid po int s (pa p er in prepa ra ti on by 

C . Ritz ) . This m e th od is mo re exac t , and ensures th a t no 

d efo rma ti on is los t in th e lo \\,erm os t laye r o r g rid po ints 

beca use of th e di scontinuity a t th e ice /bed roc k inter face . 
H ea ting caused by d eform a ti o n in th e lowerm os t laye r is 
a lso no t comp le tely ta ken into acco unt in th e basal gr id 
po ints, a nd must be calcul a ted se pa ra tely a nd add ed to 

th e basa l heat nu x . Hu ybrec hts 1990, e tc. ) so h- es th ese 

pro bl ems in a m a nner diffe rent Ij'om ours, b y uSlI1g a 

ne tw ork \\'ith un e\'e nl )' sp aced \'eni ca l g rid po int s, 

co nce ntra tin g nea r th e base . 
Th e time step fo r th e ice-thi ckn ess c\ 'o lu ti on a nd 

bedroc k isos tasy is .5 yea rs, a nd fo r th e m ass ba la nce, 

tempera ture a nd \'e loc it y 50 yea rs . .-\ m od el run ta kes 

a bo ut 30 min o f C PU tim e fo r a 200 000 year experim ent 

on a C ray-C90 computer. 

STEADY-STATE EXPERIMENTS 

Stead y-state cx perim ents a rc perfo rm ed by imposing a se t 

o f initial \'alu es o f the c lim a te a nd m od el pa ra m e ters 
und er stud y, a nd le ttin g th e mod e l run 50000 yea rs \\ 'ith 
un cha nged pa ra m e ters. Th e first ex perim ent was to ensure 
th a t th e mod el co uld reproduce th e present ice shee t \\'hen 

th e prese nt clima tic conditi o ns we re presc rib ed , with th e 

present sta te as initi a l ice-shee t co nfigura ti on . \ 'alues o f 

th e Ill od el pa ra m ete rs a re g i\'en in T a ble I . Beca use th e 
cnha ncement factor (sf) a nd geo th erm a l hea t Ou x (Chf) 
a rc poorl Y kn own , tes ts \\-e re mad e to e\'a lu ate how 

un ce rta inti es in th ese p ar a m e te rs a ffec t th e ice shee t fo r th e 

Fabre alld olher,, : Greelllalld Ill/del' (hallgillg climaleJ 

T able 1. /·allle., of 1111' I){lralllelas ioed ill Ihe lIIodel 

P =9 10 ko' m ! 
'" 

g=9.8 I ms ~ 
R =8.3 1+J mo l I K I 

If 'I I BAro = 1. 66 x 10 ' P a ' Cl 

Q = 7.820 x 10' J m o l ' 

Q =9 . 5 '~5x 10' Jmol ' 

sf = 3 
7() = 273. 151'. 

k=3 .I Ox 10Hcxp ! 0.0057T 
+7(»)j m'K 'a I 

c=2 11 .5 .3+7. 79T .J m ' K ' 
Chf = 0 .0+2 \\' m 2 

Da = 4 x 10:; m 2 a ' 

:1 Pili =3300 kg m 

D ensity o f th e ice 

G ra \·i t \ . 

Gas consta nt 

Fl ow-l a \\' coe fTi cien t fo r 
T > 6.5 C 

A cti\ 'a ti on ene rgy for 

T > 6.5 C 
Flo \\·-I a \\· coe fTi cient 101' 

T < 6.5 C 
Acti\ 'a ti on energy fo r 

T < 6 .5 C 
Enh a ncing 0 0 \\' facto r 

:'-l e lting po int of ice at 

a tmos ph eri c pressure 

Therm a l m nd uc ti\·i ty 
Spec ifi c hea t ca pac it>· 
G eo th e rm a l hea t Ou x 
DifTusi\' it y o f' bedrock 

m odel 

D ensi ty of th e m a ntl e 
(bedrock ) 

prese n t e1i m a ti c cond i ti ons. R es u I ts o f th ese tes ts a re 

summa ri sed in T a ble 2. :\one o f th e cha nges innuences th e 
ex tent o f th e ice shee t: onl y th e shape a nd ice thi ckn ess a rc 
a rreClecl . Th e ice shee t is more se nsiti\'C to th e enh a nce
ment facto r, s f , th a n to a ny o th e r pa ra mC'ter. Experim ent 

o gi\ 'es th e bes t m atc h \\' ith th e p rese nt ice-shee t 

to pogra ph y sec Fig . I ) . a nd is o ur s tead y-sta te refe rence 

(o r th e prese n t clim a te. In a ll furth e r ex pe rim ents. th e 

Fig. 1. ,I/ al).' q/I/il' Im'JeIIl Greelllalld ice-.,heet thicklleJS 
digili.::ed 011 a +0 km grid. COlliollr lilies ( Ih ill lilies) 

re/Hemli ice-slllJace elem/ioll l('iliz a (olllollr iniflT{t/ ~r 
O.5klll . starlillg al 1 kill . T he Ihick line illdicates the ice
sheet II/argill : t/ze dark gr~) ' hatchillg illdicate" iCf:fru la lld 
aboN Jerl lel'e!. Left . actllal ice sheet; n~f{ht, "teacLl'-state 
lIIodelled ic!' slteet . 
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Table 2. Slim m (11) ' q/lhe slea{6'-slale el/Jerimenls /m/arllled 10 leslllle selZsiliz ' i~) ' q/lhe leas/-known /Htramelers 
oj Ihe model, jar Ihe /Jrl'seIll C/ill/alic condilions . ,\ '0 . iJ Ihe l'\/Jerimflll number . .I l ode/ /Hlram elers: sf is Ih e 
sojlenillg-en/wlltell/el/ljaclor oj l/i e )70lC' /Jarameler: Ghl' is l/ie geotherma/ heal )711.1. ,\lodel olllpllls: np is t/ie 
IIlImber of grid /)oillls cOl'ered with ice ; hill", and h uI('an are Ihe m(nimum alld the rn'erage Ihicklless oj the ice 
sheet, m/JectilJe[)' : 71: Ihe meall basaltem/Jeralure beloll' 1111' /Jressllre melting; [ '01 the ire sheet l'o/ume 

,\ '0 . s f Ghf np 

\\' m 2 

obsen'Cd 1105 
0 3 0.0+2 111+ 

0.0+2 1109 

2 0.050 11 I I 

1',lIues s f = 3 and Ghf = 0.042 \\. m 2 II'ere used (T a bl e 

I ). About 50% of the base is a t th e melting point, in a reas 

a Il'a v [rom ice di I·ides. 
Experim ents were also done fo r t\l'O g lacial climates 

and t\\'o \I'a rmer cli m£\ tcs (T a ble 3 ). Experi men t 0 \I' as 
used as initi a l configuration o r th e ice sheet. and th e 
model \I' as run fo r 50000 years under the new climatic 

conditions. For fJT = - lOeC ( Fig. 2a ), representing Cull 

glacia l co nditions, th e ice shee r reac hes th e coast nearl y 
c I'C ryw here. Thc ice shee t is th inn e r than that in 
ex perim cnt 0 , due to th e lowcr acc umu lat ion. COrJ'C
sponding ly, thc basa l temperatures arc much colder and 
are be low th e melting point a lmost e\,tTY \I·here. Th e 

initia l temperature of th e series used for the el'o lution 

ex perim ent is fJT = - +.5°C (Fig . 2b), so a stead y-state 

run \I' as perrormed for that tempera ture. The res ulting ice 
shee t is not much diITere lll from th e rull glacial one. 

Table 3. SUlIlmal), of Ihe stea{~J'-s/ale eI/Jer/men/s pelformedjor 

dijj'elm/ /emperatllre per/l/lba/iolls fJT . ~f= 3, Ghf = 0.042 . 
. \ 0., 17,]), h ll Jax , h llleau , 71, *, [ '01 are Ihe same as ill Table 2 

. \ '0 . fJT np hlllax hlll l'H1l 71) • rot 

QC 0C :l 
m m m 

3 10 1248 2997 1625 - 8 .32 3.24x10 1
:, 

L~ 4.5 1208 3031 1681 5 .2 3 3.25 x 10 Ij 

5 5 933 3154 1842 - 2.0 1 2.75xlO
lj 

6 7 795 3122 1836 - 1.79 2.33x1Olj 

The fJT of'SoC (Fig. 2c I and 7 C (Fig. 2d ) represent 

drasti c clim a te warmings. They were chosen in preference 

to a more rea listi c \I'a rming because th ey a re necessa ry for 

initiating a sizea ble retrea t of th e ice sheet. The ice
marg in retrea t is more pronoun ced in th e north and 
northeas t "here th e accumulation is th e lowes t, and ill 
the so uthwes t where th e altitude of th e bedrock is 
rclati\'ely 10\1' . The highest mountain ra nge in Greenland 

runs along the south ern ha lf of' th e eas t coast, and 

another, much lower range a long th e north ern ha lf of th e 

+ 

hlllHX hIUt'HU rol 

m m 
:{ 

m 

3003 1707 3.02x 10l S 

3 .IOx10 15 

3.58x 10 1
.,; 

3 10+ 1739 
3500 20 15 

3490 2003 

3.35 
3.05 

2.38 3 .56 x 10 15 

wes t coas t. Because o f' their hi g her a ltitude. these a reas 

(presentl y under ice ) arc less sensiti\'e to a warming. Th e 

ice shee t appears to be global ly more stable th a n has been 
fo und in pre\'ioLls works (H uybrech ts and others, 1991 ; 
Le trcguilh- a nd olhers , 199 1 a ) . This is beca use of th e feed 
back be tween mass bal a nce and ice-shee t ele\'ation: fo r it 

Fig . 2. Sellsilivil)' oj Green/al/d j/ea(~)i-s/a/e 1II0del /0 jOllr 
differl'll/ climalic /Jaral11eleriza/io lls. COlllours represfIl/ 
.III I/ace elevatioll. 
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clim a re wa rmin g. th e a bl atio n a nd acc umul a ti o n bo th 
in crease, I[' th e ab la ti o n increase do min a tes o \'e r th e 
acc umul at io n in crease, ice \I'ill m e lt a nd the surrace 
cl e \'a ti o n \I ill d ecrease, Sin ce tem pcra ture a t th e ice-shee r 

surl;l ce in creases fu r a loweri ng a lrit ud e, th e a bl a ti o n \\' ill 

in crease Curth er . crea ring a s tro ng feed -back , A co ll apse of 

th e Gree nl a nd ice sh ee t ca n th en be in iti a ted 1'01' c lim ares 
on l ~ ' mod e ra te '" \I 'ar me r th a n th e prese n t. Th e acc um u
lat io n pa ra m e teriza ti o n used in simila r ex perim e nts \I' ith 

th e H u yb rec h IS mode l (Letreguill y a nd o th ers, \99 1 a ) led 

to suc h Cl situ a ti o n , H o we\'(' J', o ur acc umul a ti o n pa ra m

e te ri zCl ti o n , as g i\ 'e n in E qua ti o n (6 ). produ ces a mu c h 

hi g her acc umul a ti on in crease [or wa rm cr clim a tes. a nd 
1'0 1' a tempera ture c ha nge o r u p to 5 c: i t a lmos t 
compensa tes 10 1' the a bl a ti on increase. so tha t th e ice 
shec t decreascs o nly sli g htl y. 

T wo fu rth er stead y-s ta te ex peri ments \I'e re conducted 

(ex perim ents 7 a nd 8), to ShOll' th e se nsiti \' it )' oC th e ice 

shee t to th e acc umul a ti on: Eq ua ti o n 161 \I'as m od ili ed so 
th a t th e acc umula tio n co uld no t increase with th e surlace 
te mpera tulT , Th e res ultin g ice shee rs [i) I' c lim a te \I'a rlllin g's 

o f' 3 a nd .') C a re sho\\' n in Fig ure 3, ,[h('\' are o b\'io us'" 

completel)' dilIc rent [i'o m th ose in ex pe rim ents 5 a nd 6, 

Fo r a tempera ture increase f1T = 3 c: (ex perim ent 71. th e 

ice shee t breaks in to two sm a ll er pa rrs, Because or th e 
increased ab la ti o n a nd ma rgin retrea t, th e ice ach'ecr io n is 
no lo nge r l<1 rge e no ug h to m a int a in th e co nn ec ti o n 
be t\ITe n th e t\I'O d o m es of th e ice shce l. Fo r a tem pera ture 

increase f1T = 5' C (ex peri me nt 8 \, th e ice shee t disa p

pea rs a lm os t co m ple tely, a ncl o nl y a lCw iso la ted ice caps 
o n t l1<" hi g hes t m o unta ins rem a in, T a ble + summ a ri ses th c 
res ult s ob tai ncd fo r these two expe riments, 

Fig, 3, JlajJs oJ Ihe slea({J'-slale modelled ice sheelJor Iwo 
[('([I'lIIer climales ( iJ.T = 3 (; alld iJ.T = 5 C) lvilh l/ie 
a((Ull/lllatioll lillliled 10 l/ie /ne,lcl/l dislribllliol/, 

Th e acc umul a ti o n p a ra m e te ri za ti o n fo r expe rim ent s 7 

a nd 8, a ltho ug h no t ide nti ca l. is close to o ne used in 

L etreg ui Il l' a nd o th crs ( 199 1 a ) , A comfo rti ng res ul t is th a t 

th e ice sh ee t is \T ry close to th a r obta ined with th e 
Hu ybrec hts mod el, in Il'hi c h th c num erica l sc hem cs a nd 
[J o\\, pa ramete rs a rc dilTe re n l. ~ros t mod e ls re p roduce th e 

Fabre alld olhers: Grel'lllalld IIl1der challging climalej 

Table -I, SIIIIJ ilia I) ' o/Ihe slea1J'-slale eI/mimenls fm/armed/or 
dijJerfllt tel7ljJeratllre jJrrtllrbati(lII.\' LlT , lvil/i t/ie I/lodiji'ed 
accllllllllatiol/, 8f = 3, ChI = (),()-I2 , , \ '0,. np. h"I<" , h",C'"I ' 
71, *, 1'01 are the ,l ame a,l ill T able 2 

, \ 0, iJ.T 

c: 
)JP 

7 
8 

3 
5 

860 
33 

III m c: 

3032 1750 ~2,34 

05+ 759 ~7,23 

:3 m 

2,4 1 X 1011 

4,06x 1013 

present Ice sheet under the prese nt clim a ti c conditi o ns 

we ll ; hO\I'('\'(' r . th ey usua lh differ \I 'he n it co m es to 

sim ul a tin g th e ice shee t under unkn own c lim ates, 

EVOLUTION EXPERIMENT 

Th e ice-shee t confi g ura ti o n o f expe rim ent + was used as 

initi a l sta te. an d th e tim e-de pe nd e nt tempera ture fo rcing 
d eriI'C'd [i'o m th e G RI P ice core was used as cl im a te input. 
Th e results o f' th e ('\'o lutio n experim ellt a rc S h Oll'll III 

Fig ure +, Th e acc umulati o n pa ra m e teriza ti o n g i\ 'C n in 
Equa ti o n (6 ) \\'as used, 

Th e cha nges in th e ice-shee r \ 'o lum e a ncl a rea a rc no t 

\'(' 1'\ ' dra m a ti c , C ha nges in a rea (Fig, +e ) d epend mos t l ~ ' 

o n a bla tio ll , \I'hil e ch a nges in th e m aximulll ice thi c kn ess 
(Fig ,4d ) d e pe nd m os tl y O il acc ulllul a ti o n, Th e ice 
\'o lum c d epc nds o n bo th acc umula ti o n a nd a bl a ti o n: 

la rge cha nges suc h as th ose o r 130000 veal'S a nd th e 

present res ult ri 'om th e m a rg in re trea t due to a bla ti o n 

in crease , \I 'hi le sm a llCl' c ha nges suc h as rh ose th a t 

occ urred durin g th e g lac ia l period s res ult fi 'o m th e ice
thi c kn ess c h a nge" i\ Ia rg in m o \'es a re th e n limit ed 
beca use th e ice shee t reaches th e coas t nea rll' e\ 'ery
w here , Th e basa l tempe ra ture ( Fig, +0 see ms to [0 11 0 \\ ' 

the surhlce tempera ture [a rc ing, but \I'ith a lag o f' a fe\I' 

th o usa nd yea rs, a nd mu ch damped: th e s urf~t ce tempera 
ture change fro m th e g lac ia l to the I nt erg lacia l is 10 C. 
", hil e it is o n ly 3 C a t th e base , Th e co ld e r basa l 
tempe ratures o f' th e G lac ia l Peri od m ay be exp ec ted to 

crea te h a rd er basa l ice, leadin g to a thi c kenin g o r th e ice 

shee t, Tn o ur ex perim ent, \I'ha t ha ppens Ill a \ ' see m a t first 

g la nce to be th e o ppos it e, beca use th e ma ximum ice 
thi c kness d e pe nd s m os rl \' o n th e acc umul a ti o n-ra te 
cha nges, H O\\' CI'e r , th e rac t th a t th e ge ne ra l tre nd o r th e 
m aximum ice th ic kn ess (Fig , +d J du ring th e las t G lac ia l 
Period is re la li\T II' co nsta nt , \\'h ile th e ge nera l tre nd in 

surface temperature d ecreases durin g th e sa m e period, 

can pro ba bl y be ex p la ined by th e inc reas ing s tiffe nin g of 
th e basa l ice , 

Th e rcs ulting ice-shee t to pograph y 1'0 1' th e prese nt is 
100 m th icke r in th e cc ntre th a n th a t o r ex peri me n t 0, a nd 

b asa l tempCl' Cl rures a re + C 10 \I'er. Th ey a re s till 

influ enced b y th e Tee Age conditi o ns, 

As \I'ith th e steach '-sta te ex perime nts. rh e res u lts o f th e 
('\ 'o luti o n run differ ri'o m th ose ora plT\'io us stud \' \\' ith th e 
Hu \'brec ht s mod e l Le treguilll' a nd o th e rs. 199 1 b ), Th e 
tempe ra ture tim e se ri es used as c lima te fo rcing d ifTe rs, but 
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Fig. 4. Ice-sheef-evollltion eXjJerimenf . a. T emfJeratllre 
record derived Jrolll the 81110 measurements jJe/formed 011 

the GRIP deef) ice core, al Summit, centra! Greenland 
( thin line), with the sjJline smoo fh ing (thick lille) thal 

was llsed as climatic-variations in/lutJor the model. b, c, d, 
e and J show the evolution oJ selected kf)1 variables: b. 
i\!Jass balance; c. lee voLume; d. lvl aximum ice thickness; 
e. ,Vlimber rifpoints with ice;J. Basaltell1jJeratlire. b andJ 
are averaged over fhe number rif IJoillts oJ the ice sheet . 

o 

o 

th e m a In difTerence co m es fr o m th e acc umul a ti on 
pa ra m eteriza ti on. J n th e pre\ 'ious stud y, acc um ula li on 
was no t a llowed to ri se a bove th e present acc umula ti on 
ra tes f'o r wa rm er clim a tes . Th e two acc umula ti o n 

pa ra meteri za ti ons represe n t ex treme si tu a ti ons, reality 

pro ba bl y being so mewh r re in be tween . F o r g lac ia l 

clima tes, acc umul a ti on ra tes can be inferred from th e ice 

6 

cores, but for a wa rm er clim a te th e re is no hisrory to g uid e 
us as to w ha t th e acc umula ti on increase should be. Tt is 

th en diffi cult to choose a pa ra meteriz a ti o n. Genera l 

circula tion mod els may provide a n answer when th e 

pa rti cul a riti es of th e pola r clim a tes a re better acco unted 
fo r a nd th eir spa ti a l resolution is sufficientl y refin ed. 

CONCLUSION 

Th e ice-shee t m ocfel prese n ted in this work is a ble to 
reprodu ce th e present topogra ph y of th e Greenland ice 
shee t well. Future improvem ents to th e m od el will include 
sea -l eve l change a nd hea t conduc ti on in th e bedroc k. In 

this stud y, limited ava il a ble computing time m ad e it 

diffi cult to ta ke heat conduc ti on into a cco unt, beca use th e 
m od el wo uld have ta ken m uch m ore th a n 50000 a to 
a pproach stead y sta te . Considerin g the la rge a reas of th e 
base reaching th e melting temper a ture, a sliding law is 

need ed. Since th e ice viscosity dep ends on th e age a nd 

form a ti on conditions of th e ice, we additi ona ll y pl a n to 

use a Oow law taking ice tra nsitions into account. T o d o 
th a t, th e age ing of th e ice will ha \'e to be computed. 
Fin a ll y, we plan to d o som e ex perim ents with th e fin er , 
20 km grid , in order to have a more d e ta il ed simul a ti on of 

th e ice sh ee t. 

E xperim ents were conducted to tes t th e m od el' s 

sensitil 'ity to some poo rl y kn own para mete rs. Th ey show 
th a t th e mod e ll ed ice sheet is onl y slightl y sensiti ve to a 
20 % varia lion in th e geo th erma l hea t Dux, but th a t th e 
ice thi ckness is yery d epend ent on th e tuning Dow 
pa ram ete r, s f. 

The m a in res ult of th e stud y con ce rns th e sensitivit y of 

th e m od ell ed ice shee t in a warmer clima te to th e type of 
acc umul a tion pa ra meteri zat io n used: for a tempera ture 
increase 0 (" 5°C, one pa ram eteriza tion res ults in a m a rgin 
re trea t 0["0- 120 km (three g rid points), th e res t of th e ice 

shee t being little cha nged , whil e the other res ults in a 

complete coll apse of th e ice shee t. Unfortuna tely, littl e 

evid ence is a va il a bl e predi c ting wh a t th e acc umula ti on in 
warmer clim a tes sh ould be. 
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