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ABSTRACT, \\ 'c prcse lll Cl se ries oC henchm a rk ex pe rim ent s d es igned fo r tes tin g 
a nd compa rin g nume ri cal ice-shee t m odels, Fo ll o\l' ing th e o ut co m e o r t\l'O EISi\IL:,\T 
\I'o rkshops o rga nized to int ercompa re large-sca le ice-shee t m od e ls currentl y in 
ope ra ti on , m od e l ben chma rk expe ri m en ts a rc dcscri bed fo r ice shee ts und er fi xed 
a nd m oving m a rgin conditi ons, Th ese address both stead y-sta te a nd tim e-depend ent 
beh a \'iour und er sc hem a ti c bo und a n ' conditi ons a nd \\'ith presc ribed ph ys ics , ,\ 
compa ri so n \I'as m ad e o f ea ch m od e l' s predi ct ion of bas ic geo ph ys ica l \ 'a ri a bles such as 
ice thi ckn ess , \ 'e loc it\ , a nd tcmperature. C onse nsus ac hi n 'ed in th e m od el int er
co m pariso n prO\ 'ides reference so luti ons aga inst \lhi ch th e acc urac \' a nd co nsistency o C 
ice-shee t m od elling cod es ca n be assessed , 

1. INTRODUCTION 

Th e las t d ecad e h as seen th e dn'f'!opm ent o f a n increasing 
n um bel' o f numerica l modcls d es igned to si m ul a te th e 

geo metry a nd ph ys ica l cha ract eri sti cs of g laciers and ice 

shee ts unclcr a \ 'ari ety o f ell\ 'ironmenta l conditi ons a ncl 
ti m e-sca les , Exa m p ies ra nge from t \l'o-d i mensiona I g lac ier 
mod els fo r int erpreting fi eld meas urements, usua lly on fin e 
grid s (\\'addin g ton a nd Cl a rk e, 1988; J 6hannesso n and 

o th ers, 1989; /\he-Ouchi , 1993 ) , to \ 'erti ca ll y int egrated 

pla n-form m odels, d eveloped fo r coupling \\'ilh climate 

models to stud y continent a l glacia tion during th e ice ages 

(F astoo k and Cha pman, 1989; \' erbi tsky a nd O gles by, 
1992 : i\l acAyea l, 1994; .\1a rsia t, 199+) , At the upper end 
a rc a number o f'ra thcr co mpl e te three-dimensiona l m od els 
\I 'bi ch include coupling be twee n th e fl o \\' a nd tempera ture 

field s a nd ha\'C bee n appli ed to ill\'estiga te th e prese nt-ci a\' 

ice shee ts o f Anta rcti ca a nd Gree nl a nd (Bucld a nd J enssen , 

1989; Hu )'brec h rs, 1990; Ca IO\ ', 199+; Fa bre a nd o thers, 
1995; GIT\T a nd Hutter, 1995 ) , T vpi call y, th ese mod els 
a re tim e-d epend ent and arc used to simul a te th e res ponse 
o r ice shee ts a nd g lac iers to clim a ti c cha nges on tim e-sca les 

compa ra ble to th eir reac ti on tim e-scal es, 

All o f' th ese ice-shee t m od els a re based on th e sa m e 

basic princ iples o f eo nse l'\'ati on of mass , m om entum and 
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heat, but o ft en differ by th e empl oyed co nstituti\'e 
re la ti o n , th e simplifi ca ti ons in th e fo rce ba la nce, th e 
trea tm ent o f'th e ice--- beci roc k a nd m a rin e bo und aries, a nd 
by th e d e ta ils o r th e nume ri ca l sc hem es empl OYed, One o r 

th e ac ti\ 'iti es orga ni zed within th e Europea n Science 

Found a tion ne l\\ o rk of EISl\llNT (Europea n Ice Shee t 

;\l od e llin g r:'\ iTi a ti\ 'e ) \I'a s th e illle rco mp a ri so n of 
current ice-shee t mod e ls to assess hO\\' \\'ell th ese m od els 
simula te bas ic geo ph ys ical \ 'a r ia blcs such as ice thi ckn ess , 

\ 'C loc it y a nd temper a ture, and to id entify th e m os t 

acc ura te a nd efTi cielll num cri ca l tec hniques, \\'hi ch co uld 

th en be copi ed , enh a nced o r d c\'e loped to upg rad e 

ind i\ 'id L1 a l mod e ls , 
On e ca n di stin g uish three le\ 'C 1s o f ice-shee t m ode l 

compa ri so n , ,\t th e lirst IeH' 1, boundary conditi ons sho uld 
be full y d escribed a nd as man y m od e lled processes a nd 

para m e ters as poss ible should be fix ed , [n this W<1\' , th e 

effect o f num eri cal approxim a ti o ns on ho\\' indi\'idu a l 
model s soke th e ice continuit y, fl o \l' a nd tempera ture 
equ a tions can be assessed , This 1('\'('1 is thus mea nt to 

chec k hO\l' acc ura te a nd e fTi c iel1t \ 'a ri o us numeri ca l 
sc hem es a rc, ;\dclition a ll y, thi s leH,1 can be co nsid ered 

as a d ebu gging tool fen th e m od e l cod e it sclf. The d es ig n 

o f' such experim ents should be simple eno ugh to all o\\' th e 

res ults to be compa red a nd chec ked aga inst a na h-ti ca l 
so lutio ns \I'here ,, \'a il a hlc, 

In th e seco ncl Ie\ 'e l o r mod el tes till g a nd intlTcompar
iso n, bo und a n ' conditi ons and m od el se t-up should still 

be fix ed , but indi\ 'idu a l m ocl els should be run as th c\' a rc 

lo rmul a ted by inc luding \\'ha te\'e r processes th a t arc 
co nsid ered im po rt a nt toge th er \I'i th preferred \'al ues fo r 
m od e l para m e ters, ,-\t thi s 1c\'C 1, th e res ult \\,i11 1)(' 
influenced b\, th e Ic\ c l o f' so phis ti ca ti on o r th e indi\ 'idu a l 
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Table 1. Values oJ model COllstants sjJecijied ill lhe 
illtercomjJClrisoll eXjJerimellts 

Value 

17 = 3 
A = 10 lo pa :l a I 

g = 9.8Ims 2 
'1 P = 9 I 0 kg III . 

k = 2. 1 \\' m I K I 

cl' = 2009 .J kg I K I 

To=273.15 K 
(3= 8.7 x 10 I Km I 

G = 42 m\\' m 2 

3 1556926 s a I 

QJI(llltiry 

fl ow-l a \V ex ponen t 
PIT-exponen ti a l fl ow-la \I' para meter 
Accelera tion of gJ'<1\' i t y 
Ice density 
Thermal cond ucti\·i t y 
Specific hea t ca pacit y 
Triple-point tempera ture of' water 
Cha nge or melting point \\'ith ice depth 
Geothermal heat flu x 
COI1\'ers ion factor for seco nd s to year 

model. Th e third le\'el shou ld be t h e compa ri son of 

m od els appli ed to a rea l ice sh ee t. This sho uld be d o ne 

with s tand a rd d a ta sets [o r th e bedrock a nd th e clim atic 

fo rcing . Examples co uld be th e inte rcompa ri so n o f 

existin g models for th e w h ole o f Antarctica or Greenland, 
or the ap plica tion of these models to a smaller prob lem 
elsew here. 

In thi s paper, wc di sc uss the o utco m e of th e 

EISMINT inte rcompa ri so n \'enture at level one. D etail s 

are presented for testing m ode ls under fix ed a nd m ovin g 
m a rg in conditi o ns, for both tvvo-dim ensio n a l \'ertical
pl a n e mode ls a nd two- o r three-dimensiona l horizonta l 

pl a n-form m odels. The expe rim ents co nsid er ve rti ca ll y 

integ rated iso th erm a l iee now a nd m ay includ e a 

tempe rature ca lcul a tion , a lthough not th ermomec h a ni ca l 

couplin g . They test bo th steady-sta te a nd tim e-d epende nt 
beha\·io ur. l\l os t o f th e prese nt-d ay codes fo r la rge-sca le 
ice-shee t mode ls were submitted to th ese ex pe rim e nts a nd 
th eir o utput compa red. The a im here is no t so much to 

di sc uss th e individual resu lts which were ob ta ined during 

th e intercom parison process bu t to presen t a com pi la li o n 

o f th e consens us res ults which em e rged. In this way , a 
bas ic tes ting package is prO\'id ed [or ice-sheet mod e ls, 
which can serve as a be nc hm a rk against whi c h future ice

sh ee t m ode l cod es ca ll be compa red. 

2. THE ICE-SHEET MODEL 

The ty pe of' ice-shee t m ode l und er co nsid e ra tion IS a so
ca lled tim e-dependent continuity model fo r grounded ice, 

which for simpli c it y deals with iso th erm a l ice d efo rmat io n 

on ly. 

2.1. Ice flow 

The basic equ a ti o n so h-cd in such a mode l is a continuit y 

eq ua tion [o r ice thi ck n ess a nd is 

aH 
8t + \7 .q = J1.I (1) 

w here H is ice thickness (Ill ) , q is th e discharge (m 2 a I) , 
il f is th e rate o f surfa ce accu mula tio n 01' ab la ti on (m a I ) 

a nd the divergence ope rato r (\7. ) ca n be e ith er o n e- or 

two-d i m e nsion a l. 

2 

In o rd e r to fac ilita te the compari son of res ults in th ese 

expe rim ents, th e co nstitutive r e la ti on is presc ribed to be 

Gle n 's now law for th e c ree p of polycr ys talline ice (G len , 

1955: Pa te rson , 1994), he nce 

. A 0-1 , 
c ij = T Tij (2) 

where Eij a nd T:j a re th e components of th e s tra in-ra te 

a nd stress-dev ia tor tenso r , resp ec ti\ 'e ly, a nd T = ~T;JTL is 

th e effecl ive st ress, d e fin ed as th e sq u a re root of th e second 

in\'a ri a nt o f th e stress-d evia tor tenso r. n is th e now-law 

ex pone nt and A is th e rate fa c tor, whi c h was c h osen fo r a 
temperature close to th e m elting po in t. All pa ramete r 

\'alues arc d efin ed in T ab le I. 

In th ese ex perim ents, inves tiga tors a re initi a ll y free to 

com pute th e stress a nd deformation fi e ld s in whatever 

way th ey dee m m os t a ppropria te. H oweve r , a ll o f th e 
res ults d isc ussed be low were obtained und e r t he sta nd a rd 

simplifi ca ti o ns appropriate to th e sha ll ow-ice a pprox im a 

tio n (Hutte r, 1983; i\Io rl a nd , 1984) . This m eans th a t th e 

ice d e fo rm s o nl y b y shearing in h o ri zo nta l pl a nes a nd th a t 

longitudin a l stress d e\,iato rs are neglec ted in the force 

balance. r n th e case of a co nsta n t-f1 ow parameter A , this 
yie ld s the fo ll owing \\'e ll-kno \\'n a pprox imati o n fo r the 

di sc h a rge q: 

= _ 2A(pg)" Hn+2[\7 H.\7 H j(II - 1l/2\7 H 
q n+2 

(3) 

where p is th e ice d ensity and 9 is th e g ra\·it y . 

2.2. TherDlodynaDlics 

For th ose m od els ca rry in g out th erm a l calculatio ns, th e 

tempe ra ture distr ibuti o n w ithin the ice is calcul a ted fro m 
th e ge n e ra l the rm odyn a mic equ a ti o n gove rnin g the 
transfer o f hea tin a co nti n u u m: 

aT k 2 - = - \7 T - V .\7T+ F at pep 
(4) 

w h ere T is tempera ture (K o r ne ). t is th e tim e (a ), V is 
th e three-dimensional \ 'e loc ity fi eld (m a I ) , F is internal 

hea tin g resu lting fro m dissipat ion ex pressed as a te m

pe ra ture c hange (K a '), a nd k a nd c,) are th erm a l 

para m e te rs. The d egree o f a pproximatio n in Equ at io n (4 ) 

\\'as left to th e indi\ 'idu a l mode lcr, as were th e details o f 
th e venica l di sc re ti za ti o n . 

Two boundary conditi o ns a re required for Equat io n 
(4 ) . At th e uppe r ice-s h ee t surface, the m ean a nnu a l ai r 

tempera ture (o r l() = 273. 15 K , \\·h en th e air tempe rature 

is a bo \ 'C th e melting point ) is u sed a s a Diri c hlet 

bo und a ry conditi o n. \Vhil e a l th e ice bedrock inte rface , 
mi xed bo und a r y conditi o ns are empl oyed: if th e ice is 
m elti ng , then th e pressu re-m elting poi nt tempe ra ture is 

used as a Diri c hl e t bou nd a ry conditi o n ; howe\'e r , if' th e 

basal ice is fl 'oze n , th en the geo th erm a l hea t nux (C ) is 

used as a !\e um a nn bo undary condition where 

aT C 
if l11<N ' ::; T' (5) Dz /,; 

o th e rwi se 

7\) ;1 S0 = T' (6) 

a nd z ts th e \ '(r ti ca l coo rdin a te. Th e pressure-melting 
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Fig, I , ," umerical grid all which the benchmark 
(a/culalio lls lake p/ace, The orientation of the (li es alld 
the !lumbering cOllventiolls are showlI together lJ.'ilh the 
stead,y-state ice-thickness distributions Jar the Ji \ed-margill 
alld mOllillg-lIIG1gill e~/Jeri/1lel1ls, T he cross-sectiull Jar 
jlOWlil1f lIIodels is belll'wI /)oillts ( 1,16) alld (31,/6) , 

poin t tem pe rat ure T' is g ivc n by th e fo ll oll' ing rcl a ti on: 

T' = To - f3H (7) 

where ,'a lues for To (tr ip le-po int tempera ture or ice ) a nd (3 
(C la usi us C la peyron grad ien t) a rc a lso g iven in T a ble I , J t 
is un derstood th a t th e ice tem pe ra ture ca n nc\'C r r ise a bO\'C 
th e pressurc-melting po int as g ive n b y Eq ua ti on (7) , 

ft is furthcrmore required th a t a ll ca lcula ted ice 

tcmpera tures are o utput as hom ologo us tempera turcs, 

th a t is rclat i,'e to th e loca l pressure-melting point, in 

w hi ch case th e\' a re exp ressed in cc. 

3. THE EX PERIMENTAL MODEL SET-UP 

1\1'0 series o f' ex perim ents \I'ith idea li zed geo metry arc 

p ro posed, Th e num eri ca l d om a in is th e sam e in " o th 
cxperim c nt s, ft co nsis ts o f' a squ a re g rid o f sid es 
1500 x 1500 km with a Oa t bcd a t ze ro d c-\'at ion , Th e 
gr id s p ac in g is d e fin ed to b e 50 km, lea din g to 

3 1 x 3 1 = 96 1 reg ul a rl y spaced po in ts , This set-u p a ppli es 

to pl a n-fo rm m od els, FIO\l'Iin e m od e ls ca lcul a te th e cross-

sec tion from one side to th e o th er. Fo r case o f compa ri son , 
th e ri g hth a nd ed coo rdin a te sys tem has its o ri g in in th e 

lo \\'e r left co rn e r, The numberin g sc hem e has indices 

be t\vee n ( I , I ) a nd (3 1,3 1) o r " e tween ( I ) a nd (3 1) , \I'here 
the po in t ( 1, 1) coinc ides \\'ith th e o rig in in pl a n-fo rm 
m od els a nd ( I ) is a t th e lerth a nd sid e o f' th e cross-sect ion 
in now li ne m od els, These conventi o ns a rc shown in 

Fig ure I, 

As th e em p h asis is o n tes tin g ice ph ys ics a nd 

compa ring numeri ca l techniques, th e models tes ted in 

thi s p a per d id no t in clud e basa l sliding, a nd d o no t 
in c lud e such processes as [jrn d ensi[j ca ti on , bedroc k 
adju stm ent , th e rm o m ec ha ni ca l co uplin g o r th e rm a l 

interact ion \I'i th th e u nd erl yi ng rock, 

3.1. The fixed margin experiment 

In thi s first ex perim ent , th e m a in fea ture is th e a rt i[j cia l 
constra int o f' ho rizo n ta l ice-shee t ex tent. The ice shee t [jlls 

the entire m od e l g rid , leading to a squa re sha pe , At the 

bounda ry po ints i= I , i=3 1 or j= I , j=3 1 Di r ichlet 

conditi ons o f H(T , y, t) = 0 a re spec ifi ed, Th ese a rc a lso 

ca ll ed V~ bounda ry cond i li o ns a fte r Vi a lov (1958 ) a nd 
Nye ( 1959 ) , Th ey im p ly a sing ul a rit\, a t th e m a rg in 
because th e ma rg in has a non-zero ice disc ha rge but (b y 

d efiniti on ) ze ro ice thi ckn ess, Although thi s d oes no t pose 

a rea l problem in th e numeri ca l m od els examined here. it 

req uires so m e preca uti ons in th e cod e to a \'o idth e implied 
infinite ice \ 'e loc it y , In thi s pa pe r , se\'e ra l d iagnos ti c 
\ 'a ri a IJl es a re a lso ass ig ned a \ 'a lue or ze ro a t th e grid 
bound a ri es , 

A simi lar co nstra int a ppli es to nowline m od e ls, \\ 'hi ch 

co nside r a now ba nd of co nsta nt width a nd thus exclud e 

horizo nta l noli' COl1\ 'e rge nce a nd di ve rge nce , This mea ns 

th a t th e res ul ts of' nOll' line a nd pla n-fo rm m od els are no t 
compara ble but a ll oll's th e nowline res ul ts to be compa red 
against th e a n a ly ti ca l so lution, 

Cl im a ti c bound a ry conditi ons a rc a fi xed acc umu la

ti on ra te o\ 'Cr th e enlire g rid a nd a surface tempera ture 

pa ra m e teri zed as a fun c ti on of th e d ista nce to th e d i\'id e, 
The la tte r pa ra m e te ri za ti o n ensures th a t th e surrace 
tempera tu re \\- ill be inde pend ent o r va ri a ti ons in surface 
eleva t ion be twee n m od els, Th e bo und a ry conditi ons we re 

chose n such th a t mi xed we t a nd frozen conditi ons occ ur 

at th e base, \\' ith th e o ut er pa rt a t th e pressure-melting 

point. These bounda ry cond itions resemble Gree nl a nd 

conditi ons ra th er th a n Anta rc ti c co nditi o ns so th a t 

!If = 0,3 ma- I, (8) 

T,,,,jllrc = 239 K + (8 X 1O-8)d3 (9) 

a nd 

d = ll1ax{ 1.1' - X"lll llllit I, IY - Y,ll llllllit I} 

\\'here AI is ex pressed in m a I of ice equi\ 'a lent . T'"l'fnc(' in 
K , a nd cl in km , In acco rda nce \I'ith the sq ua re geo m etry, 

th e d ista nce to th e sum m it is m eas ured pe rpendi cula r to 

th e coo rd in a te axes , \\' he re ,TSll III III it a nd Y,llmmit a re bo th 

750 km, Th e geo th erm a l hea t nu x is co nsta nt a nd is ta ken 
as the s ta nda rd \'a lue or 0,042 \ \' m 2 (see T a b le I ) , 

3.2. The moving margin experiment 

Th e seco nd ex pe rim ent includes ice a bl a ti on a nd aim s a t 
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simul a ting th e pos iti o n of th e free m a rg in, The m od el se t

up resembles th e on c lo r th e fi xed-m a rg in ex perim e nts, 
except fo r dilfe rent clim a ti c bo und a ry conditi o ns, I. e, 

1II = min{0,5 , S( Rei - d)} (10) 

where 

and 

(11) 

The m ass-ba la nce AI is a fun c ti o n o f the radi a l dis ta nce cl 
(km ) fro m th e centre of th e g rid, R~i is th e dista nce at 

w hi c h th e m ass ba la nce cha nges [ro m positi ve to nega ti ve 
"alues a nd S is th e slope o r th c m ass-ba la ncc run c ti o n , 
The il ' \'a lues were c hose n to be res pec tin:ly 450 km a nd 
10 2 m a 1 km I , The res ult is a s tead y-slate ice-shee t 

config ura ti o n w hi ch is ax isymme tri c , This ena bles a 

compa riso n with Oowline mod els, whic h should a lso 
co nsid e r a xi a l symm e try, This ca n be co m 'e ni entl y 
i m pl em e n ted by i ncl ud i ng a di verge nce te rm in th c 
continuit y equ a ti o n , with a now- band width w hi c h 

inc reases linea rl y fro m 0 a t th e centre o utwa rds to the 

m a rg in , In th c spec ia l case o f a co nsta nt acc umul a ti o n , 

th e di sc ha rge is ha lf o f th e o n e with o ut Oo wlin e 
dive rge nce , 

3.3. Model runs 

E x perim e nts a re perfo rm ed to tes t bo th th e s tead y-s ta te 

a nd the tim e-de pendent m od el be hav iour. All simula ti o ns 
a re o\'e r 200000 yea rs, Th e evolutio n to stcad y sta te fi'o m 
ze ro ice thi c kn ess occ urs over a pe ri od o f a bo ut 25000 
years fo r th e ice-thickness di stributi o n and up to 150 000 

yea rs lo r th e temperature calcula ti o ns, The la tter relaxa

tion time wo uld becom e eve n lo nge r w he n Oow-tempera 

ture co uplin g is inc luded , T o tes t the tim e-de pend ent 

asp ec ts o f th e mod el' s be ha vio ur, sinuso ida ll y va ry ing 
clima ti c bound a ry conditi o ns a re imposed where 

2-rrt 
b.T = 10 sin - (K) , (12) 

T 
27rt 

1\1 = 0,3 + 0,2 sin T (m a- I) for fixed margin (13) 

and 
2-rrt 

Rf'i = 450 + 100 sinT (km) for moving margin, (14) 

Th e periods used in th ese ex periments a re o f l\1il a nko

v itc h tim e-scales a nd a re, res pec tively, 20000 and 40 000 

yea rs, The s tead Y-Sla te solutio n is specified as th e initi a l 
conditi o n, Thc m od e l parame te rs a re g ivcn in T a ble I, 
Th ey co rres po nd to th e sta nda rd \ 'a lues used in m os t 
m od e ls, 

4. THE EISMINT INTER CO MP ARISON RESULTS 

\Ne present a compil a ti o n o r thc intercompa ri son res u lts, 

whi c h was o bta ined afte r se veral ro unds o f da ta submis

sio n a nd subseq uent co rrec ti o n a nd is th ere fo re beliC\Td 

to be d evo id o r inad ve rt ent prog ramming errors, In th e 

di sc uss io n , we sha ll no t m a kc a d istin c ti o n be twec n 
indi\'idua l m odels but ra th e r disc uss ca tego ri es o f m odel s, 

4 

Th e m a in reaso n fa r thi s is th a t se \'e ra l o f th e m odel s are 

HT\ ' simil a r in d es ig n a nd , co nsequentl y, their results a re 
g ro uped close ly toge th e r, Thi s m a kes indi\ 'idu a l res ults 
ha rd to dilfrrcnti a te g rap hicall y, [n addili o n , a co nse nsus 

em e rged during th e inte rcom pariso n as to w hi ch resu lt 

sho uld be co nside red as th e 'bes t ' so lutio n und er th e g iven 

cx perim enta l se t-up, Thi s h as slimula ledm a n y indi\ 'idu a l 

cod e c ha nges a nd ma kes the id cntifi ca ti o n or a spec ific 
rcs ult w ith a spec ifi c indi\'id ua l m od e ll e r no lo nge r 
m eanin g ful. instead , wc w ill co neentratc o n thi s co n
se nsus numeri cal res ult , w hi ch will be sho wn toge th e r 

\\ 'ith cunTS d em o nstra tin g th e ra nge wi thin whi c h th e 

o ther sol u ti o ns reIl. 

Th e d efiniti o n o r suc h a co nse nsus res ult calls fo r so m c 
comme nt. In th e prescnt co nt ex t , it is ge n r ra ll y d efin ed as 
th e mea n o r all o f th e res ults fro m th e sa m e m od e l g ro up , 
whi ch is se l f~ cons i s te nt in a ll n tri a bles a nd com es closes t 

to a ny kn o wn a na ly ti ca l solutio n , \\'h e n a n a na lyti ca l 

so lutio n is no t <l\'a il a ble, " T hm'e simply reve rt ed to 
ta kin g all average but in this case a lso sho w th e indi \ 'idua l 
res u lts, In a ll th ese ca lcul a ti o ns, c lea r ly inco rrec t/ unsta ble 
ca lcul a ti o ns a nd o b\ 'io us o utlins were l'C m o\Td, 

In to ta l, 15 iCf' -sh ee t m od e ls pa rti cipa ted in th e inter

compa ri so n tes ts, These m odels can be subdivid ed a lo ng 

se\T ra llines, The larges t group o r 11 m odels calcula tes ice 
fl ow o n a ho ri zo nta l p la ne a nd is henceforth ca ll ed "3d " 
for simpli cit y, or th ese 3d m od els, ,c \'cn reso lve th e 
\'Cloc it y fidd in th e \ 'cTti ca l a nd include a tempe ra turc 

ca lcul a ti o n , Th e fo ur re m a ining o nes d o no t m a ke 

ca lcul a ti o ns in th e ve rti cal. Th e o th er fo u r m od e ls a re 

fl o wlin e mod els ("2d " ), o f whi ch two d ea l solely with ice 
fl o w a nd two inc lud c a th e rm a l ca lcu la ti o n, All m od els 
a rc o f th e finit e-difle rence type, cxce pt fo r o ne iso therm a l 
3d m od e l whi c h is based on th e finite-c lem ent m e th od , 

but whi c h had exac tly th e sam e charac te ri sti cs as a cl ass 

o r th e finit e-diffe re nce m odels d efin ed furth e r belo,,', 

The mos t s trikin g differe nce betwee n th ese m od els 

co nce rn s th e way th e ice-mass nu xes a re ca lcula ted, Th ere 
a rc se\'e ra l ways to disc re ti ze th e e\'o lutio n equa ti o n fo r 
icc thickn ess, w hi c h can be writte n as a no n-lin ea r 

diffusion p ro ble m with a "c1iffusi\ 'ity" cqu a l to th e scal a r 

pa rt of Equ a ti o n (3) \"h e re 

DH 75t = - V' ' DV' H + M (15) 

a nd 

D = 2A(pg)11 H"+2['V H ' 'V H j (lI - l )/2 , (16) 
n+ 2 

1\ 1\ or th e finitc-difference m odel s disc ussed he re ad opt a 
staggered g rid a nd co nseque ntl y e \ 'alua te th e m ass flu x q 

in be t\',-ce n g rid POiIllS, This is necessa ry beca use non

s taggered g rid s are un stable as th ey fai l to represent 

adequately th e diffu sio n effec ts o f ice Oow at hi g h wa ve 
numbe rs, In o ne-d im ensio n , wc hm 'e 

(17) 

\, 'he rc Di+~ can be co nstruc ted eith er directly at th e mid

po int using th e pro perl y centred m ean ice thi c kn ess Hi+~ 
and loca l surrace g radi e nt. o r as th e mea n o f two 
diflu siv iti es d e[ined 0 11 th e neig hbo uring g rid po ints i 
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Fig. 2. /lItercomparijoll rwilts for the fi I er/-m a rgill njJerill/ l'/lts i ll stea~)' state: ice thickness , lIIassj7u \eJ alld l'elocit ies. 
Details of the differellt mrm (2r!. 3d, ~J,/)f !, ~)I/)e If) are gmll ill the tn t. H (O) is the ire thirkll ess al the diN·de. 
Di.lplrowl are meal! I'a(ue:, Ior {'({cit 151'0 11/). 

a nd i + 1: 

Type' II : Di~~ = (D i + 1 + D i)/2. (19) 

The lirst lll e LilOd is mass-co l1 slT\·in g . Th e m a in disad Y<l n

[age o f' ty pe I sc hem es . ho \\'(' \ '(' r , is th eir ge ne rall y poo r 

sta bilit y pro perti es , necessit a tin g \T ry small tim e s te ps 

\\·hen th e tim e-s te pping is ex pli c it. Thi s co nstra int can be 

O\,(, ITO l11 e b y m a kin g th e tim e-s tep pill g implicit , e ith er o n 
th e lin ea r pa rt Ollh- (:'\'a lu L1 ting diffusiyiti es at th e o ld 

tim e s tep ) o r by ite ra ting o n the no n-lin ea r cliffusi\' iti es 

e.g . Hindm a rsh a nd HUlle r , 1988; Hindm a rsh and 

Pay ne, 1996) . The extra wo rk implied m a kes suc h a 

sc hem e m o re difTi cult to handle a nd th ere is no pa rti c ul a r 

g ua ra nt ee th a t rh e end effec t \\·ill be m o re e!Iicie nt. 

The second m e th od o r co nstruct ing th e m ass flux es 
Q e ri em a lls a nd \ '<1 n del' \ '('en , 198+) is stabl e 1'0 1' mue h 

la rger tim e s teps, expli cit a s \\'C II a s impli cit , but is not 

illhcre nth- m <1ss-co nse n ·in g. This \\'ill afkc t th e acc urac y 

o r th e sc he m e wh e re ho ri zo nt a l g ra di ents a re la rge, for 

in sta nce nea r th e marg in. W c fo ulld th a t indi\ 'idu a l 

difk rences in th e tim e-stepping sch e m e ( i. e . the d egr ee o f' 
impli citness a nd /o r th e o rder o f'a ce uracy ) dicino t lead to 

d if k renccs sig nifi ca nt eno ug h to \\'a rra nt a further sub

d i\·isio n. Pa rti cipa nts \\T IT as ked to use a ti mc ste p 
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Table 2. SllIllmG1Y ~/the intercomparison results Jar the Jixed-mwgin experiment in steady state. Show7I are mean vallles 
together with their standard deviation. T emperatures are reLative to the pressure-melting point. # is the number of model 
results in each group 

Experiment Ice thickness at divide M ass .f7ux at mid/Joillt Basal temjJeratllre at divide 

m 102 m2a I # QC # 

3d 3384.4±39.4 794.99±5 .67 II - 8.97± 0.7 l 6 
3d! type I 
3d! lype II 
2d 

34 19.9± 1.7 789.95 ± 1.83 6 - 8 .84± 1.04 2 
3342.6±0.4 800.04 ± 2.32 5 - 9.04±0.67 4 
358 1.7 ± 39.8 1202 .50 ± 2.98 4 - 6.43±0.4 1 2 

2dl type 1 
2d! type II 

360 1.6 ± 2.1 l 20 1. 35±2.34 3 - 6.72 
3522.0 1205.94 

corres ponding to an optima l trade-o fT between accuracy 

and speed . 
Th e squa re d om ain a nd the uniform [a rcing o[ the 

fi xed-ma rg in experim ent im p ly a fo ur-fold symmetry, 
so lha l only ha lf a cross-sec tion needs to be shown fo r 
d ista nce-d ependent var ia b les such as ice thi ckness, 
m ass fl uxes, velocities a nd basa l temperatu res (F ig. I). 
T his is a lso the case [o r th e m oving-m a rgin ex periment, 
which has ax ia l symm etry un less the m a rg in in te rsec ts 
th e d om ain bo unda ry a nd p rod uces fOUl--fold symm e
try . Other res u lts a re shown as tim e series with va lues 

o 
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- 6. 13 

g ive n eve ry tho usa nd years. These in cl ude the ice 

thickness a nd basal tempera ture a t the cen tra l o r 
summit point a nd seve ra l va ria bles a t a d ista nce 
ha lfway be tween the d om a in 's cen tre a nd one of its 
ed ges. U nd el- the g r id con ventions sho wn in Fig ul-e 1, 
th is is the po int (24, 16) fo r p la n-fo rm m od els a nd poin t 
(24) fo r Howli ne mod els. 

Plo ts o[ the more importa nt varia b les in the inter
com pa rison ex peri men ts a re shown in Figures 2 7. I n 
these graphs, the consensus so lut ion is usua ll y shown as a 
thi ck blac k line. The results a re addit iona ll y sum marized 

0.8 
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0.2 
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Fig. 3. illlercomparisoll results.lor Ille.lixed-malgin e).jmiments in steady state: vertical /HofiLes and tem/malures. Details 
cif the difJerellt ClIrves (2d, 3d. t),/Je J, t),/Je 1I. Ra)'lI1olld, Robill) are given ill lite text. T (O) is the homologous basal 
/empera//Ire a/ /he divide ill QC below /he /Jressllre-me!/ing poillt . 
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Fig . 4. l llterromparison resulis Jar the Jixed-margin eXjJeriments Jorad b)' sinusoidal changes in bOlllldm)i cOllditions DJ 
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are mean values per groll/J. 

in th e T a bles 2-7, g iv ing fo r eac h of th e m odel ca tego ri es 
m ea n va lues toge th er with th eir stand a rd d evia tion . 
M a ny of th e res ults d o no t require ex tensive comment 

a nd are purely includ cd to d ocument th e benchma rk. 

4.1. Fixed-margin experiments 

Th e m ajo r features of va ri a bles a long th e ho ri zo nta l 

tra nsec t a re present ed in Fig ure 2 a nd T a ble 2 . Th c m os t 

im portant distin cti on within the res ults can be m ad e 

acco rdin g 10 th e sp a ti a l di scretiza tion sch em c (typc I o r 

11 ) . Between th ese two types, th e thi ckn ess a t th e divide 
differs b y abo ut 2.5% a nd this difference becom es la rge r 
toward s th e m argin . A t th e m a rg in , th c typc II sc hem e 
p rod uccs a m ass-co nserva ti o n erro r o f as m uch as 50 % 

compa red to type I. Th ese diffe rences a rc b ro ug ht a bo ut 

by th e a ltern a ti \ 'c m e th ods of flu x ca lcul a ti o n d e ta il ed 
a bm·e. 

In thi s ex pe rim ent , th e icc thi ckncss a t th e d om a in 
ed ge is se t to zero . B owe\'e r , th e diffu si\'ity a l th e d om a in 

edge is poo rl y d efin ed. This is beca use th e ice disc ha rge 

th erc has a fini tc \ 'a lue a lthoug h th e thi ckn ess is ze ro. 

w hi ch I~'o uldmak c s urf~tc e slopes infinite in th e limit a nd 
dirru si\'iti es ill-de fin ed . In pract ice , mos t m od ellers using a 
type II sc hcm e ha\'{' ta ken th e diffu si\'it y a t th e m arg in as 
ze ro . C lea ri v, th e use o f linea r inte rpo la ti on to o bta in th e 

flu x be twce n th e m a rg in a nd th e first g ri d point ins id e th e 

ice shee t is inhe rentl y inacc ura te. The type I sc hem e does 
no t require din'usi\ 'ity to be d efin ed a t th e m a rg in a nd so 
h as n one oflh ese problems. This eflec t is clea r thro ug ho ut 

Fig ure 2. H owe\'er, th e spread of th e res ults within th c 

sam e class of m odels is, on th c o th er h a nd , \e ry sm a ll 

« 0 .003% ) . 
An exac t a n a ly ti ca l so lutio n for ice thi ckness, m ass nux 

a nd \'e rti ca ll y a \'e raged \'e loc it y is ava il a ble in 2d (N ye
Vi a im' solu ti on ; Pa re rso n , 1994, p. 243 ) . Th e type I 

res ults, whi ch a re m ass-co nse rving to the acc uracy of th e 

so luti on of th e time-stepping sc hem e, a re w ithin I % of 

this exac t so luti on a nd thus provide a n es tima te o f th e 
trunca ti on a nd ro und-o n' erro rs in th ese ex p erim ent s. Th e 
trunca ti on er ro r is fo rced by th e choice o f th e m es h 
interval. It co uld be m ad e va nishing ly sm a ll if th e m odels 

we re all owed to use a g rid size th a t is sm a ll enoug h to 

capture th e curva turc of th e a na ly ti ca l solu ti on (e .g . 
\\'adding ton , 198 1). Thi s a ppli es es pec ia ll y to th e fin a l 
mes h interval a t th e ma rgin , w he re a lmos t ha lf o f th e to ta l 
cha nge in elenl ti on o f th e ice shee t surface ta kes pl ace. 

Th e ra th er coa rse g rid of a 50 km resoluti on II'as chosen so 

th a t th e duce-dim ensio na l m od e ls whi ch includ e a 

tempera lUre ca lcul a ti on co uld be run in reaso na ble times. 
The I'eni ca ll >' integra ted \'eloc iti cs o n g rid po ints arc it 

d er i\'ed di ag nos ti c qu a ntity a nd diffe r ben\Te n mod e ls 
accordin g to th e d e ta il s o f th e interpo la ti on procedure. 
Th e plo ts show th eir I'a lues d efin ed as th e flu x di\·ided by 

7 https://doi.org/10.3189/S0260305500013197 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500013197


Hl~ybrechls and olhers: }.·ISJ/I. \ T benchmarks Jar testi1lg ice-sheel models 

Ta ble 3. 81111111WI)I o/Ihe in lercomjJarison results/or Ihe/i I eel-margin eljJerill7enl/orced b)' sillusoidal bOllnd(//~)I cOlldiliolls 
wilh a period of 20 ka. SI/Ou'll are lII eall values togellter with Iheir stalldard devialion. The rallge is take/! as Ihe /Jeak-Io
/Jeak amplitude oJ Ihe lasl oscillalion . Telll/Jeralures (T ) are relalil'f 10 Ihe pressure-melting /)oill/. # is Ihe /lumber a/model 
resulls ill each groujJ 

E.\'jJeril7lelll fee thicklless at divide 
AI t = 200 ka Range 

m 

3d 3230. 1 ± 34.8 559 .5 ±5.0 
3d / type 1 3264.8±5.6 563.0 ± 3.7 

3d / type Il 3 195.3±2.6 556 .0±3.5 
2d 34 14.9±3+.0 580.0± 5.3 
2d / type I 343 1.9 ± 2.9 .,)82.6±0.6 
2d / type 1I 3364.0 572.0 

the ice thi ck nes!;, both fo r 2d a nd 3d . The results for type I 
should bc co nsidered as th e more acc ura te and differ 
increasingly from those 0[' type [[ towards the m a rgin. 

The hori zo nta l veloc it y profile at th c midpoint show n 

in Figure 2 is diagnostic and d epends sole ly o n loca l ice 

geometry; th e difference be tween types I and II is a lso 
th erefore e\·id ent. For the flow law prcsc ribed in th csc 
ex perimcnts, th e S Ur!~lCC ve loc it y must be equ a l to 
(77 + 2) /( '11, + 1) = 5/4 o f' its \'Crtically a \'C raged \·a lue. 

.\11 mod els produce qualitati\'e ly simil a r tempera ture 
field s (Fig. 3) but there arc quantita ti\ 'C differences. At 

the di\'ide, basa l tempera turcs differ by up to 2°C , with a 
sta ndard d cv ia tion a mong th e six model s oC 0 .71 QC. An 
ind epend ent a nal ytica l control o n tem pera ture is un
fortun a tel y no t a \'a ilable. An a lyti ca l so lutions hm'e becn 
derived [or the di\ ·ide by R obin ( 1955 ) a nd by R ay mond 

( 1983), but th ese a re not a pplica ble herc because th ey 

eith er ass ume a constant vertical stra in ra tc a nd , hencc , a 
linea r verti ca l \'e locit y profile (Robin , 1955 ), or a lte r
na tively , a quadratic \ 'l' ni ca l \'e loc it y profil e (R ay mond , 
1983) . .'\le ither is the case in o ur e~ perim e nt s (Fig. 3 ) a nd 
at the base bo th solutions differ from th e modell ed res ult 

JlJid/Joinl mass flu ,l Basal T at divide 
Range # Range # 

'J ., 1 10- m - a ne 

974.04±8.03 10 2.01 ±0.12 6 
968.28±4.85 5 2. 11 ±0.09 2 

979.80 ± 6.21 5 1.97±0.11 4 

14+5.08 ± 5.40 4 1.73±0.04 2 
1442 .65±2.90 3 1.70 
1452.36 1.75 

by 5° 8°C. Onl y in the upper 25 30% do all three 
so l u tions show good agreement. 

Neve rth eless, there seems to be a reasonable consensus 
as to how the tempera ture fi e lds sho uld look and th e 

ra nge found for lhc \'e rti cal profiles is sm a ll compared to 

the temperature contrast be tween surface a nd bottom. 
The tempera ture inversion for the midpo in t oCCllrs in a ll 
mod els at a bo ut the sa m(> place. Th e causes o f the 
observed \'a riation bet\\'ee n model s a rc no t entirel y clear. 
The sca ttcr in Fig ure 3 ma y be attributed to differences of' 
the num e ric a l tec hn iq ues em ployed in so h 'i ng th e 

temperature-evoluti on equatio n. Fac tors pla ying a role 
here could be th e scheme fo r the hori zo ntal a nd \'Crtical 
acl\ 'enion terms, l he wa y d issi pa li on is dealt \\'i t h (la yer 
hea ti ng or a n addi ti o nal fl u~ addcd a t the basc) and the 
\ 'C rti ca l reso l u ti on. Ano ther ex pl ana lion co uld be d iflc r
ences in th e simul a ted ice-thickness a nd \'C loeity fields. 

Althoug h th e temperature boundary conditions arc 
constant (irrespeni\'e o f' simula ted thi ckn ess ) , th e diffu
sion , ach'cClion and di ss ipati on terms in Equation (+) wi ll 
all rcel differences in thi c kn ess ( the diffusio n a nd 
diss i pa tion te rms) a nd vcloci t y (th e acl\'ection a nd 

Table .f. Sumlllal), of the illtfrcolllj}([risoll results!or the.!il ed-lIIargill flj)erillll'lll.!orced b,l' silll/Joidal bOlllldal)' colldiliol/j 
wilh a jJerior/ (if .fO Iw. ShowlI are meall l'a llles logelher wilh Iheir standard devialion. The range is lakell (lJ Ihl' jJeak-Io-jJeak 
amplilude 0/ the lasl oscillalioll . T emperalures ( T ) are relalil'e 10 Ihe pressure-melling /)oilll . # is Ihl' number 0/ model 
results ill each group 

3d 
3d / type 
3d / type 11 
2d 

2cl / type I 
2d / typc 1£ 

8 

/('(' thickness al dil'ide 
.,11 t = 200 ka Range 

Jl1 

3306.6 ± 35.9 6 1 -LO ± 5 .8 
33+ 1.7± 3.9 6 19.0±3.2 
327 1.4±3.2 609.0 ± 1.9 
3+92 .5±35.7 643.3 ±6.2 

35 10 .3 ± 2.+ 6L~6.3 ± 0.6 

3439.0 63+.0 

JI/irljJoilll massflll I Basal Tal dil'irle 
R (II I'le 

-~ # Range # 
'J ,) 1 10- m- Cl C 

1027.30±7.56 10 3.95±0.14- 6 
102 IA9±6.04 5 +. 12±0.06 2 
1033 .11 ±2.61 5 3.87 ± 0.07 4 
1539.74±4.34- 4 3.08±0.26 2 

1537.87±2.71 3 3.26 

1545.34 2.90 
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Fig. 5. I lIlercollljJari.HJII reslI/Ls.for Ihe 1I101'illg-m(IJgilll'l/Jerimetll, ill ,Iearb' ,Iale: ia Ihicklless, lIIass./711leS alld {'e/oeilie.\. 
I II Ihese fI/lerimenls. 2d alld 3d do 1101 lIfed 10 be ,holt'lI .If/Jarale(J' b{'(allse (i/lhe ({SSllllled rllia! 0')'1111111'11)' . H (0 ) is Ihe ice 
Ihicklless at the dil'ide. Dis/Jfr~J'f(/ ({re lIIerlll /'(l/lIes jJer ~J'fie. 

diss ipa ti o n terms ). H OWC\'CT. there is no c lear distinct io n 
belweell th e res ults acco rdin g LO th e way th e Ilux 
ca lc ul at ions arc made , no r arc therc any difkre nccs in 
the ''C'rtica l ,'Cloc ity profile a t the di"ide ( type I or 1[ ; 
Tablc 2: Fig. 3). 

Thc time se ries (Fig. 4) show a smooth rcsponse in a ll 
of the ou tput , 'a ri ab les, IV hi c h in many cascs is almost 

sinusoidal. Th c di,·id e rcsult s It)r ice thickness a nd basa l 
temperature arc plotted re lat i" e to the initial condit ions. 
Th e rangc o r peak-to-peak a mplitud e or the respo nsc 
(defined as the differenec bet\\'Ccn max imum a nd 

m inimum , 'a lue for the last osc ill a ti on using a 1000 yea r 

rcso lutio n ) does no t , 'a r ), much bct\\'ccn the diflcrent 
mode l classcs (Tables 3 a nd 4 ). \\ 'e did not find p hase 

Tah/e 5. SIIIIIII{({I} oI the illterrOl1ljJarisoll reslIltsIor the IIIOI'illg-IIl(II;[{ill fljJerilllCllt ill stea((J' state. SltOlI'1I are !IIe({lI l'a/lIe.1 

together l('ith tlteir .l/alldard del 'iatioll. T elll/Jf/'{/tureJ are re/atire to the /JI'essure-lIIe/tilll', /)oillt. # i.1 the lIumher oI//lode/ 

results ill ea rh grolljJ 

/,\/Jerilllflll 

3d 
3d / type 1 
3d / t ypc I [ 
2d 

2d / type r 
2d / typc If 
2d /cx. mLlrg!l1 
All 

lee Iltirkllf.U al diz'ide 

111 

2978.0 ± 19.3 
2997.5±7 .4-
2958.9 ± 1.3 

2982.3 ± 26,4 

2996.0 
2999.0 
293 1.5 
2977.3 ± 20.2 

. \ I id/JO ill I IIWJS .J711.1 
Rallge # 
.) " I 10- m - a 

999.38 ± 23 .55 10 
999.24± 17.9 1 5 
999,45 ± 30 .37 5 

1002 .78 ± 6.32 3 

1003.62 
1008 .64 
996 .08 I 

1000 .17 ±20.6 1 13 

J](/.I({/ T ([I diz 'ide 

Rallge 

c 

13.34 ± 0.56 
13.43±0.75 
13.29±OA8 

13.3+±0.56 

# 

6 
2 
4-

6 
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shifts be tween th e difTerent results la rge r th an th e output 
reso lution of 1000 yea rs. A rema rka bl e rea ture or th e 
basal-tempera ture response a t the d ivid e is th a t it ex hibits 
an oscilla ti on centred aro und a temperature which is 2-

2.5°C higher tha n the stead y-sta te result. This is a 
conseq uence of the difTeren t response time-sca les fo r hea t 
advec ti on and heat conduction and was nicely repro
d uced by a ll models. 

4.2. Moving-lTlargin experilTlents 

These experiments tested how good the mod els were a t 
findin g margin positions and how th ey behaved under a 

steeper mass-ba lance g radient. The ave rage res ults a long 
the ho ri zonta l tra nsec t a re shown in Figure 5 a nd furth er 
tab ula ted by ca tegory in T a ble 5 . All mocl els were a ble to 
loca te co rrectly th e position o r th e margin , whi ch 

T able 6. SumllZa/)1 of the illtercomparison results for the movillg-I11(lIgill eX/Jerimelltforced b)l sillusoidal boundary conditions 
with a /Jeriod aJ 20 ka . Shown are mcan valucs together with their slandard deviation . T he rallge is defined as the peak-to
peak am/Jii lude of the last osciLLation. T emjJeratures ( T ) are relative to the pressure-melling /Joil/ t. # is tlte number oJmodel 
resll lls in each groujJ 

Experiment 

3d 

3d / type I 
3d / type 11 
2c1 
2c1 / lype I 
2d / lype II 
2d /ex. ma rgll1 
All 

10 

Ice thickness at divide 
At t = 200 ka Range 

nl. 

2794.2 ± 20 .0 528 .5±8.9 
28 13.5±2.0 528.6± 11.3 
2775 .7 ± 10.6 528.5 ±5.3 
2774.7 ± 22.4 532 .7± 18.6 
2784.0 538 .0 
279 1.0 5 12.0 

2749 .2 548.0 

2789.7 ± 21.4 529 .6± 10.9 

Midpoillt mass flux Basal T at divide 
Range # Range # 
') .) 1 10- m - a QC 

562 .85± 18.11 10 2.38 ± 0. 19 5 

578 .1 7±3.29 5 2.54±0.00 2 
547 .53± 10.35 5 2.27±0. 19 3 
6 16.6 1 ±9.24 3 
620 .89 
622.93 

606 .00 
578.74±29 .75 13 2.38±0.1 9 5 

https://doi.org/10.3189/S0260305500013197 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500013197


HlI)lbrecllls and others : EIS" 1 I. \ 'T benclllllarks for testing ice-sheet models 

]: 200 
Q) 

~ 

'> :a 0 

"' '" f -200 

~ 
~ :s -400 

1! 
-600 

E 4 

'" "" '> 2 :a 

"' Q) 

0 be 

~ 
Q) -2 2 
~ 

~-4 
J!i 

] -6 
co 

0 

---

0 50 

50 

- T=20 ka R=529.6±10.9 m 
..... T=40ka R=594.9±S.1 m 

100 
Time [aJ 

100 
Time [aJ 

150 

150 

.. 
N 

.§. 

.S 
0 
0.. 

"" 'El 

"' ~ 
co:: 

~ 
~ 

2ooxl 03 

120xl03 

/\ 
/ \ 100 

SO 

60 

.......... T=40ka 
40 

0 50 100 150 
Time [aJ 

25 - - ~--l---r==-imme~anmco;rf Tf-~2~0ka1kat--t-- 
l · .. ···· meanofT=40~ 

24i-~~~~+-~~~~~~~~-+~~~~-r 
o 50 100 150 200xl03 

Time [aJ 

Fig. 7. lntercomparisoll results Jar the mOilillg-margin f.lperiments forced b)' sinusoidal changes in bowldm)' condilions if 
/miods 20 and 40 ka. R is the range of the response defined as the /;eak-to-peak am/J/itllde oJ the lasl oscillation. Displa)led 
are mean vallles /Jer period of the Jorcillg. 

coincides (at the models' resolution ) with grid point 28 
a long the central cross-section, a t a di stance of 600 km 
from th e summit. The exac t position of the margin for an 
axisymmetric ice sheet can be found by integ rating the 

mass-balance function analytica ll y. This gi\'Cs the exact 
ice-sheet span as 579.81 km. 

One can clea rl y distingui sh the differing solutions for 
type I and type I T schemes. However , the differences 

between th em a re generally smaller than for the fix ed
marg in ex periment. Th e definition or diffusivity a t the 
ice-shee t ma rgin is now far cleare r: both thi ckn ess and 
nux a re zero and therc!ore so is diffusi\·ity. This may lead 

to the close r agreement between types I and 11. Placing 
the margin a t its exac t loca tion , as done by one of the type 
I nowlin e models, leads to a central di vide thickn ess 
which is aboLlt 1. 5% lower. 

Table 7. SwnmalJl oJ the intercom/Jarison results Jor the moving-lIlargill e,\periment Jorced b)l sillusoidal boulldal} condilions 
with a period of 40 ka. Showll are mean values together with their standmd deviation. The range is defilled as the peak-to
peak amjJ/itllde of the lasl osci/latioll . T emjJerat llres ( T ) are relative 10 the pressure-melting /Joint. # is the !lllmber oJ lIlodpl 
results ill each group 

Eyperimell t 

3d 

3d/ type I 
3d / type ]J 

2cl 
2d (type I 
2d (lype 11 
2d /ex. margin 
All 

l ee thickness al dlz'ide 
AI t=200 ka Rallge 

m 

2859.2 ± 19.2 595.6± 6.2 
2872.5 ± 6.8 59 1.4±4.6 
2846 .0 ± 18.6 599.9 ±3.1 
2849.7 ± 24.6 594.0± 19 . 1 
2877.0 585.0 
2843.0 616.0 
2829.1 58 1.0 
2856.9 ± 18.4 594.9 ± 8.1 

Ai id/JO ill t mass .flu.\ Basal T at divide 
Range # Range # 
., ., I 

10- m-a cC 

528 .58 ± 9.45 10 7.46±0.28 5 
534.94± 7.28 5 7.61 ±0.05 2 
522.21 ±6.97 5 7.37±0.35 3 
588 .36 ± 9.38 3 
58 1.72 

594.99 

543.52 ± 29.0 I 13 7.46±0.28 5 
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The profiles of temperature and ve rtical ve locity do 
not require much extra comment and are displayed in 
Figure 6 for reference . Tim e seri es of seve ra l key \·a riables 
a re di splayed in Figure 7. As in the fixed -margin 
ex periments, most \·a ri a bles display a smooth response 
which looks a lmost linea r. The exception is the mass Oux 

at the midpoint, whi ch shows seve ra l maxima and 
minima over each cycl e (even a ft er averaging th e 
individual res ults) . Closer inspection revea ls that th ese 
points correspond to times when the ma rg in position is 
jumping from one grid point to the nex t. The margin 
migrated over a distance of 200 km (four grid points) in 

all models a t roughly the same times (evident from th e 
square sha pe of the co rresponding curves ) . 

Tables 6 and 7 indica te th a t the ra nges of the Oux 
osci llations at the midpoint a re difTerent Cor 2d and 3d 
models. The likely explanation is that in these experim ents 
the ice sheet hits the boundaries of the numeri cal grid and 

is no longe r axisymmetric. Hence, 2d and 3d models a re 
not strictl y comparable a t these instances, a lthough th e 
shape and ph ases of th e curves are hardl y a fTec ted . 

5. CONCLUSION 

From the intercomparison res ults discussed in this paper, 
it can be concl uded th a t a broad consensus has emerged 
as to how the basic geophysica l field s should look und er 
the EISMINT presc ribed boundary conditions. in th ese 
experiments, the emph asis was on numeri cal as pects by 
excluding thermomecha nical coupling and complica ting 
feed-back with conditions at th e upper a nd lower 
boundaries . Most importa ntl y, a di vision can be made 
between two groups of model results based on the spa ti a l 
discretization method used in approximating the ice
evolution equation . When compared to analytical so lu
tions, th e mass-conserving scheme performed better, 
although th e difTerence between these g roups may have 
been exaggera ted in th e fix ed margin ex periment. 

The benchmark results presented here a rc oCbenefit to 

ice-sheet modell ers for seve ra l important reasons. First, 

they provide a reference agreed upon by the present-day 
ice-sheet modelling community, which can be used to 
detect mista kes and inconsistencies in ice-sheet modelling 
codes deve loped in the future. Secondl y, modellers ca n 
use them as a base for furth er ex periments incorporating a 
higher degree of model sophisti ca tion a nd tes t the e rTeets 

of add ing new features. Thirdly , these results can be used 
as a basis for assessing dirTerent numeri ca l algorithms . 

The mod el set-up has d elibera tely been kept simple so 
as to test bas ic mod el beha\· iour. Th e fact th a t mos t 
models seem to agree and perform well under these simple 
se t-ups is, of co urse , no guara ntee that th e results wi ll no t 

diverge more when more d emanding tes ts are made of ice 
shee t mod els. Such tes ts should now be made, preferably 
on th e basis of a real pro bl em and \\·ith sta nda rdized data 
se ts [or th e input parame tcrs. 
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