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The waxing and waning of the Northern Hetnisphere 
ice sheets 
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ABSTRACT. Pas t modelling studi es have shown tha t th e energy ba la nce of the 
ice-shee t surface is of prima ry imparla nce in representing th e 100000 year glacia l 
cycle. In pa rti cula r, modelling orthe net mass-balance fun ction is an importa nt pa rt of 
co upled ice-shee t/clim a te models. \Ve conduct a seri es of pa laeoclima ti c simula ti ons 
with a " erti call y integra ted ice-flow mod el co upled to the two-dim ensiona l sta tisti ca l­
dyna mical LLN (Lou vain-l a-Neuve) clim a te mod el. Th e mod els a re coupl ed through 
a la nd-surface model whi ch computes seasona l cycles of surface tempera ture and 
precipita tion a t the real a ltitude of th e surface a nd evalua tes the annu a l snow a nd /or 
ice-mass budge t. Th e present-day clima te orthe North ern H emisphere, the Greenl and 
mass balance a nd th e snowfi eld cha racteri sti cs are quite well represented despite the 
rela ti ve simplicity of th e model. T o ta l ice-vo lume a nd sea-level variations during the 
las t g lacial cycle a re well simula ted. Thi sugges ts that th e ph ysica l mecha ni sms 
included in th e models a re sufficient to ex plain the most striking features of the ice-age 
cycle. Introducing a n improved a nd more d etailed topography improves th e 
simula ti on of th e to ta l ice volum e but fa il s to correc t inad equ acies in th e simul a ted 
ice di stribution on the surface of th e E a rth. 

INTRODUCTION 

Th e main purpose of pa laeoc lima te modelling is to 
produ ce ex periments which stud y th e bas ic interac ti ons 
of the difIe rent pa rts oC the clima te sys tem (atmosphere, 

hydrosphere, cryosphere, lithosph ere and biosphere) a nd 

th eir long-term va ri a bility. 
Ma ny models designed to address the ice-age cycle use 

a n a nnu al net mass-ba la nce fun ction whi ch d epend s on 
the snow-line pa ra metcri za ti on, or d eg ree-d ay fac tor , 
whi ch is ge nera lly ca libra ted using present-day measure­
ments. Su ch p a ra meterizations over-simplify a grea t 

number of compl ex processes a nd ta ke insuffi cient 
account of the seasona l cycle and la titudin a l distribution 
oC insolation. Th e sensiti"ity is a rbitra ril y fi xed a nd th e 
mod el co nception res tri cts th e number of processes th a t 
can be responsible for amplifi ca ti on of the sol a r forcing . 

Seasonal models thus seem to be a bsolutely necessa ry. For 
th e present, however, atmosph eric genera l-circul a tion 
models (G CM s) seem to be una ble to yield a reliable 
q ua ntita ti ve computa ti on of the net snow acc umula ti on 
(O glesby, 1990), whil e coupling with oceani c G C M s and 
o th er co mplex clim a ti c sub-sys tem model s (sea-i ce, 
biosphere) is unrea li zable for long simula tions. Simple 
coupled clim a te/cryos phere mod els, on the oth er hand , 
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allow us to stud y a grea t number of ph ys ical processes 
such as th ose rela ted to snow and ice accumula tion and 
a bla ti on. Low computer cos t a llows us to integrate these 
model s ove r a long time peri od a nd run a grea t number of 
sensiti vi ty experiments. 

1. THE MODELS 

We have coupled a fin e-grid hori zo n tal (la titud e, long­
itud e) model (C I M , continenta l surface and ice-shee t 
mod el) a ble to represent the inception, wax ing and 

wa ning of the ice shee ts on the Ea rth 's surface, to the two­
dim ensiona l LLN (Louvain -la -Neuve) clim a te mod el 
(la titud e, a ltitude) representing in zona l mea n th e 
different parts or the clima te sys tem for th e Northern 
H emisphere (a tmosph ere, ocean , sea ice, con tinen ta l 

surface covered or not by snow) (G a ll ee and o thers, 

1991 , 1992). 
Th e LLN clim a te model is la ti tud e-, surface- and 

a ltitud e-d epend ent. Its d omain covers th e North ern 
H emisph ere with a resolution of 5° la titude. Atmosph eri c 
d ynami cs are represented by a zona ll y averaged quas i­
geostrophic model, including pa rameteriza ti on of the 
meridi on a l tran sport of qu asi-geostrophi c potenti a l 
vortici ty and of th e H adley sensible-hea t transport. The 
a tmosphere interac ts with th e oth er components of the 
clima te sys tem through verti cal [luxes of momentum, hea t 
and wa ter vapour. Th e model exp licitl y incorporates 
detailed radiati ve- transfer schemes, surface-energy ba l­

ances, a nd snow a nd sea-ice budge ts. The vertica l pro fil e 
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of th e upper-ocean tempera ture is com puted by a n 
integral mixed-laye r mod el which ta kes into account the 
meridi o na l convergence of heat. Sea ice is represen ted by 

a th ermod ynami c model including leads a nd la tera l 

acc reti on. 

The Cl I{ hori zonta l mod el we developed combin es 
three parts: a mod el representing ice d ynamics; a mod el 
representing the depression of th e as th enosphere under 
th e weight of the ice; a nd th e m ass-bala nce e\'a lua ti on 
over the ice sheets a nd over th e continents. 

The ice-s heet model 

Th e ice-shee t m ode l is a vertica ll y integrated ice ­
d yna m ics mod el, written in spheri cal coo rdina tes , which 
can be integra ted a ll over th e Eanh. T o avo id the 
singularity of th e po les, we substitute for the hori zonta l 

ve lociti es (tt, v) th e new fi eld s U and V d efin ed as: 

u = ucosqy 
r 

V = vcos qy 
r 

(1) 

wh ere qy is th e la titud e a nd r is th e rad ius of th e Ea rth. 
The mass Ou xes are: 

Q)..= H U 

Qcp = HV (2) 

where A is the longi tude, a nd at the poles (qy = ±~) 

u = V = 0 a nd Q).. = Q</J = O. 
The full se t of eq ua tions go\'e rning th e ice motion is 

then 

where H = h - b is th e ice thickness, b is th e bedrock 

eleva ti on with respect to sea leve l, h is th e ice-surface 

e leyation with res pec t to sea level, J.1. = sin qy, AI is the 
mass ba la nce over the ice-shee t surface and P is the 
d ensity of ice which is ass um ed to be homoge neo us. Th e 
factor A rela tin g stra in rate a nd d eviato r tensor in th e 
genera li zed Oow law d epends mainl y on the tempera ture, 

I n th e present mod el, th e tempera ture distr ibut ion in th e 

ice is no t computed a nd a consta nt \'a lue of A is used . On 
th e other ha nd , we d o no t ma ke a distinction between 
internal deformation and basal sliding, so A can be 
adjusted to a llow erudely for basal slid ing . 

This hig hly non-linear set of equations is so lved on a 

spherical g rid corn posed of 257 circles in la titude, each 

includin O' 256 equidi sta nt points in longitude. This 
represents a grid mesh of 1.4° longitude to 0.7° la titude, 
corres ponding to a 27 .2 km x 77.8 km grid mes h a t 80° N. 

A thin-cha nnel mod el is used on a spheri cal g rid to 
compute the sinking of th e crust under the weight of th e 
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ice . Sea-Ie\'el va ri a tions associated with \'ar iat io ns in ice 
vo lume are calcu la ted . The model does not ta ke into 
accoun t th e possi ble existence of ice sheh-es; ca lving of ice 

occurs when ice Ooa ts. 

The mass-balance model 

One of the mos t important pans of an ice-sheet model is 
th e computa ti on of th e a nnua l net mass balance. in the 

present model, th e a nnu a l cyc le of surface temperature 

a nd th e seasona l evolution of a possible snow laye r a re 
computed a t each continenta l point (\\'hether co\ 'e red 
with snow or not ). A compl ete description of th e model is 
gi\'en by lVI a rsia t (in press ) . 

in regions v .. he re some precipitation fa ll s as snow, onc 
can obsen'e th e fo ll owing situa ti o ns: 

Th e summer tempera ture rem a ins sufli cicntl y hig h to 
m elt th e snow acc umu lated during winter. The 
snowfield is non-permanent. 

The snow sun'ives during summ er. Th e minimum 
th ic kn ess of snoll' observed d uri ng summ er remai ns 

constant from yea r to yea r . The sno\\·fi e ld is perm­

a nent a nd stab le with ze ro mass balance. 

Th e minimum thi ckn ess of sno\\' grows fi"om year to 

year. A thi ckening snow fi e ld or ne\'(': forms a t thi s 
po int , wh ich , ifm ainta in ed for a suffici enrl y long time , 

will compact to form a g lacier or a n ice sheet. The 

mass bala nce AI is com puted from th e inter-an nu a l 
va ri a tion of th e minim a l snow thi ckn ess hs: 

M = hs",;" (year) - h,,,, ;,, (year - 1) (6) 

At th e ice-shee t surface, th e net mas: ba lance is 

computed from th e difference during a n a nnu a l cycle 
between snow precipitation and sno\\' melting. \\' hen 
the snow acc umulated in winter is comple te ly melted , 
rhe summ er hea tin g melts th e underl ying ice . 

The a nnua l cycle of surface tempera ture is com puted 

ri"o m balance between atmosph eri c Ou xes reaching th e 
surface, seasona l hea t trans fe r a nd storage in th e ,'oil, a nd 
heat conducti on in th e snow layer where it ex ists. \\' hen 
th e computed temperature of the snow or ice surlace 
exceeds the f'reez ing tempera ture Tr = 273.15 K , th e 

surface temperature is reset to Tr and th e excess of 

energy LAI is used to melt th e snow or ice. The thi ckn ess 
of snow LJ.hs melted during a time step LJ.t is th en: 

(7) 

where Ps = 330 kg m 3 is the d ens i ty of snow a nd Lr = 
0 .33 x 106Jkg I is th e latent hear of fusion . 

As so la r rad ia ti on often represents th e main encrgv 
sou rce for mod ifi ca ti o n of the snow co\·e r. know led ge of 
interactio ns between th e radiation a nd th e snow is 

fund ame n tal [or th e energy a nd mass ba la nce of th e 

snow m a ntle. The snow albedo is no t constan t in tim e a nd 
m ay vary considera bl y, e.g . und er the influence of' the 
snow-aging process . Simulat ions condu cted by Gallee and 
others ( 1992) show th e importa nce of th e snow-a lbedo 
modifi ca tion in rh e d eglaciat ion processes. W e c1istingui h 
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tll'O types o f \'ege ta ti o n cover: low-vege ta ti on cove r , such 

as steppes or tundra , a nd th e hig h-\'egc tation, fo res t type, 

o r ta iga. Because snow r a rely covers th e tree tops, th e 

a lbed o o f' th e fo res t covered b y snow, a s = 0 ,4 , is much 
10ll'e r th a n th e a l bed o of th e snoll'-cO\'C red field s. O ve r 
tundras a nd ice shee ts, th e sno\\'-surface a lbed o is a 

fun c ti o n o f' snow-prec ipita ti o n fi-cqu ency a nd sn ow­

surface tempera ture. A lbed o \'a lues ra nge from 0 .85 fo r 

co ld fres h snow to 0.4 [o r old me lting snow. On th e o th er 

ha nd , w hen th e sno\\' thi ckn ess is < 10 cm , th e a lbed o 
d ec reases lin ea rl y to th e a lbed o of th e und erl ying surface. 
T o pre\'e l1l a n y intense coo ling o f'th e mo untain a reas, it is 

a lso ass um ed th a t the snow d oes no t cO\'er th e entire g rid 

m es h of th e hi gh-a ltitud e regions (z:::; 1500 m ) until th e 

thi ckn ess o f' th e snow reaches 5 m . 
Because no t much is kno \\'n rega rdin g pas t p recipit­

a ti o n ra tes a nd prec ipit a ti o n fi e ld s a rc unrc li a bl y 
predi c ted by prese n t-d ay GC~ls, we co m p ute fo r each 

g rid point a local a nnu a l cycle o f prec ipit a ti on, ca libra ted 

using th e present d a ta but strong ly d ependent on th e loca l 

slope a nd on th e loca l te mpera ture \'ari a ti ons in tim e, The 
frac ti o n of prec ipita ti on fa lling as snow is a fun c ti o n o f th e 
loca l temperature, D c ta il s 0 (' th e prec ipit a ti on para m ete r­
izatio n a re given by ~1ars i a t (in press) . 

The coupling 

The coupling be twee n th e C IM a nd LLN m od els is 
ac hie\'ed b y th e use in th e Cl~l mod el of th e fo llowing 
zo na ll y averaged q ua ntiti es computed b y th e LLl\ mod el: 

th e solar a nd long-wa ve d ownward Ou xes; 

a term rep resenting th e cont r ibuti on of th e diurn a l 

a nd sy nopti c tempera ture vari a nce to th e se nsibl e­
heat nu x; 

th e 500 mbar le\'el tempera ture; 

th e zo na l a nnu a l m ea n prec ipita ti on ra te. 

1l1\'e rsely, th e cnr provid es th e LL:\f m od el with th e 
spa ti a l ex tent a nd th e m ean a lti tud e 0 (' th e ice shee ts, 

The co uplin g be tween a ho ri zonta l mod e l o f co n­

tin enta l surFaces (la ti tud e- longitud e) like th e Cnd m od el 

a nd a zo na ll ), a \'e raged \'e rti ca l clim a te m od el (lat itude 

a ltitude) like th e LLN m od el is no t easy to reali ze , It is 
ass umed th a t a t th e 500 mbar le\'e l, fo r a ll po ints silUa ted 
a t th e sam e la titud e, th e a tm os phere is id enti cal to th e 
zo nal m ea n computed by th e LLN m od el. L oca l ra di a ti ve 

Ouxes a nd tempera ture a t th e lOp of th e bound a ry layCl' 

a re th en interpola ted from th e zo na l m eans, ta king into 

account local ch a rac te ri stics such as a ltitude. D e ta il s o f 
th e interpo la t io n process a rc g i\ 'C' n b y \ ,Ia rsiat (in p ress) . 

The couplin g of th e m od e ls is asynchrono us, with a n 
equi librium clima tic sta te of th e LLN m od el computed 

eve ry 1000 yea rs. In th e C I M model, we d o no t res tra in 

th e g rowth d om a in of th e ice sheets, in contras t to th e 

ex peri m en ts conduc ted by D e blonde a nd Pelti er (199 1) . 
The ir ice-shee t m od el is so lved onl y within pre-d efin ed 
sub-d om ains co rres po nding to th e N orth Ameri can a nd 
E uropean ice-shee t complexes . Thus, they neg lec t th e 

Greenl a nd va ri a ti o ns a nd d o no t a ddress ice -shee t 

d eve lopment in o ther regio ns se nsiti ve to glacia tio n like 

Siberia (O g les b y, 1990) . 
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In pre\'io us simula ti on s (M arsia t, in pres ) , we used 

th e to pogra ph y o f a 0. 7° x 1.4° g rid inle rpola ted fro m th e 

2° x 2° C LlMAP (Mclntyre a nd C line, 198 1) topogra ­

ph y. In a n a ttempt to improve th e ice rep a rtiti o n 
simula ted by th e m od el, we have replaced this coa rse 
representa ti on of the E a rth 's topogra phy b y fi elds inte r­

po la ted from a 3' x 3' topog ra ph y. 

2. SIMULA TIONS WITH THE COUPLED CIM/LLN 
MODEL 

2.1. SiInulation of the present cliInate 

The continenta l- model C l:"I co upl ed to th e LL N m odel , 
und e r th e present insola ti o n condit io ns, simul a tes th e 
a nnua l cyd e of tempera ture a nd prec ipitatio n a t th e 
surface of th e continents. I t is impo r tant to no te tha t in 

thi s simul a ti on th e a lbed o orthe soil without snow o r ice is 

computed onl y once a yea r. Effec ti vel), thi a lbed o is 

pa ram eteri zed as a fun c ti on of th e wa ter ava ila bi lity o f 
th e \'ege tat ion type, which d e pends on th e Jul y temper­
ature, H owever , for th e tundras a nd ice shee ts th a t a re 
cove red with sn ow or ice, th e a lb edo d e p e nding 

esse nti a ll y on th e sn ow-su r face te mper a ture , sn ow­

precipi ta ti on freq uency a nd thi ckn ess o f th e snow la )'e r 

is computed a t each tim e step . I n th a t case, th e seasona l 
cyc le is s trongly a lTected by th e albed o / temperature feed­
bac k. As th e two-dimensio na l LLN m od el is d es ig ned 
onl y fo r th e .'\onh ern H emisphere, th e d om a in of ex per­

iments has bee n res tri c ted to th e continenta l a reas no rth 

of 23 ,II o N (th e south ern limit of th e Him a laya n l\I ass if), 

Th e simula ted present-d a), a nnua l mean tempera ture 

(Fi g . I ) is n o t mu ch inOu en ced b y th e cha nge o f 
topog ra ph y, The mos t impo rtant dif'rerences betwee n 
obse n 'a ti o n a nd simula ti on of th e present-d ay a nnu a l 

m ea n te mpera ture (Fig . I ) a ppea r in (i) hig h- a ltitud e 

regio ns, which a re too cold a nd ( ii ) continenta l regio ns 

subj ec t to th e inOuence of wa rm oceani c current, which 
a re a lso too cold. Less sig nifi cant d if'rerences occ ur in 
Siberi a, whe re th e simul a ted a mpl itude of th e annu a l 
cyd e is too wea k (pro ba bl y due to a strong re turn exe rted 

by th e sensible- a nd la lent-hea t Ou xes to th e 500 mba r 

zo na l m ea n tempera ture) a nd in Cana d a, wh ere th e 

a nnua l m ean tempera ture is too hi g h. In th e rea l clim a te, 

th e inOuence of Hudson Bay and th e open wa ter of th e 
Canadi a n AI-c ti c m ainta ins this reg io n just a bo\'e th e 
fi 'eezing point during summ er. The m od el's neglec t o r 

oceani c currents leads to importa nl errors in simula ted 

loca l tempera ture (Scandina \'ia ) a nd is more importa n t 

th a n th e simpli c ity o f th e loca l th e rm a l ba lance a nd th e 
zo na l m ean Ouxes used in th e a nnua l-cycle co m p uta tio n . 

As \'el-ifi ca ti on of m od e l perform a nce, it is interes ting 
to stud y the snowfield representa ti on a nd th e m ass 

ba la nce ove r th e Gree nl a nd ice shee t. In pa rti cula r , th e 

mid -J a nua ry snow fi eld ex ten t is close to th e m axim um 

ex tent of th e snow during th e yea r a nd th e mid-Jul y 
snowfi e ld extent is representa ti\ 'e o f th e perm a nent 
snowfi eld th a t persists th ro ugh th e wh ole yea r. The 
simula ted J a nua ry I cm snow thi ckn ess (Fig . 2) is d ose to 

th e 50 % snow freq uency in J a n uar), a nd corres ponds well 

to th e ave rage win ter situ a ti on. I n July (Fig . 2) , th e 
simul a ted snow fi eld covers regIOns whe re snow is reg ul-
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Longitude 
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Fig. 1. Simulated anllllalmeall surface tellljJeratllre t e). 

a d )' obsen 'ed, but its ex ten t is larger th a n th e 50 % Jul y 
snow frequency. It nl.ust be no tedlhar , ill our simul a rions, 
regio ns like Hi ma laya , Alaska, Ba fTin Island , Sca ndin a\ ia 
and north a nd cast S iberi a tend to maintain summ er 
sno\\' acc umula ted during \\·in ter. The summer-snoll' 

cove r obsen -cd in th e Canad ia n Arctic is th e resu lt or 
th e impro\Tment of th e topograph )' . 
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Fig . 2. ,,"orthem Hemispltere JIIOl(' cover ill J allu(ll)' 
( dOlled area ) and Ju0' ( black area ) . 

Th e simulated snoll' mass ba la nce O\T r Green la nd 

(Fig . 3) is in good agreement with th e data or R adok a nd 

others ( 1982 ) . Simu la ted 10 \\' acc umula ti on ra tes (0 
40 cm a I ) a re observed no rth or 75° i\. Hig h acc umu la ­
ti on rates a rc encountered a t th e south ern tip in th e 
sO llthwes te rn part a nd a long the cast coast or the ice shee t. 
Ab lation by melting is more im portant on the margins of 
th e ice shee t. A long the northwes tern a nd northeastern 

coas ts or Green la nd , th e simula ted hig h a blat ion rates 
di sag ree \V i th obse n 'ed acc um ul a tion ra tes. Thi s is 

probabl y du e 10 th e lac k of hig h preCI pllat lon ra tes in 
Jaeger's ( 1976 ) ~recipit a ti o n data whi ch a rc used [or this 
simul a ti o n . 
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Fig. 3. Simulated jJresent-da)! Greenland mass balance 
(In ice a I) . 
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2.2. PalaeocliInatic s imulation 

The palaeoclimatic simulation of the las t glac ial-to­
interglac ial cycle was done by coupling async hronous ly 
the clim a ti c LLN model to the continental model elM. 

Using the prevailing lat itudin a l and seasonal cycle of 
insolation a nd atmosp heric CO 2 concentration at the 
beginning of a mill ennium , th e climate model computes 
an equilibrium clim a tic state. Th e annua l cycle of 
tempera ture (at surface and 500 mbar) and of d ownward 

so lar and long-wave flu xes, and th e annual mean precip­

itation of this particular clima tic state , are then used by 
the CH,;l model to compute the seasonal cycle of surface 
tempera ture and prec ipitation of snow or rain in each 
continental po in t of the grid . This a llows computa tion of 
net mass ba lance a t each grid point. From th e g lobal 
di stribution of the mass balance, th e model computes the 
e\'olution of th e ice di stribution on the Northern 
Hemisphere surface. Tt must be noted that inception of 
ice occurs without the help of sma ll sta rter glac iers or 
initial snow cover. ft er 1000 yea rs of integration , the 
mean ice-sh eet a ltitude a nd the fraction of the continental 

plate cO\'ered by ice become new surface-boundary 

co nditions for th e climate-model simulation (LLN­
model) for th e nex t millenn ium . The palaeoclimatic 
simul a tion starts a t 123 ka BP, wh ich probably corre­
sponds to a minimum ice vo lume and may impl y that 
there were no ice sheets in the Northern H emisphere 

except probably over Greenland. For simplicity, we start 
the integration with th e prese nt-day climati c a nd 
topographic conditions, i.e. with the present-day Green­
land's size a nd shape. 

Total ice-volume vari at ions for the Northern H emi­

sphere a re shown in Figure 4a. The corresponding sea­

leve l variat ions which a re direc tly computed by the model 
(Fig. 4b) agree very well with the sea-level var iatio ns 
reconstruction of C happe ll and S hackl eton (1986) . 
Maxi m u m ice vol u mes are followed by man y recession 
events leading to rapid sea- level rise . Thus so la r forcing in 
this experiment is sufficient to exp la in th e ice-agc cycle. 
A far as total ice vo lum e is co ncern ed , th e new 
topograph y a ll ows be tter representation of th e last 
glacia l- to-interglacia l ice-vo lume variations prin cipa ll y 
at the Las t G lacial :Maximum (LGM). 

2.2.1 Glaciation mechanism 
Probably beca use of th e co ld bias obse rved in th e 
mountainous a reas, the Tibetan Pla tea u is the first 
region to glaciate. A thousand years later ex tend ed ice 
fi elds appear in the Canad ian Arctic. Scandin avia, Alaska 
and north and eas t Siberia are also covered by smaller ice 
fi elds. Unti l 11 9 ka BP, the g laciated areas rema in 
concentrated in relatively high-a ltitude regions. About 
118 ka BP, when the inso la tion defi cit is maximum, a 
rapid expansion wh ich can be considered to be an 
" instantaneous glaciat ion" occurs. This expansion is not 
the result of amalgamation and spreading out of the 
mountain g lac iers but is ob tained by widespread snow­

line lowering whi ch leads to in-place g laciatio n of 
relatively low-altitud e regions. Clim ate cooling is a mpli­
fied by a rapid increase of the con tinenta l a lbedo. I ce 
extends rapidl y. R apid growth rate of the a rea occupied by 
the ice sheets is maintained through 11 5 ka BP, where-as 
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Fig. 4a. TotaL ice volume simuLated dw"ing the Last 
gLaciaL- intergLaciaL cycle. b. Variation in sea LeveL (fuLL 
line) and including a reconstruction of the Antarctic ice­
sheet contribution ( long-dashed line) based 011 the 
estimation at the LGM (- 26m) ji"Olll Tushingham alld 
Pe/tier ( 1991) , compared to the sea-LeveL recollstruction if 
C/wppeLL and ShackLeton ( 1986) (short-dashed Line) . 

the ice thi ckn ess remains relatively small (about 1000 m) . 
' '''hen the insolation decrease ceases, after 11 5 ka BP, the 
ice can expand in to new areas on ly by di scharge. Th e ice­
vo lume increase th en is essenti a ll y du e to the increase in 
ice thickness. The continenta l a lbed o remains constant. 
Surface coo ling due to the increas ing a ltitud e of the ice 
surface, keeping most of the surface in acc umulation 
areas, prevents melting until III ka BP, i. e. 5000 yea rs 
afte r theJune inso lation starts to increase again. A quite 
similar pattern of ice growth occurs after 80 ka BP until 
64 ka BP, a lthough leading to a smaller ice vo lume. 

The mechani sm of glacia ti on leading to the LGM is 
quite different . Throughout the long period 64- 30 ka BP 

th e insolation anomaly is slightly positi ve . If the ice sheets 
have reached a sufficient size at 64 ka BP, th e increase in 
a blation a t the periphery of th e ice shee t is compensated 
for by an increase in acc umulation in the centre of the ice 
sheet. The ice volume remains a t abo ut II x 106 km 3 

during abo ut 30000 years. It is the presence of ice sheets 
at 29 ka BP, when th e insolation a nomaly becom es 
negative, tha t amplifi es the relat ively weak insolation 
signal. Effectively, the insola ti on deficit is less important 
and las ts no longer than during th e preceding coo ling 
phases. The relatively high a lbed o at high latitudes gives 

ri se to a n ice-volume signa l more importa nt than the 
inso lation signa l. Although th e inso lat ion starts to 
increase again after 25 ka BP, the g rowing process 
continues until 17 kaBP (LGM ) (F ig. 5). At this tim e, 
the ice vo l um e reaches 4 1 x 106 km 3 Th e ice-shee t 
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Fig. 5. Simulated ice sheets attite L({st Glacial .\la \ imum (Ill oj ice thicklless). 

di stribution is quite simil a r ro that a t III ka BP, but th e 

ice thi ckn esses are la rger. 

2.2.2 D eglaciatioll mechallism 
Th e d eg lac ia ti o ll m ec h a ni sm is th e IT\'e rse o r the 
g la c ia ti on m ec h an ism. Aft er th e Las t Glacial \l ax ­

imum , w hi ch occ urs 8000 years after th e inso la ti on 

minimum , th e con tinuing increase in inso la tion lead s to 

a d ecrease in ice acc umul a ti o n in the ccntre o f" ice 'hee ts 
a nd to an increase in ice a bl a tion a t th eir m a rg in . Th e ice 
now increases, ba la ncing th e loss of ice by ab la ti on w ith 

an ice-mass transport from th e cen tre to th e pe riph e ry of 

th e ice shee t. Th e a rea occ upi ed by the ice d oes no t 

change sig nifi ca ntl y but the a ltitude of th e ice surface 

decreases slowl y, bring ing th e ice surface into much 
\\'armer a ir. The continen ta l a lbedo remains re la ti ve ly 
stable. Around 13 ka BP, when the excess of insolation is 
max imum (reac hin g more th a n 50 \\' m 2 rrom today' s 

values ), ice loss b y a blatio n can no longer be com pensated 

fo r by ice fl ow a nd th e ice reced es rapidl y. The warming 

ca used by th e excess of inso lation is a mplill ed by a rapid 
d ec r ease o f th e co ntin e nta l a lbedo. In less than 
3000 years, mos t o f th e ice d isappears from the con­

tinents, lea\'ing remna nts of ice sheets on BafIin Isla nd , in 

Alaska , Cord ill e ra a nd Scandinavia a nd on Putora na 

Pl a tea u. La rge r ice sheets sUJ'\'i\ 'e in Greenla nd a nd on 

th e Tibe ta n Pl ateau. 

2.2.3 l ee-sheet distributioll 
Ince pti on of the La urentid e Ice shee t occu rs o n Ba lTin 

Island a nd in Labrad o r , a ro und 11 9 ka BP. The ice sheet 

g rows rrom th ese two domes, with la rges t thicknesses 

being obsen 'ed o\"(r the L abrador dome w hi ch extend s 
so uth to 45° N. During phases o f maximum expansio n , 
the ice reaches 62 N in th e centre or the contin ent, \\'hich 

is fart he r north th a n pa laeoc li matic reco nstru c ti o ns 

suggest. This difference can be pa rti a ll y exp la ined by 

th e [act that th c grow th domain of ice sheets is restri cted 

to th e contin ent. Ice canno t extend O\'e r Hud so n Bay 
without a reduct ion in sea le\·el. Coupling with an ice-

shelf m odel would probably impro\'e the behav iour of th e 

mod el in thi s region. At the LG~1 th e Laurentid e Ice 

\·o lum e reaches 10 x 106 km 3 

Th e ice mass sim ulated in A las ka is a lso erroneo us. 
This is because simula ted acc umula ti on is ca librated with 
th e \'C ry hig h prec ipitat ion rates presently obser\'ed in this 

region. The total amounts or ice in Alaska a nd th e R ocky 

J\l ount a ins ( th e Cordi ll era n ice sheet ) reaches 4 x 106 

km:; at the LG:'I , \\'hi ch is too large. 
Du e to th e impo rta nt nega ti\·e b ias o f simul a ted 

tempe ra ture in Sca ndin av ia, th e in cep ti on o r ice occ urs 

rap idl y. Th e ice is no t se nsiti\'c eno ug h to th e inso lat ion 

varialion and d oes not disa ppea r totally during wa rm 

ph ascs . As [or Hudson Bay, co upling with an ice-shelf 

m odel wou ld probab ly imprO\'e th e representa tion of ice 
ex tendin g O\ 'er th e Barellls a nd K a ra Seas. Th e ne\\" 
topog rap h y a ll o\\·s simul at ion of a Scottish ice shee t, 
wh ich ne\·e r connec ts to the Scandinavian ice sheet, a nd 

o f sma ll ice caps in th c Alps a nd P yrenees. At th e LGJ\I , 

th e Eurasian ice shee t represents a n ice \ 'o lum e of 
4.2 x 106 km:l, slightl y less than th e reconstru c ti o n of 
Tushingham and P e lti er ( 1991 ) (5.2 x 106 km 3

) . 

The bigges t simul a ted ice shee t remains in Siberi a, 

\\'ith main d omcs situ ated O\'Cr Puto rana Pl a tea u, th e 

Saya n J\lo unta ins a nd far eas t O\'e r the continen t. A 

quasi-complete ice cove r o[ Siberia is rea li zed at the 

LG :'I . The simulatio n or th ese ice masses O\'e r Siberia 
seems to be una\'o id ab le w ith our model. l\l odifl cat ion of 
th e a tmosph e ri c c ircu lat ion a nd humidity-tra nsport 
pattern in S iberi a during th e las t g lacia l- to- interglac ial 

c ~T l e should probably be il1\'oked to prc\'ent a n icc sheet 

from growing in this regio n. 

3. DISCUSSION AND CONCLUSION 

In many studi es, impos ing climatic cha nge on g lac iers 

and ice sheets has been done by m o \·ing an equ ilibrium 
lin e up a nd d ow n o r using sim p le o r m ore complica ted 
ab la ti on temperature co rrelat ions, like th e degree-da y 
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me thod. This approach may be quest ioned because future 
or past clim a tes may im'o lve changes in several climate 
parameters a nd no t just temperature. Also, the constants 
used in the para meteri za tions need not be the same for 
past climates as for the present climate. In view of this, we 
tri ed a more process-oriented approach , formulating the 
accumu lation of snow as a fun ction of local precipitation 
and temperature a nd the ab lation of snow as a fun ction of 
the loca l su rface-energy balance. Atmospheric forcing was 
provided by th e coupling with a stati st ical- d ynam ica l 
clima te model. 

The simul a lion of th e tota l ice \ 'o lume and of lh e 
assoc iated sea-level variations realized by asy nch ronous 
coupling between th e C I M and LLN models agrees well 
with th e geo logical sea-l e\'el reconstruction of Chappell 
and Shackleton (1986 ) for the entire glac ia l-to-in lergla­
cia l cycle. Principa l fea tures of the ice-age cycle can be 
reproduced by a ph ysica ll y based mod el of mass bal ance. 
Due to th e numerous feed-backs included in the model, 
periods of ice growth can be obse rved during phases of 
increasing inso la tion, and, in versely, a decrease in ice 
volume can las t longer than the insolation d ecrease. 
Sensiti vity ex periments (Marsiat, in press) show that 
changing some param eterizations or improving the 
representation of th e present clim a te affects the amount 
of ice that is simulated during th e cold phases but does not 
affec t the d eglaciation mechanism. In particular, the 

res ponse of th e model at th e LGM (stage 2) is trongly 
dependent on the ice shee t's behaviour during stage 3. 
During th at period , inso lation varia ti ons are slow and less 
pronoun ced . The behaviour of the ice sheets in a 
relati\'ely wa rm climale is ex tremely dependent on lh e 
sensitive equilibrium between accumula tion and a blation 

processes and on th e shape of the ice sheets at the 
beginning of the warm period . The sensitivity of' the 
model to the so lar forcing is of th e sa me sca le as th e d a ta 
presentl y published. Despite th e limita tions of the 
simul ations presented here, it is sugges ted that insolation 
va riations are suffi cient to create large amounts of ice on 

th e con tinen ts. 
Th e introdu ction of a new topograp hy has improved 

th e simulated total ice volume, but has littl e effect on the 
ice repartition , whic h differs from geo logica l reconstruc­
tions. Most of these differences can be at tributed to 
processes lac kin g in the model a nd which influence the 
present-d ay climate. This is th e case in the mounta inous 
areas whe re ice appears too rapid ly and is not sensiti ve 
enough to inso lation variations so that the ice does not 
disappear completely a t the end of the g lacia l cycle. The 
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oceanic influence is the most important process not 
included in our mod el. .:\feg lect of th e oceanic th erm al 
influ ence on the adjacent continents is responsible for the 
earl y inception of the European ice sheets a nd , pa rtl y, for 
th e lack of expansion of the Laurentid e ice shee t. Finall y, 
th e mass ive presence of ice in Siberia seems un avo id ab lc 
in the simul ations produced by this model. vV ith th e 
present-day regim e of precipitation , a ny coo ling In 
Siberia induces important glacia ti on of this region . 
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