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ABSTRACT. l ee-shee t m odellin g is a n esse nti a l too l fo r es tim a ting th e clrect of 
c lim a te cha nge on th e G ree nl a nd ice sh ee l. The la rge spa ti a l a nd long-term tempo ra l 
sca les o f"rh e ice-shee t m od el limits th e a m ount of'd a ra whi ch can be used to tes tlll od el 
res ults, Th e geological record is use ful because it prO\' id es tes t m a te ri a l on th e time­
scales typi cal Cor th e m emory of'i ce shee ts (mill ennia ) , This pape r compa res m od ell ed 
ice-ma rg in positi o ns w ith a geologica l sce na ri o oC ice-marg in pos itions since th e Las t 
Glacia l ~1aximum to th e present in W es t Gree nl a nd, ~Iorphol og i ca l e\'id ence o f" ice­
m a rg in pos iti ons is prov id ed b y m orain es . ;'1o ra ine sys tems arc d a ted by lie-dated 
m a rin e shells a nd terres tria l pea l. Three Gree nl a nd ice-shee t m od e ls a re compa red. 
There a re di stin c t diITe rences in m od elled ice-m a rgin pos iti ons be twee n the model s and 
be t\~'Ce n m odel res ults a nd th e geo logica l reco rd . Di sagree m cnt betwee n m od els a nd 
th e geo logical reco rd in th e nea r-coas ta l a rea is ex pla ined b y th e inadequa te trea tment 
o f m a rg ina l p rocesses in a tid e-wa te r environment. A sm a ll e r th a n present ice shee t 
a ro und th e wa rm pe ri od in th e H o locene (H olocene clim a ti c o ptimum ) o nl y occ urs if 
such a peri od a ppears in th e fo rcing (ice-core reco rd ) o r used tempora l resolutio n . 
Smoothing of th e GRIP record \\'ith a 2000 yea r ave rage e limin a tes th e clima ti c sig na l 
rela ted to th e H olocene clima tic o ptimum . This unde rlin es th e impo rta nce of sho rt­
term a nd m edium-te rm \'a ri a ti ons (d ecad es, centuries ) in clim a ti c vari a bles in 
d e te rmining ice-m a rg in positi ons in th e pas t but a lso in th e future. 

INTRODUCTION temperatures a t d ee p drilling sites 111 G reenl a nd a nd 
An ta rc ti ca . 

I ce- ~ h ee t m od elling is a n esse nti a l too l in eva luating th e 

future response of ice shee ts to cli ma te cha nge. ),IIod els 

need as m a n y tes ts as possible to enab le aj udge m ent to be 
m ad e on the perfo rm a nce o r m od els. E\'C ry tim e a mod el 
passes a tes t, m o rc co nfid ence m ay be placed in m od el 

res ults for peri od s with out contro l opti on s such as th e 

future , The), should es pecia ll y be e\'a lua ted fo r circum­

sta nces a nd time-sca les in whi ch th ey will be used 

(Ores kes a nd o th e rs, 1994). 
Th e la rge spa ti a l a nd long-te rm tem pora l sca le 01" ice­

shee t models limits th e a m o unt of'd a ta \\'hi ch can be used 
to tes t mod e l res ult s. :'l od ellcd iec'-shee t geo m etry (spa n, 

topogra ph y, \ 'o lume) ca n be compa red with present-d ay 

geo m etry fo r th e Gree nl a nd a nd Antarc ti c ice shee ts, 
I\Iod e ll cd ice tempera ture ca n be tes ted aga inst m eas ured 

52 

Th e po tenti a l o f' the geological reco rd to prO\'ide tes t 

d a ta (o r ice -sh ee t m odcls is often m ent io n ed (e .g , 

Pa te rson , 198 1; Hind ma rsh , 1993 ) . H o\\'e\'C r , sys tem a ti c 
compa ri so ns be twee n geo logy a nd ice-shee t m odels a rc 
no t wid espread. D a ta in geology a rc di\T rse in na ture 
(m orph ologica l, sedimento logica l) a nd occ ur on a wide 

ra nge o{\ca lcs, in size a nd time. No t a ll types of geo logica l 

d a ta can be Ll sed in compa ri so ns with ice-sh ee t m odel 

res ults. Based on th e app roach o f T a tenhO\'e a nd o th ers 
(in press a ), only th ose g'eo logica l fea tures a re used \\'hi ch 
re la te direc tl y to m odel o utpu t. Th e geo logica l reco rd 
used he re is a sequence o f" d a ted m ora in es. ~Io ra in es a re 

th e m orph ologica l ex press io n of th e ice-shee t m a rgin a nd 

th e refo re rela te direc tl y to m odell ed ice-shee t geom e try. 

Using a geo logica l reco rd lo r tes ting ice-sh eet mod els 
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Fig. 1. Ol'en'iell' of moraille 5,.l'stems ill tell Ira I fl 'esl Greenland. 1. Hellefisk-Sisilllilll; 2, T{{jerqal; 3. S{//jarloq / 
Ad1'edtleq: 4, Fjord; 5, Cm/vD/k eglen; 6. Orkendale!l : 7, Pment-da)' ice 1II(lIgin. Figllrej ill brackel.f beloll' the 10llgitllde 
dmote the U T ,'\J coordillates (eastillg) ill km lIsed ill Figure 3. 

is useful beca use it pro\' ides tes t ma teri a l on th e time­

sca les typi ca l for th e m emory of ice shee ls (millenni a ). It 
a lso enab les the a na lysis of transien t beha \'iour of ice­
shee ( mod els. 

The a ims or thi s pa per arc: 

I . To com pa re mod ell ed pos itions or th e ice ma rg in or 
three Greenla nd ice-shee t mode ls with geologica l 

e\· id ence . 

2. T o e\'a lu a te th e perrorma nce o f th e three mod els 
with respect to th e geo logica l reco rd. 

3. To disc uss th e differences in pe rfo rmance be tween 
th e three mod els in te rms of mod el cha racteristi cs. 

GEOLOGICAL RECORD 

For th is pa per \ IT used th e morphologica l n' ide nce of ice ­
m a rg in pos iti ons as pro \' id ed by mo ra in e sys tem s. 
I\[ora in c s>'stems arc c lusters o r morai nes whi ch are 
tracea ble O\Tr la rgc d istanccs (10 100 km ). R egiona l 
sig nifi ca nce is a ttac hed to th esc sys telll s beca use th ey are 
t racea bl e o\,e r large a reas a nd continue witho ut being 

interruptcd by to pograp hic fea tures such as \'a ll eys (e.g . 
Ten Brink , 1975 ). The positi ons oi' mo ra in e sys tems (Fig. 
I ) a re ta ken fro m \ 'arious sou rces (for a re\ 'iell' sce 
T ate nh Ol-e, 1995 ; T atcn hOl'e a nd o th ers, in press a ) . A 
de ta il ed disc ussion o n the me th odology used in construc t-

Table I. Deglarialioll c/irollology of lI'est Greenlalld. Dil'ision in grou/Js i-l based 011 Ih e (//'ailabili~J ' alld !J'jJe of age 
determillatioll . A . 110 "'C dates allailable ill olf)/lOre area: B . ages based Oil radiocarboll-dated marille shells: C. ages based 
Oil radiocarboll -dated terrestriallllaterial: D , 110 "'r. date.) aNti/able ill area jJre:' e/lt(y cOl'eral b.,J ' ice sheet 

GrOlljJ il/oraine Jormalioll stage I . Ne .' ge 111 , ),eal /iF rlge ill raielldar }ear IJF Aboo/ute ral/ge 

( ± absolute ral/ge) ( ± absolute rallge) (calel/dar !-IC)'far BI' ) 

A H ell efi sk 16 OOO± 3000 19300- 12 700 
Sisi miut 12 300 ± 1500 I 3 800- 10 800 
Tase rq a t 9900±600 10500- 9300 

B Sarfa rtoq / Ad \-ecl tl eq 8800±300 9200±600 9800- 8600 
Fjord 8300±300 8500±600 9 100 7900 
U ml\'l t/K eg len 7000±.500 7300±600 7900 6700 

e O r kend a len 5900± 300 6800±300 7100 6500 

D \Iini m um pos itio n 4000 ± 900 (? ) +000±900 ' +900- 3 100 
H ypsi th erm a l 
End adva nce Younger th a n .\1) 1750± 100 260- 11 0 

625 lie yea r BP 

~eog l ac i a l 200±30 

Geologica l mod el is d e\'eloped ass uming tha t th e H ypsilhermal minim um position of th e ice shee t is 50 km cas t or th e 
Orkenda \en mo ra ine sys telll. 
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Table 2. M odel features 

Feature 

Grid size (km ) 

Time step 

Mass fl ow 

Bedrock topogra ph y 

Present surface T , 
Ts(x, y, present) 

Fabre 

20 

I a (ice thickness) 
100a (temperat ure) 

Intern al deformati on, basa l 
sliding 

ETOP05 (ice-free areas), radio­
echo sounding for bedrock under 
presen t-da y ice sheet (Leu"eguilly 
and others, 199 1) 

Ohmura (1987) 

Present accumulation ra te, Ohmura and Reeh (1991 ) 
S(x, y , present) 

Parameterization surface 
melt 

Parameterization surface 
temperature 

Parameteri za tion 
accumulation ra te 

Reeh (199 1) , degree-day 
approach 

Ts(x , y, t) = Ts(x, y present) 
+ dTs(t) . dT.(t) based on GR IP 
signal (Dansgaard and others, 
1993) 

S(x , y , t) = S( x, y , prese nt) 
X exp(O.078(Ts(x, y, t )-
Ts(x , y , present))) x orograp hic 
component 

Greve 

40 

5 a (\'elocity, topograph y) 
100 a (tempera ture, water 
content ) 

Internal deformation , basal 
sliding 

ETOP05 (ice-free areas), radio­
echo sounding for bedrock und er 
present-day ice sheet (Letreguill y 
and others, 199 1) 

Ohmura (1987 ) 

Huybrechts 

20 

2.5 a (ice thickness) 
50 a (temperature, velocity and 
mass balance) 

Internal deformation , basa l 
sliding 

ETOP05 (ice-free areas ), radio­
ec ho so unding for bedrock und er 
presen t-day ice sheet (Letreguilly 
and others, 199 1) 

Ohmura (1987) 

Calov (1994); based on Ohmura Ohmura and Reeh (199 1) 
and Reeh (199 1) 

Ca lov (1994); degree-day ap­
proach; based on Reeh (199 1) 

Ts(x, y, t ) = Ts(x, y , present) 
+ dTs(t). dTs(t) based on GR IP 
signal (personal communication 
from S. J ohnsen) 

S(x , y, t) = S(x, y , present) 
x ( I + 0.05x dTs(t)) 

Reeh (199 1) , degree-day 
approach 

T,(X, y, t) = Ts(x , y, present) 
+dTs(t). dT. (t ) based on Reeh 
and others, 199 1; Dansgaard and 
others, 1984; Ham mer and others, 
I 986. Paqitsooq till Last Glacial 
Maximum (LGM), Dye 3 and 
Camp Century a fter LGM 

S(x, y , t) = S(x, y , present) 
X 1.0533dT- ( / ) 

Sea-level change Slow decrease in sea level from Ignored New Guinea record (Chappell 
and Shackleton, 1986) interglacial to glacial; rapid in-

crease from glacial to in terglacial 

ing the geological scenano IS given 111 Tatenhove a nd 

others (in press a ) . 
M oraine sys tems were dated by 14C-dated ma rin e 

shells a nd terrestrial peat, and were divided into four 
g ro ups depending o n th e way ages were determined 
(Table I). Groups A a nd D contain moraine systems 
without 14C dates . The rela tionship between relative sea 

level, which holds geological remna nts with 14C-datable 
m a teri a l, i .e. ma rine shells a nd moraine sys tems, is used to 
provide ages for group B. Group C is d ated by terres tri a l 
organic material fo und bet wee n moraini c rid ges. 
Although som e 14C d ates can be used to constrain th e 

age of group D, this g roup d oes no t give direct ev idence of 

position , because it is presently covered by th e ice shee t. 
The ages of moraine sys tems a re based ma inl y on the 

work of T en Brink and W eidick for g roup B (W eidick, 
1972; T en Brink a nd W eidick, 1974; T en Brink, 1975) . 
The ages of th e Umivit /K eglen , 0rkendalen sys tems a nd 
group D have been discussed by T atenhove ( 1995 ) and 

T a tenhove a nd others (in press b) . The age ranges of th e 
m oraine system include the time period encompassed by 
th e moraine system , the error related to the 14C d ating 
itse lf a nd the uncertainty du e to th e in conclu sive 
rela tionship between 14C date a nd moraine sys tem . For 
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the Hellefi sk and Sisimi u t mora111es, no 14C dates are 

availa ble within th e research area and the assigned d ates 
are based on arguments g iven in Tatenhove (1995) . 
M ora ine systems with a limi ting 14C date close to the 
form er ice margin (Fjord, U mivit /K eglen ) h ave a 
relatively sm a ll age range . 

Moraine-sys tem age a nd associated accuracy ranges 

a re interpolated to a I km X I km g rid over a n a rea of 
a bout 57500 km2

. R e-sampling to th e a rea cove red by a 
mod el g rid point enables a quantitative comparison with 
modelled ice-margin positions. 

GLACIOLOGICAL MODELS 

The three model s used in thi s study a ll cover the entire ty 
of Greenla nd. An overview of the fundamenta l m a th e­
mat ical equa ti ons a nd mod el charac te ristics can be found 
in Fabre a nd oth ers ( 1995 ) for the m od el d enoted with 
" Fabre", in Greve ( 1995) fo r the model " Greve" and in 

Huybrechts ( 1994) for the mod el indicated by " Huy­
brechts" . Th ese m odels a re based on the model discussed 
in Huybrechts and others (1991 ) . The three models 
calculate the three-dimensional tempera ture a nd velocity 
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Fig. 2. Position of grid cells of three Greenland ice-sheet 
models (Fabre, Greve and Huy brechts). The area covered 
is equal to Figure 1. Black cells denote the modelled 
position oJ the present-day margin. 

fi eld in the coupled mode to account for the temperature­
dependent d eform a tion of ice. The softness pa rameter of 
ice, which d etermines the rate of deformation , is a 
fun cti on of both temperature (all models) and the age 
of ice (" Huybrech ts", " Greve" ) . l\II ass Oow is by interna l 
deform ation and by basal sliding in th e case of tempera te 

basal tem pera tu res (all models). 
The models use the same d a ta set for present-day 

bedrock topography (Letreguilly and others, 199 1) . The 
models calcu la te isos tatic bed adjustment with a time lag 

due to ast hcnosph eri c viscosity. The temperature evolu­
ti on in the li thosphere is ca lculated up to a dep th of 

seve ra l kilometres. 
Present-day surface tempera tures and acc umula tion 

ra tes are d erived from Ohmura (1987 ) a nd Ohmura and 
R cch (199 1). The para meteri za ti on of SUI-face tempera­
ture is in a ll three mod els trea ted as d eviation from 
present-day va lues, using the ice-core reco rd of GRIP 

(Fab re, Greve) or a compilation of th e Dye 3 and Camp 
Century records for th e period since the Last G lacial 
M ax imum , a fter correction for eleva ti on changes and 
origin of th e ice (H uyb rechts; Table 2) to es timate pas t 
va lues . No account is g iven for th e spatia l variabi li ty in 
time. Th e pa rameterization of accum ulat ion is a lso 
ex pressed as deviation of present-day va lues . The Fabre 
model includ es an orographic component, thereby crea t­
ing some spatia l variability in time in th e accum ula tion 
pattern. 

Sea-level cha nge is ignored by th e Greve model a nd is 
d ealt with in a concep tual mann er by the Fabre model 

(T a ble 2) . The Huybrechts model uses the New G uinea 
reco rd (Chappel and Shackleton , 1986) to force sea level. 

Th e grid size of the mod els is 20 km (" Fabre", 
" Huybrechts" ) a nd 40 km ("Greve" ) . The Greve model 
has used two dilTerent forcing function s. " Greve l " used a 
smoo thed GRIP record (2000 yea r ave rages), while 
" Greve2" used the original, unsmoothed GRIP d a ta. 
Th e position of grid ce lls of the three models is g iven in 
Figure 2. 

RESULTS 

The modell ed ice ma rgins of the Greve a nd Huybrechts 
models are genera ll y older tha n th e margin age d erived 
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Fig. 4. M odelled lime qf jJosilion if l/ie ice margill versus 
//Iorain e age derlz'ed ./iom Ihe geological record. assumillg 
Ihe millill1 l1l11 {,.l/en l !if Ihe ice sheel is 50 km behilld ils 
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oJ Jo rtller ice-lI7mgill jJosiliolls. Bemuse Ihis IIl1cerlaill~J ' 

de/Jellds 011 localioll and is sam/Jled around modeL grid-po ill I 

coordinales (le ft ich d!!fer Jor eacft lIlodel), enor bars al 
equal geological lillle 1Il {~)' differ ill size. 

fr o m the geo log ical record (Fi g . 3 ) . Th e ave rage 
diffc rences betl\"Ce n th e mod els a nd geology a rc 900 a nd 
650 years, res pec ti\·e ly. Th e F a bre mod el produ ces simila r 
differences on th e present-d ay o f E h o re a rea, but jt is in 
close agreem ent with the geologica l record on wa rds (Fig . 
3). For this mod el, th e a \·erage diffe rence with th e 

geo log ical reco rd is 400 yea rs for th e present-d ay la nd 
a rea. Th e d eglacia tion ra te is reasona b ly reproduced by 
a ll mod els (Fig . 3) . 

As il lust ra ted in Fig ures 3 a nd 4 , mod ell ed pos itio ns of 
th e ice ma rg in become close r to the geo logica l scena rio 
a fte r a bo ut 10ka BP or fro l11 445 km lJT~1 (U ni\"Crsa l 

Tra nsverse M erca Lor ) eas tw a rd . Before th is period , the 
difIe rence be tween geo logy a nd mod el is much large r 
(Fig . 4) . Th e mod ell ed d eglac ia ti o n ra te is sim il a r to th e 
geo logica l deglac ia ti on ra te for th e la nd a rea bet\\·een 445 
a nd 560 km LJTJ\1 or for th e time peri od 10 6 ka BP (Fig . 3). 

There a re la rge r differences between th e three mod els 

rega rd ing th e t iming in reaching the presen t-d ay coas t­
line. :\ [ora ines nea r th e coas t halT a n es tima ted age of 
II l O ka BP. Th e ma rgin is a t the present-d ay coas t line a t 
18 ka BP in th e Gre\·C' mod el (where it stays till 12 ka BP) , 

be tween 14 .5 a nd 12 .5 ka BP in the H u ybrech ( s mod el a nd 

be twee n 12 a nd 10 ka BP in th e Fa bre mod el. 

Th e Orkenda len moraines a re close to th e present-day 
ice ma rgin a nd hm·e a n age of 7.1 6.5 ka BP (T a tenhon> 
a nd o th ers, in press a ). G rid cel ls a t th e posi li ons o f th ese 
mora ines ha\T a margina l pos itio n a t 7.5 ka BP (" Hu y­
brechts" ) , 8 .5 ka BP (, 'G reve" ) a nd 6 .4 ka BP (" Fab re" ) . 

The ice shee t re trea ted aft e r th e 0rkend a len period 
behind its present positio n. In the Huybrechts mod el, this 
re trea t compri ses t\yO g rid ce lls (i.e. 40 km ) behind th e 
mod ell ed prese nt-d ay pos itio n . Fo r th e Greve mod el, thi s 
di sta nce is one g rid ce ll (i. e. 40 km , th e G reve2 fo rc ing ). 
Appare nt diffe re nces ex ist be twee n " Gre\·e I " a nd 

" Greye2" . While th e ice-shee t ma rg in is fix ed in pos i ti on 

a fter 8 ka BP in " Gre\T 1", th e o utput of " Gre\·e2" shows a 
mo re d yna mi c behavio ur or th e ice sheet a ft er th e 
Orkend a len period (F ig . ,~ ) . 

DISCUSSION 

How ca n wc ex pla in th e obse rved d ilTe rences be tween th e 
model s a nd th e geo logy a nd a lso be twee n th e three 
m odel s in te rm s o f m od el c ha rac teri s ti cs? In thi s 

d iscuss ion we concen tra te o n th e topi cs d esc ribed a bm ·e. 

The contras t be twee n th e poo rl y mod ell ed ice-ma rgin 
positions in the coas ta l a rea a nd th e reasona bl y well 
mod elled d eglac ia ti on pa ttern on la nd may be sought in 
th e peri od pri or to 12- 10 ka BP. The mod elled ice shee t 
d oes not reach th e prese nt-day coas tline in tim e a nd 
continued d eglac ia ti on is pos tponed until II 000 ca lenda r 

yea rs BP by clim a te coo li ng rela ted to th e end o f th e 
Bo lling/A ll e rod a nd Younge r Dryas . In th e nea r-coas ta l 
a reas, la rge ull certa inti es exi st in the geo logica l mod el. 
Nn·e rthcless , if we ass ume th a t the geologica l reco rd is 
co rrec t, wc may conclud e th a t m odel led ice-m a rgin 
pos itions fo r th e Fa bre a nd Hu ybrechts mod els d u ring 

th e period 15- 12 ka BP are Oa wed . This is proba bly 
re la ted to a n incomple te trea tment of th e inOuence of 
sea leve l on ice-m a rg in a l ice was tage . This may occur 
beca use iSOS Lati c elleets th a t cause a regio na l de\·ia ti on in 
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rela ti \'e sea In'el in W es t Greenl a nd f) 'o m th e g loba l sea ­
le \'('1 reco rd o r C ha ppell a nd Shac klet on ( 1986 ) used by 
"Hu yb rechts" are no t suffi c ientl y mode ll ed , o r as a res ult 
o r th e intern a l mod el ph ys ics, i.e. th e ca king meth od 

ad opt ed . Th e e flec t of sea- leve l fo rcing can be illustra ted 

by th e time a t which modelled ice shee ts reach th e 

present-d ay coas tline. G reve's mod el ig nores sea-lew' l 
cha nge a nd has a difTe rence or 8 ka \\'ith th e geologica l 
reco rd , Using p rese nt-d ay sea lc\'(' l d oes not a ll o \\' th e ice 
shee t to ex pa nd on th e present-d ay shell', \\ 'hen sea-I n 'el 
cha nges a rc included, th e ice shee t ca n expa nd on to th e 

she lr. Th e d eg lac iation o n th e present-d ay shelf is sensiti \'(' 
to th e p resc ripti on of sea lc\·el a nd ice was tage. T hese t\\'o 
fac to rs d e termine whe th er th e age of mod ell ed m arg ins in 
the coas ta l a rea is in ag reement with th e geo log ica l 
reco rd, Consid erin g the time a t which th e ice shec t 

reac hes th e prese nt-d ay la nd a rea, th e co nce ptu a l 

trea tm ent of sea !c\'el used by "Fa bre" \\'o rks out well. 

T he age difference between mod els a nd geo logy \\' hi eh 
d e\'e lo ps d ue to the in co rrect trea tm ent o r sea In 'el o n iee­
ma rgi na l ice was tage has eo nseq uences fo r th e mod e ll ed 
ice-m a rgin positi on in th e land a rea. This may ex pla in th e 
pos tponed ret rea t in th e coas ta l a rea for th e Hu ybrec hts 

m od el. Th e F a bre m od el is sli g htl y a head o f th c 

geo logica l reco rd in th e o n-l a nd a rea , Th e d ifference 
be t\\'een Fa bre a nd Huybrec hts is proba bl y rela ted to 

di [ferences in the ice-co re reco rds used, 
Th e d eglae iation ra le is reasona bl y modelled by a ll 

three model s, P a rt of thi s success m ay be at tributed to th e 

a bsence of ice strcams in th e area, A lthoug h la rge fj o rds 

exi st. ice strea ms proba bl y onl y d e\'cloped in th e near­
coasta l a rea. Ice streams a re a n ex treme case of'i ce mo ti on 
d eterm ined b y basa l processes , Th e role of basa l sliding in 
d e term in ing ice-m a rg in positi ons is p robab ly rela ti\ 'C ly 
unimport a nt in the pa rt of th t \\'es t G reenl a nd a rea 

exam i ned in th is stud y. H o\\'C \ 'Cr. a basa l-sli d i ng mod ul t 
may be a c ru c ia l prerequi site to mod el rel a ti \'ely la rge 
flu c tu a ti o ns (ret rca t and ach 'a nce ) such as oc(, urred 
aro un d th e H olocene cli ma ti c optimum or during th e 
cold spe ll a roun d 8.0 ka ago, In th e ma rgin a l a rea, mass 

f1 0 \\' \ 'ia basal sli d ing m a kes a ra pid ad\'a nce possible, 

with mod era te ice thickn esses in ma rgin a l g rid ce ll s, 

re la ti \'C to th e case th a t ice thicken ing in th e m a rg in a l 
g ri d ('e ll s must orig in a te by ice cree p onl y. Th e mod era te 
ice thi ckn esses in m a rg in a l g rid ce lls ca n subsequ entl y 
easil y a bl a te , Therefore, basal sliding ena bles th e ice sheet 
to become mo re d ynam ic in its res ponse to clim a ti c 

fo rcing . 
Th e s\'nc hro n y in d eglac ia ti on ra te between th e 

mod els a nd th e geo logy furth er im pli es th a t the increased 
a bl a ti on d urin g deglac ia ti on p redi c ted by the pa ra m l'l(T­
iza ti o n o[surfaee melt is reasona bl y co rrec t. An import a nt 

factor \\'hi ch de te rmines this success is th e q ua lit\" o f th e 

(orcing. i, e , th e ice-core reco rds used. 

IUter th e Ork end a len pe ri od, th e ice ma rg in re trea ted 
behind its presen t positi on . :'-J ea r J aco bsha\ 'n, \\'eidi ck 
a nd o th ers 199 11 fo un d n 'idence for a substa nt ia l re treat 
\\'ithin thi s p eri od kn o\\'n as th e h ypsith erma l o r H olocenr 
rlim a ti c optimum , The recess ion is concei\"ed as " na tures 

OIm g ree nh ouse ex perim ent " (\\ 'e idi ck a nd o th ers, 199 1) 

a nd p rO\"id es the opportunit y to judge th e perfo rma nce o r 
mod els \\'hi ch a re used lO d epi c t future cha ngcs o f' th e 
G reenl a nd ice shee t. 

Th e Gre\'('2 a nd Huybrec hts models ge nera te a re trea t 
behind th e present-d ay ice margin . Diffe rences be t\\'('cn 
G re\'C2 a nd Hu ybrecht s a re proba bl y re la tedlO th e o ri g in 
o r th e fo rcing (GRIP ve rsus D ye 3/C a mp C entury) , Th e 

G R!P reco rd may be less \"a lu ab le fo r th e H olocene. 

beca use it is n o t co r rect ed fo r f1 0\\' effects . Th e 

representa ti on o r th e sig na l o f' th e H olocene climati c 
o ptimum is a lso lOO wea k in th e G RIP reco rd pa per 111 

prepa ra ti on by S. J o hnson a nd o th ers) , 
f\ rem a rk a ble phenomena is th a t model G re\'(' I, 

\\"hi ch is fed by a smoo th ed \'ersion o f th e G RI P cUI'\'e 

\\'ith 2000 yea r a \'e rages, does no t produ ce a d yna mic, 
flu c tu at ing ice shee t aro und th e H oloce ne clim a ti c 
optimum . \\' hen th e unsmoo th cd G RI P d a ta a re used 
(in G re\'t'2 ) th e ice shee t ad\ 'a nces to it s present-d ay 
positio n fo ll o\\'ing a re trea t of one grid po int. The G RIP 

reco rd , used to fo rce surface tempera ture a nd acc umul a­

ti on , d oes no t sholl' a la rge clima ti c cha nge thro ug ho ut 

th e H o locene ( Da nsgaa rd a nd o th ers, 1993 ), Th e a lread y 
\\'ea k clim a ti c signa l rela ted to th e H olocene clim a ti c 
optimum is e limina ted b )' smoo thin g . 

. \n additi ona l clTec t m ay be th e impact o r sho rt-t erm 
(decad a l) flu c tu a ti ons in clim at ic \'a ri a bl es o n th e 

pos itio n of th e ice ma rg in , ~I a n y short-t e rm Ouctuati ons 
in b lBO can be o bsen "ed in th e GRIP reco rd during th e 
H oloce ne. Th ese flu ct ua ti ons ha\ 'e a d urat ion o f d ecades 
a nd a m agnitud e o r a bo ut 0,,1%0, a nd some ha \'e a 
peri odi c na ture (T a tenh O\'e, 1995 ), Th e impac t o f' th ese 

flu c tu a ti ons a rc p ro ba bl y not d e tec ta ble \\'i thin th e spa ti a l 

reso lu ti on of th e ice-shee t m odel s disc ussed , because th e 

assoc ia ted flu c tu a ti ons o r th e ice ma rgin ha \T a magni­
tuck of' se\'(' ra l hundreds or m e tres up to se\ 'e ra l 
kil ome tres, Expe rim en ts \\"ith a surface-energy ba la n('e 
m od el of th e G ree nl a nd ice shee t sho \\Td th a t ra ndo m 

\'a ri a lions, \\'ith a frequ ency of 2 yea rs, ca use a n increase 

of ab la ti on by 10% under consta nt clim a ti c conditi ons 
\\'a l a nd O eri ema ns. 199-1-) , 

Th erefo re, it is sugges ted th a t th e eliminatio n o f' th e 
lI'ea k clim a ti c sig na l by smoothin g, a nd poss ib ly the clTeCl 
of decad a l flu c tu a ti ons in a bl a ti on a nd acc umul a ti on ra te, 

ex pl a in th e d iffe rence be twee n m od els G re\'e I a nd 

Grc\ 'C2 , It c lea rl y sho\\'s th e sensiti \" it \' of m od elled ice . . 
ma rg i ns fo r trends in fo rci ng lI' i th long- te rm o r short -term 
sig na ls. ?lloclels \\'hi eh arc go ing to be used LO e\'a lu a te th e 
fu t u re geo metry o r th e ice shee t should i ncl ucl e th e e flec t 
or short- term \'a ri a bilit y in cli ma ti c para meters , 

CONCLUSIONS 

All three mode ls fo r w hi ch res ult s a rc di sc ussed be long to 
th e sa me c lass o f modcl , i, e. th ey ta ke acco unt o r th e 

co u p ling of tempera ture a nd \ ,(, loc ity Gelds on a til rrc­

d imensiona l net\\·ork. D es pite thi s sim il a rit y, d istinct 

difTCT(" nces ex ist in m od elkd pos iti ons o r the ice ma rg in 
in \\'est G ree nl a nd from th e L as t G lac ia l :\Iax imu lll to 
the p resc n t. Disagrec lll ent bc tll'('c n the geo logica l reco rd 
a nd mod ell ed ma rgin s in th e nea r-coasta l area ca n be 

ex pla ined by inad eq ua te m od elling of ma rg ina l a blation 

in a tid e-\\'a ter el1\ 'iron me n t, e i th er by in ad eq uate fa rci ng 
[un c ti o ns fa r sea -l n 'c1 fluctu a ti ons or by a n insuflic icnt 
pa ra me tcri za ti on of ca king. 

The pa r<l mCleri z<l ti o n of surface mel t a nd S Urf~ICe 
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temperature based on the GRIP or Dye 3jCamp Century 
data (Dansgaard and others, 1993; H uybrech ts, 1994) is 
capable of simula ting the pa ttern of deglaciation ra ther 
well. This success may pa rtl y be the result of the 
a ppa rentl y subordinate role of basal processes (sliding, 
bed deform ation ) in the stud y area in Wes t Greenland. 

The Greve and Hu ybrechts models show a smaller ice 
sheet than at present during the H olocene climatic 
optimum. In the case of the Greve model, this smaller 
ice shee t on ly occurs when a n unsmoothed forcing is used 
which correc tl y trea ts the clima ti c signal rela ted to the 
Holocene climatic optimum. 

During the H olocene , short-term variations in abla­
tion as depicted by ice-core records wi ll resul t in margin 
fluctua tion of several ki lometres a t bes t. Such fl uctu a tions 
a re not detectable using presen t-day ice-sheet models. 
However, the length of the ice margin in West Greenland 
which is sensitive to fluctuations during the H olocene 
climatic optimum is a bout 600km (Weidi ck, 1993 ). 
Fluctuations of the ice margin with a magnitude of 
several kilometres may therefore cause global sea-level 
cha nges of several tens of millimetres. This underlin es the 
importance of a more refined spatial resolu ti on of models 
and the incorporation of short-term variations in clim atic 
vari ables. 
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