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ABSTRACT. A num eri cal mod el is used to simula te ice-shee t beha\'io ur in Europe 
th ro ug h th e las t g lac ia l cyc le. 1 t is used in two m od es : a fo rwa rd mod e, in whi ch th c 
mod el is dri ve n by a proxy pa laeoc lima tc reco rd a nd th e outpu t com pared with a 
geo logica l reconstruc tion of'i cc-shee t Ouc tu a ti on ; a nd a n in\'erse m od e, in whi ch we 
d e te rmin e th e clim a te fun c ti on th a t wo uld be required to simula te geo logica ll y 
reconstruc ted ice-shee t fl uc tu a ti o ns. 

From th ese simula ti ons it i concluded th a t ex tra-g lacia l clim a tes may be poo r 
predi cto rs of ice-shee t surface clim a tes , a nd th a t clim a ti c tra nsitions during th e g lac ia l 
pe ri od may have been much m ore rapid and th e intensity of wa rm ing during th e ea rl y 
H o locene m uch grea ter th a n hi th en o su pposed . Stronge r c lim a te fo rcing is req uired to 
dri ve ice-shee t expa nsion when slidin g occ urs at th e bed compa red with a non-sliding 
bed. Sliding ice shee ts g row more slowl y a nd d ecay m ore ra pidl \' th a n non-sliding ice 
shee ts with th e sam e clima te fo rcing . 

INTRODU CTION: ICE-SHEET /CLlMA TE 
RELA TIONSHIPS 

We ex pec t th e long-term evo luti on of th e la ndward 

ma rgins of th e Pleistocene mid-l a titud e ice shee ts o\'e r 
Europe and North Am eri ca to have been a refl ec tion of 
c lim a te cha nge, w hil st th e marine ma rgins may ha lT been 
st ro ng ly influenced by intern a l d yna mi c osc ill a ti ons, a t 

leas t o n short time-sca les . Gi \'e n th e capacity of lawe, 

slowly va rying ice sheets to buffe r hig h-frequen cy clim a te 

osc ill a ti o ns, we mig ht ex pec t Ouc tu a ti ons of th e la ndwa rd 
ma rgins of ice shee ts to be a smoo th ed , lo ng-te rm proxy 
reco rd o r a tmosph eric c li ma te. 

I t is diffi cult to use th e patte rns of ice-shee t 0 ucruation 
as a direc t proxy fo r clima te th a t can be readil y compa red 

with o th e r pa laeoclim a te proxy d a ta, because of lo ng ice

shee t response times. H oweve r, num erical mod els of ice
shee t d yna mi cs a re capa ble of simul a ting th e res ponse of 
ice shee ts 10 climatic cha nge, permit t ing such mod els to 
be used to tra nsla te th e geo logical e\' id ence of ice-shee t 

flu c tu a ti o n into mo re use ful indices of pa laeoclima te 

cha nge . CQlwerse ly, it should be possible to use mod els to 

in\'es ti gate whe th er proxy clima te sequences d e rived fro m 
o th er pa laeoc lim ate indi ca to rs are compa tibl e \\'ith 
ev id en ce of co ntem p o ra r ), ice -shee t 0 uc tu a ti o n. \ Ve 
th e refo re di sting uish be twee n ajorward ajJjJroacil , in which 

a c lim a te-cha nge fun c ti on is presc ribed a nd th e ice-shee t 

res ponse is computed , a nd a n inverse ajlproach. in whi ch ice

shee t beha \'iour is presc ribed a nd th e mod el is used to 

infer cha rac teristi cs of th e clim a te which co uld ha\'e 
dri ve n th e ice shee t . 

THE ICE-SHEET MODEL 

\\' e use th e m od el d esc ri bed by Bo ul to n a nd Payne ( 1992 . 
1993, 1994) whi ch predi c ts th e form , in tern a l ve loc i ty 

fi eld a nd intern a l tempera tu re fi eld of a n ice shee t in 

res ponse to th e foll owi ng cha nges at th e surfaces of th e ice 

m ass a nd prop erti es of th e bed: 

UjJJJef slIljaGe 

Lower slI ljaee 

T empera ture a nd mass bala nce 

Bed topog ra ph y 
Basal sliding fun c ti on 

G eoth erm a l flu x 

Rh eo logy of th e und erl ying bedrock 

. \I1afine bOlllldw)' Comple te ice-m ass loss a t criti ca l d epth. 

The m od ell ed ice shee t is a llowed to e\'o ll-e thro ugh 

tim e as a th erm omec ha ni ca ll y coupled sys tem by soh'ing 

a \'Crti ca ll y integra ted ice-m ass continuity equa ti on. The 

\'e loc ity a nd tempera ture fi elds a re resoll-ed into ten 
la yers, w hose reso l U Li o n in c reases towa rd s th e bed . 
Pa ra mete rs controlling th e stress/stra in res po nse o f ice, 
its d epend ency on tempera ture, the a m o unt of stra in 

hea ting, th e res ponse of th e lith os phere a nd th e na ture o f 

th e m a rin e bound a ry a re held consta nt. Where th e basa l 
ice tempera ture is at th e melting poin t, " 'e ha \'e chosen to 
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permit sliding in some runs a nd to prevent it in o th ers. 
Th e sliding ve locity is presc ribed as a linea r fun c tio n of 
shear stress . As we a re conce rn ed prim a ril y with th e 
la ndwa rd ma rgin , a simple ca lving sc heme has been used 
whi ch d oes not permit th e ice shee t to extend into wa ter 

d epths g rea ter th a n 500 m. 
A simple diffu sio n equ a tion has bee n used to m od el 

th e effec t of as th enospheri c no \\" on bedrock ele\'a ti on, 
using a n as th enos ph ere viscosity, whi ch contro ls ra tes of 
\'ertica l displacement of th e bed , th a t is 'Iig htl y m ore 

vi scous than th e valu es obtained by L a mbed and others 

( 1990) . Compa riso n with sea-Ie\'el reco\'er)' ra tes in 

Europe sugges ts th a t thi s compensa tes fo r th e lac k of a n 
elas tic lithosphere in th e mod e l. 

\'Ve have mod ell ed a long a tra nsec t ex tending frol11 th e 
western continenta l shelf of Nor\\"ay to north ern Pola nd 

throu gh the area occ upi ed by th e European ice shee t during 

th e las t (\\'eichseli a n) glac ial cyc le (Fig. I ) . This \I ' as a n 
approximate nowlin e through much of the las t glac ia l cyc lc, 
a pa rr from during short epi sod es \I'hen ice streams in th e 
so uthern Ba lti c crossed th e transec t from th e cas t. 

The clima te drive for ice-shee t Ouc tu a ti on is pro \'ided 

by ind epend ent va ri a tion o f tempera ture a nd m ass 

ba la nce. A presc ribed \'ari a ti on in mea n a nnua l sea
leve l a ir tempera ture (SLAT) is d e ri\ 'ed b y ass uming a 
linea r con-ela ti o n be tween thi s tempera ture a nd selec ted 
European a nd north eas tern Atl a nti c pa laeo tempera ture 
reco rds for th e g lac ia l cycle (Bo ulto n a nd Pay ne, 1992, 

1993) . Th e ve rtica l \ 'ari a ti on in air tempera ture is th en 

d erived from a n ass um ed la pse ra te of lOoe km- J (Orvig, 
19 70), typical of ra tes ove r m od ern ice shee ts. Sensiti\'i t y 

tes ts (Boulton and Pa yne, 19931 showed th a t ice-shee t 
nu ctu a ti ons werc re la tively insensitive to th e a bso lute 
va lu es of SLAT within reasona bl e limits sugges ted by 
pa laeo tem pera tu re reconstru c tio ns, bu t were sensi ti\'e to 

maj or d epartures of th e la pse ra te fi-om mod ern va lues . 

The \'e rti ca l \'a ri a ti on of mass ba lance a bove a nd 

below th e equilibrium-line a ltitude (ELA ) has a di s
tin c ti ve fo rm in mod ern g lac iers (Boulton a nd o th ers, 
1984 ). W e presc ribe th e fo rm of th e mass-ba la nce/a ltitud e 
cun'es (Fig . 2) which, fo r different m od el runs, \'ary 

between contin enta l (Iow acc umulation and a blation ) 

a nd ma ritime (hi gh acc umul a ti on and a bla tio n ) condi

tion s. Th e g radi ent of th e ELA line a long th e tra nsec t is 
simil a r to th e ca lcula ted m od ern g radi ent. 

Th e m odel is fo rced by d ev ia ti ons of th e eleva ti o n o r 
th e ELA lin e from m od ern \"a lues. These a lte r th e a ltitude 
a t which local mass-ba la nce curves intersec t th e ice 

surface a t each point a long th e tra nsec t (Fig . 2) . A linear 
co rrela ti on is ass um ed be tween ELA d evia ti ons a nd 
pa laeo tempera tures inferred from se lec ted pa laeoclim
ati c sequ ences throug h th e last clim a ti c cycle. Pa ra ll e l 
vari a tions in ELA a nd SLAT a re th erefore produ ced. 

PALAEOGLACIAL AND ATMOSPHERIC 
PALAEOCLIMATE PROXY RECORDS 

\Ve have summ a rised ice-shee t flu ctua tion Il1 Europe 

thro ugh th e las t g lacia l cyc le by projec ting M a ngerud 's 

(199 1) geo logica l reco nstruc ti on on to o ur line of tra nsec t 
(Fig . 5) . W e recognise th a t th e ex tent of d ecay between 

\ 
Model transect 

104 

Fig . 1. The exlenl oJ the E urojJea ll ice sheet al Ihe Last Glacial ,IIen imulIl, ils jJallem rif Jillal decay ([ lid Ih e localioll (J/ the 
transect to which ice-sheet flowli17e models /iOl'e been ajJjJ/ied. 

https://doi.org/10.3189/S0260305500015676 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500015676


Boulton and olhers .- Ice-sheet models as 10015 Ja r /Jalaeoclimalic ana£)lsis 

the g lac ia l m axima is unce rta in , th a t th e e rrors o f dating 
m ay b e sig nifi ea nl and that th er e is an impli c il 
ass umptio n th a t th e m os t ex tensive g lac ia l phases a re 

contempora ry with th e iso topi c peaks in th e d ee p-ocean 

iso top ic reco rd. 
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Fig. 2. Empirically based mass-balance jJaltems used ill 
simlllatiolls, showing (o lltinental and maritime er/remes. 

\\'e ha \"C used two so urces o[ info rm a ti on a bo ut 
a tm osph eri c co ndi tions in Europe lhrough th e las t glacia l 
cycle fi 'om th e Europea n area . Figure 3a shows pa laeo

tempera tures throu ghout th e las t glacia l cycle from La 

Gra nde Pil e in no rth east fra nce, inferred from a long 

poll en reco rd (Guiot a nd others, 1989; Guio t, 1990 ). fi gure 
3b shows a new sea-surface tempera ture (SST) reconstruc
ti o n [i-o m co re S U90-39 a t la ti tud e 52°30' ..\T , longi Lud e 
22"0' \\' in th e Atla ntic. A tra nsfer fun cti on rela ting modern 

spec ies distri bu tions to sea su rface tem pera t u res es tim a tes 

August SSTs a nd is constru cted using th e mod ern a na logue 

reference meth od (Prell , 1985) for pla nktoni c fo ra minife ra 
(La bey ri c a nd oth ers, 1987) . 
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Fig. 3. (a) T emjJerature record in northeast FranceJor the 
lasl glacial c)'cLe derivedJrom La G'rande Pile jJollen record 
b)' G'uio/ alld olhers ( 1989) . ( b) Augus/ sea-sw/ace 
lemjJera/lI res derived )i'om planktonic Jora mill ifera ill 
"" orll! A/lall /ie core se 90-39. 

FORWARD EXPERIMENTS: THE ICE-SHEET 
RESPONSE TO A GIVEN CLIMATE SERIES 

\\' e now tes t \\'he th e r th e pa tte rn of ice-shee t fl uc tu a ti on 

in Europe through th e las t g lac ia l cyc le sugges ted b y 

~l a nge rud ( 1991 ) is compa tibl e with co ntempo ra r y 
terres tri a l a nd marine palaeoc lilll a te reconstructi ons. 

I t is ass umed th a t th e ELA a nd SLAT fo r o ur ice shee t 
a re lin ea rl y re la ted to inferred pa laeo tempera ture in each 

ex perim ent , so that 

L1A = h(T - h) (2) 

where 11 and 12 a re conSla nts, .1)" is th e cha nge in ELA , 
a nd T is th e d e\'ia tion from mod e rn \'a lues o f th e 
i nd epend en t pa laeotem pera tu re es ti ma te. \\' e ha \-e used a 

" a lue of SLAT a t th e g lac ia l m aximum of a pproxima tely 

- lODe , as suggested by the work of Frenze l a nd oth ers 

( 1992 ) fo r th e a rea of no rthwes tern Europe adj ace nt to th e 
ice-shee t ma rg in , a lthough th e mod el is rcla ti\'ely inse n
si ti\T ( 0 th e prec ise \·a lu e. The proportiona li ty consta nt (it ) 

in the ELA/ pa laeo tempera tu re rela ti onship is chosen as one 

whi ch will dri" e th e ice shee t as fa r as th e m aximum 

obsen 'ed g lac ial ex tent a long our tra nsect a t th e tim e of th e 
L as t Gl ac ia l :\l axilllum (LG?\ I). 

Forward sirnulations driven by Atlantic SST 
reconstructions 

I n th e initi a l simulati on we ass ume th a t sliding d oes no t 
occ ur a t th e ice/bed interface, eve n th o ug h th e bed m ay 
be a t th e m elti ng point. I niti a ll y, \ 'a lues o f h = 11" = 
106.0 m oC I a nd 12 = 15 .5 \\'e re used . This produces a 

m ax imum ice thickn ess a long th e tra nsec t a t th e LG'\I of 

abo ut 3 .4 km a nd a surface e b 'a ti on of o\'e r 2.5 km. Th e 

profil e a long th e transect o f th e ice-sheet surface a nd 
isos ta ti ca ll y d epressed bed , toge th er with th e inte rn a l 
temperalure di stribution , a re shown in Fig ure 4. Th e 
coldes t tempera tures li e in a n encl osed a rea beneath th e 

di" id e because th e ice shee t continues to g row a ft er th e 

tempera ture minimum. The ice-shee t th ickn ess is la rge 

compa red with \'a lu es rega rd ed by L a mbec k a nd othe rs 
( 1990 ) as compa tibl e \\'ith th e rcl a ti ve' sea -I e\'el d a ta . 

Th e time-depend ent simula ti on of ice-shee t m a rg in 
flu ctu a ti on is shown in Fig ure 5a compa red \·\-ith th e 

geo logica l reco nstru c ti on. I n this initi a l simul a ti on no 

sliding was pe rmitted , irrespec tive o f basal tempera ture . 

Th e simula ted ice sh ee t has no t res pond ed to th e ass umed 
clim a ti c fo rcing as ra pidly as th e rea l ice shee t a ppea rs to 
ha \'e d o ne; th e simul a ted g lac ia l ma xima show large lags; 
th e m od elled ice shee t shows littl e o r no retreat during 

peri od s o f interstadi a l wa rmin g; a nd it fa ils to d ecay 

comple tely during th e H olocene. Th ese fea tures a re 

rela ti\'ely inse nsiti\T to va ri a ti ons be twee n m a ritim e/ 
continenta l m ass-ba la nce ex trem es (Fig. 2 ) . 

Simula ti ons we re th en a lso dri\'en b y va lues o f h 0. 83, 

1.08 a nd 1.1 7 times h a, " 'he re I I = Ila = 106 .0 m °C I . A 

li m ited g lac ia l peak is ac hi e\'ed at a bout 60000 BP in 

res ponse to th e strong forc ing peak at 68000 BP. Th ere is 

th en a lo ng ph ase of reduced ice ex tent befor e th e 
simul a ted bui ldup a t a bout 30000 BP. I t is c lea r th a t th e 
pos iti on of th e simula ted m a rg in a t 30000- 2000081' is 
\ 'e ry se nsiti\'e to sm a ll inc reases in fo rcing . Th e simul a ted 
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Fig. 4. lee-sheet jJ1'Ofile at the LGM using a North Atlantic SST driving signal and showing internal tem/mature 
distribution . The completel)' enclosed low-Iemperalure ice mass benealh Ihe ice divide is a reflection oJ the fact that ice-sheet 
growth continued jor some time ajler the start rif climatic warming jollowing the coldest jlart oj the glacial /Jeriod. The 
Scandillavian moulltain mass is shown bmeath the ice S'heet to the left. The bed shows isostatic flewril/g . 

Fig. 5. Time/distance diagrams showing the extent rif modelled ice sheds driven ~JI the tem/Jeralllresjrolll core SU 90-39. 
The heavy line shows the a/JjJro.\imate projection oj /1,fangerud'S' glacial histOl) 011 to the transect. (a) .1I,'o -slidillg case. The 
modelled ice sheet Teaches the observed LC'Nl position when !J = fj a . I Vith larger vallles oj f1 , t/ie model ice sheet extends 
jilrthel', and becomes 1lllstable when h = ha X 1.17. For smaller vallies rif h = fla X 0.83, it jails 1'0 reach the LC' ,ll 
position. ( b) Sliding cases. Here h needs to be larger (h = ha X 1.17) 10 reach the same posilion as 1I01l-sliding ((Ises, 
because oJ Ihe flaller profile produced by sliding. ' !'hell h = ha, the modeLLed ice sheet remains small. Sliding leads, 
however, to more rapid retreat be((lllSe rif the lower sUllace /JroJile. 
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LG~1 peak occ urs a bout 10 ka a ft e r th e geo logica l 

ev id ence sugges ts that it occurred, 

Th e simu lat io ns in Fig ure 5a for the la rge r \'a lu es of J'J 
show a m o re rapid respo nse to th e LC':-'I forc ing but 
ove rshoot th e g lac ia l m ax imum position, The prescribed 

m ass-balance a lti tude feed-back is, uffic ientl y stron g with 

thi s le\ 'el of fo rcing th a t o nce th e m od e ll ed ice shee t 

reaches a c riti ca l size its g ro\\"lh is unchecked, The mode l 
ha lts " 'hen th e d omain size is cxceed ed, Aga in , none of 
the sil11ula ti ollS succeed s in ca using the ice shee t to 

d isappea r completely durin g the H olocen e , 

\Ve ha\'e the n introcl uced slidin g at th e ice / bed 

interface into th e simulatio n, W e p rescribe a basa l sliding 

ve locity as a linea r fu nc ti on of th e shear stress. an d a ll o,,' 
sli ding to occ ur wherever thc basa l tempera ture is at th e 
me lting point. The paramcte r in th e sli d ing ('unc tio n is 
m ax imised suc h th at it is the hi g hes t th e ice sheer " 'ill 

support witho ut p rodu cing unstable [l O\\' a nd co ll apse, 

R es ults are shown in Fig ure 5 b fo r \'a lues of fl = ha a nd 

25(X) 
SE 

< ...... _ ._ Ice sheet limits _ w 20c0 

U ' after Mangerud 
c 
0 

E~ 
1500 -

~E 
Q)~ 

1000 C C = 0 3: '(ij 

g <I) 

Q) 
500 OlD. c Q) 

ou NW 
'0 
Q) 
0 
c 
0 

1;; -500 

0 

-lOCO 

-120 ·110 -100 -90 -80 -70 

/! = ha X 1, 17, Th e fo rm er \ 'a l ue is th a t used to produ ce 

th e non-sli d ing respo nse which ac hi e\'Cd th e LG:-l ex tent 
in Figure 5a, \\ ' ith sli d ing it generates a much small er ice 
shee t a nd is less responsi\"C to forcing, This is because the 
10"-(:'1' profile o r a n ice sheet with sliding gene rates a sma ll er 

net m ass balance com pa red ,,-ith a steepe r-slope, no n

sliding ice sheet fo r the same ELA , C sing a \ 'a lue of h 1,17 
times larger. hO\\'C\'Cr. clri\'Cs the ice shee t to simula te th e 
LC.:-.r ex ten t. but aga in \\'ith a lag of 10 ka, Th e subsequent 
re treat is g rea ter than in th e non-sliding case because o f the 
lo\\'('r SUI-face profile, 

Forward s iltlulation driven by palaeoteltlperature 
recons tructions froltl La Grande Pile, France 

This reco rd is g i\ 'e n as temperature dcpartures from th e 
present; \\ 'e therefore use a \ 'a lu e of h = 0.0 to eq ua te it 

w ith the o th cr sig na ls. W e ha \'e initi a ll y used th e sam c 

\ 'a lue of h as in th e firs t simulatio n (ha)' 
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Fig. 6. Forward simulationlor La Cral7de Pile /)(I/aeolemjJeralure Jequence . (a) , \ 'o -slidillg cases, II 'c were ullable 10 /Jlodllce 
the jJeak in ice erlelll at the LC. II IIsing Ihis record, 1I 'I! en 11 = ha. the lIIodelfed ice sheel a/J/)I'(}\ill1(1te(J' lIIatches the 
geological record bul misses the erlremes of growtl! and decar, IIl1 is Jet I(//~ger ( l1a X J ,08) ill (Ill eJ!orl 10 generate tlte 
peaks. Ihe model becomes loo large , (b) Sliding cases , The beh(l1'iollr is Jlmilar 10 Ihal Ior Ihe 1I0-,I/idillg cases olher Ihall Ihat 
more forcing is acquired for similar-sized ice sheels, As before, Ihe 1Il0delled ice ,Iherl has a l'el)' ,flal resjJon,lc 10 Ihe j}~f!,llal , 
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Figure 6a a nd b show the simulated ice-shee t response 
to ELA forcing based on th e Grande Pile data for the no
sliding condition and the most extreme va lue of the 
sliding parameter. Fio'ure 6a shows the response of the iee 
shee t to forcin g with no basal sliding. The forcing signa l 
produced when h = ha is the max imum the mod el will 
support befo re it produces a n unstable ice shee t. \l\Ihen 
using the initi a l \'alue of h = fla X 1.08 th e mod ell ed ice 
sheet becomes too la rge . :Much-red uced ice volumes result 

if h is se t sma ll er th a n ha. 
Fig ure 6b shows th e response of th e ice shee t to 

forcin g when maximal basa l sliding is included. With a 
value o f h = ha, th e ice shee t again remains relatively 
sma ll and of ro ug h ly consta nt size throug h the g lacial 
cycle . If h is in creased to ha X 1. 17 (Fig . 6b) th e re is a 
rela ti\ ·ely good fit to the average size maintained by 
the ice sh eet during the periods 100000- 80000 and 
50000 12000BP, a lthough th e peaks at 60000 and 
18000 BP a re not simul a ted . ~Ioreover, there is a 
substan ti al decay during the ea rl y H olocene, a lthough 
e\'en under conditions of the softes t bed compa tible with 
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dynamic stability, the ice sheet does not decay completely 
in the early pa rt of th e present [nter-glacial. Moreove r, 
there is not a suffi cientl y drama ti c red uction in ELA a t 
70000 BP to produce the 70000- 60000 BP glacial max
imum , nor a fter 30000 BP to produce the LGM peak. 
O\'erall , a lthough the Grande Pile temperature record 
betwee n 115000 and 85000BP produces a reasona ble fit 
with the geo logica l record, there is insuffi cient variability in 
the forcing after 85000 BP to rep rod uce the principal 
fea tures of the ice-shee t response to climate. I f the \'a lue of 

h is increased , the modell ed ice shee t again grows too 
much. 

Our interim conclusion is th a t th e g reater va ri a nce in 
the SST records compa red with the French pollen sites, 
a nd th e more differenti a ted forcing it produces, a re a 
better guide to the ice-sheet surface climate required to 
ge nerate the geo logi ca l record of ice-sheet flu ctu ation. 
None of these records, however, is a ble to ge nera te a 
forcing able to d es troy the ice shee ts if we assume a linear 
re lation between palaeo tempera ture reco rds away from 
th e ice shee ts and ice-shee t su rface climate. 
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Fig. 7. In verse modelIor (a) 110 sliding. compared with geological recolIStruc/ion, and (b) extreme sliding . The high
.frequenc)1 fluctuatioll 01 the ice margin com/Jared with the no-sliding C{/Je riflects dynamic oscilla/ion cif the ice sheet 
(B oultoll and PaYll e, 1994) . 
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Inver s e ex periInents to e s tablis h the cliInate 
c OInpatible with a giv en pattern of ice-sheet 
fluctuation 

In these expe rim ents, we ha\'e sought to es tab lish, through 
the medi um of the model, the nature of the ELA forcing 
fun c ti ons which wou ld be compatible with the geologica l 

e\'idence of ice-sheet Ouctua tion. We have not em ployed a 

formal il1\'e rse technique, but have run mu ltip le fO l'\\'a rd 
simul at ions so as to match the geo logica l reco rd . 

W e used both a non-sli d ing a nd a maximal l), sli d ing 
mod el in these experiments. The match between mod el 
simula ti ons a nd geo logica l d ata, together with the ELA 

forcings required to ge nera te the simulations, are shown 
in Fig ure 7a- b . T hese ELA fo rcings and th e ELA 
variations d eri\ 'ed from palaeotemperature reco rds a rc 
compa red in Fig ure 8. 

CONCLUSIONS 

Th e ice-shee t model has been used to ex pl ore th e 
com patibility of se lec ted con tinental a nd marine palaeo
temperature records with a geo logica l reconstruc tion of 
th e Ouctuations of the ma rg ins of th e European ice shee t 

throug h th e las t g lac ia l cyc le by using a numerica l mod el 

of ice-shee t d yna mi cs . W e draw the followin g concl usions: 

(a ) When the ice-sheet model is driven by no rth eas t 
Atl a nti c SSTs or continental po ll en pa laeo tempera tures, 
th e ice shee t res ponds slowly to forcing and does no t 
exhibit th e strongly va rying behm'iour of Mange rud 's 
geo logicall y based reconstruction. T his ma y reOec t: 

e rrors in the geo logica l reconst ruction of ice-shee t 
Ou ctuation; 
e rrors in palaeo tem pera t u re est i mates; 
grea te r cl im a ti c va ri a nce over th e ice shee t tha n 111 

ex tra -glacial a reas. 
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(b) Ea rl y H olocene ELAs must ha\'e been sig nifi canrly 

hi gher than mod ern \'a lu es in ord er to produce comple te 

d eg laciat ion. The cOl1\ 'en tiona l " ie\l' of H olocene pa laeo
temperatures (e.g. l\l orn er, 1980) sugges ts a thermal 
op timum at a bout 6000B P. Howe\"(~ r, a recen t deta il ed 
reconstruction by Seret a nd others ( 1992 ) suggests that 
th e H olocene th erm a l optimum m ay indeed ha \'e been 

reached be t\\'ecn 7000 and 8000 BP. 

(cl The poor match in a mplitude variat ion bet \",'cen 
simula ti ons driven by pa lacotempera ture/ ELA [orcings 
and the geo logica l record imp li es th at the am plitud e of 
temperature change beyond th e ice shee t is much sma ll er 

than o n th e ice-shee t surface a nd that th ere may be a non

linea r relat ionship ben·\-een ice-sheet climate a nd ex tra 
g lac ia l climate. Such a no n-linea rit y is likely to bc deri\-ed 
from feed-ba ck proccsses betwcen th e ice sheet a nd 
a tmosphere. Th e ocean SST reco rd is, howcver, mu ch 
closer to what is required to exp la in ice-shee t Ouctu at ion 

than th e continental po ll en-based reco rd. H owe\,e r, th e 
dep leted contin enta l raunas a nd Ooras of co ld periods a re 
probab ly much less ef'fec ti\ 'e as palaeoc lim ate ind icato rs 
than those of warm period s. It may th erefo re be th at 
ex tra -glac ia l climates were more se \'ere th a n currently 
recogn ised. 

(d ) The periods of strong deglac iat ion at 85000- 80000, 
15000 a nd 10000 BP ind icate anoma li es betwee n th e 
glac ia l a nd pa laeotempcratu re reco rds. Th e g lac ia l reco rd 
requ ires a n ab rupt ri se in the ELA to abo\'e modern \·a lu es. 
It is possib le th a t the 85000 80000 BP de-glacia tion co uld 
be ex pla ined by shifts in the three-dimensiona l geometry of 

lhe ice sheet \I'hi ch our two-dimensiona l simula ti on ca nnot 
m atc h , ra th e r than d ra ma ti c warming. Th e kn O\\'ll 
geometry of the ice shee t after 15000 BP ma kes thi s 
unlikel y [o r th e second a nd third periods. I t is possible 
th a t there was \'e ry strong warming a t these times, which 
th e in ertia of oceani c a nd Ooral respo nse fai led to reco rd. 

- -

-50 -40 -30 -20 -10 0 

Fig. 8. ELA forcings lIsed i1l variolls I'Ims. The inverse signals (a and b) are those required 10 drive the model 10 acltieve a 
reasonable malclt wilh Ihe geological evidence. The ollters (( alld d) are Ihe ELA s used to drive the //lode! deril'f(l kr 
{IP/Ja'ing Ihe lemjJerature/ELA relalionshijJs 10 Ihe palaeolem/Jera lure (un'es . / 11 each case Ih~)! shale the EL. Is used in no
sliding cases such that the ice sheet achieves a maximulIl si;:e but does /lot becollle ullstable. Th is means /Itat each forcillg 

signal/Jlw/uces a TOugh0' comparable ice volume at maximum, bu/ otherfea/llres differ. The pa/aeo-sigllal f roll1 core se 90-
39 is lIZuch closer 10 the derived "inverse" signaLs Ihan l/ie pollen record fi'om La Grallde Pile . 
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Indeed, pa laeo tempera ture reconstructions by Coope and 
others (1977 ) based on fossil coleop tera sugges t th is. The 
other possible ex pla na tion for these appare nt anomalies is 
that the ice shee t underwe nt d ynamicall y driven co ll apse 

during these peri ods. 

(e) I ce-shee t surface clim a te shift must lead the g lacia l 
maxima by severa l thousa nd yea rs. G eologica l recon
stru cti ons in whi ch the prec ise timing of g lacia l eve nts is 
largely tun ed by co rrelatio ns with reco rd s elsewhere 
should take this into acco unt. 

( ~ Easy sliding does no t p roduce high rates of ice-shee t 
buildup. Compared with a non-sliding ice sheet, it is 
assoc ia ted with a lower ice-shee t profi le, which produces a 
sm a ll er net pos itive mass ba la nce a nd th erefo re a smaller 
bu ildu p ra te. Stronge r clima te forcing is therefore needed 
to ma intain th e same rate of buildup for a slidin g ice 

sheet. Th e converse occu rs during decay, however. A 
lower profi le g ives rise to a more nega tiye mass ba la nce, a 
greater rate o f deca y a nd a n earli er fin al deglac ia tion. 
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