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ABSTRACT. A sta nda rd numeri cal ex periment fea turing the R oss Ice Shelf, 
Anta rcti ca, is presented as a tes t pac kage for the developm ent a nd intercompa rison of 
ice-shelf models. The em phasis of this package is solu tion of s tress-eq uili bri um 
equa tions for a n ice-shelf velocit y consistent with prese nt observa ti ons. As a 
demonstra tion, we compare fi ve independentl y d e"eloped ice-shelf models based on 
finite-d ifference and finite-element methods. Our res ults sugges t tha t there is lit tle 
difference between finite-element and finite-difference methods in capturing the basic, 
la rge-scale flow fea tures of the ice shelf. W e additiona ll y show th a t the fit between 
mod el a nd observed velocity depends strongly on the ice-shelf tempera ture fi eld , fo r 
which there is presently littl e observa tiona l control. Th e main differences between 
mod el results a re due to the equa ti ons being so lved , th e bound a ry conditions a t the ice 
front a nd the di sc retiza ti on method (finite element vs finite difference) . 

INTRODUCTION Thirdly, ice-shelf models must contend with two technica l 
obstacles. Th e stress-ba la nce equa ti on which governs ice­
shelf fl ow is non-loca l, i.e. is elliptic in the two horizonta l 
dimensions, a nd th e m ass -ba lance equati o n is not 
diffusive , i. e. is hyperboli c, a nd is thus ca pa ble of 

propaga ting shocks. These obstacles put stringent de­
ma nds on the numeri cal methods a pplied in ice-shelf 
models a nd grea tl y compli ca te efforts to couple ice-shelf 
models with models of inla nd ice shee ts (e.g. H uybrechts, 
1990). 

The cha rac ter of ice-shelf modelling is di stincti ve in three 
important ways. First, problems studied with ice-shelf 
models tend to emphasize Oow d yna mi cs a nd compa rison 

with observed Oow fields as mod el-performance meas ures . 
This emph asis is moti va ted by the ava il ability of fi eld 
o bse rva ti ons a nd by th e fac t th a t a well-acce pted 
sta tement of the governing equa ti ons, bound ary condi­
tions a nd constituti ve equ a tions is ye t to be established . 

Secondl y, ice-shelf model. must contend with the ocean 

and its effec t on the basal melting ra te. This effec t has a 
direc t role in the time-dependent mass ba la nce pa rt of ice­
shelf modelling. It also has an indirec t influence because 
the tempera ture fi eld of ice shelves is strongly influenced 
by basal melting . In ma ny ways, th e d iffi culty of 
mea uring, or predicting from first princip les, a basal 

melting rate is comparable to th a t of measuring or 
predi cting a basal sliding velocity in a ground ed ice shee t. 
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The pa rti cipants of th e 1994 EISMINT model­

intercompari son wo rkshop held in Bremerh aven d ecided 
tha t ice-shelf mod el va lid a ti on a nd intercomparison coul e' 
be simplified if a sta nda rd tes t could be deve loped whi c' 
sepa ra tely considered the solution of the elliptic su"es " 
ba la nce equa tions a pa rt from a ll other considera ti or ;, 
such as the mass ba lance. H ere we present a stand a rd i( ~ ­

shelf mod el tes t which accomplishes this goal. For rea lis.n , 
a nd to assess ice-shelf mod el performa nce under condi-
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tions simila r to ac tu a l resea rch applica ti o ns, we h 3\ 'e 

based the tes t o n the Ross I ce Shelf, Anta rc ti ca . Inter­
compa ri son of fi ve ind ependentl y cb'eloped ice-shelf 
mode ls pre ented here illustra tes the effec ts of spa ti a l 
resolution (e.g. va riable reso lution in finit e-clement meth­
ods vs unilo rm resolution in finite-difference methods) a nd 

of the form of model equa lions a nd boundary conditions 

(e.g . trea tment of the ice-front bo undary conditi on) , 
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Snow-accumu la ti on rate (m a I) 
Vertica ll y averaged Dow-law rate 

1 

consta nt (Pa s'l) 
:,,,1 as k \'ariab le (0 or I ) 
Strain-rate tenso r (s I) 
Gravita ti ona l accelera ti on (9 .81 m s 2) 
Observed ice thickn ess (m ) 

Charac teri stic verti cal sca le ( 103 m ) 
C haracteristi c horizon ta l sca le ( I 04m ) 
Effective viscosity (Pas ) 
F low-l aw exponent 
Outwa rd-po inting unit norma l to the ice 

front 

Pressure (Pa ) 
Ice densit y (kg m 3) 
Verti ca ll y ave raged ice d ensit y (kg m 3) 
Sea-water d ensity (kg m 3

) 

S urface-veloc ity uncertainty (m s I) 
Stress tensor (Pa ) 

T empera ture profi le (K ) 
Model horizonta l veloc ity vec tor (m S i) 
Observed ve loc i ty \,ccto r (m Si ) 
H o rizo nta l coordinat es (m ) 
Performa nce index (non-dimension a l) 
Verti ca l coo rdina te (m ) 

Surface eleva ti o n (m ) 

TYPICAL MODEL EQUATIONS 

T o illustra te the testing package, we compa red fiv e ice­

shelf models (referred to by their ci ty of origin a nd by th e 
initi a ls of their crea tor: Bremerh a \'en I (PH ), Bremer­
haven2 UD ), C hi cago l (DRM), C hicag02 (CLH ) a nd 
Grenoble (VR a nd CR )) using th e Ross I ce Shelf 
mod elling d a ta base . All models except one (Bremer­

have n2 ) a re based on the foll owing simplifi ed , or redu ced , 

stress-equi librium equa tions. 

(1) 

a nd 

(2) 

where va ri a bles a re defin ed in the nota ti on li st. Th e 
equations on which Bremerhaven2 is based differ from the 

abo\ 'e eq uations in tha t th e ice thi ckn ess h does not a ppea r 

on either side of the eq ua tions a nd hori zontal viscosity 

g radi en ts (av/ox and av/ay) a re not acco unted for. The 
principal simplifica ti on embodied by a ll model s is tha t 
hori zo nta l now is dept h-indept'ndent (e.g. Sanderson a nd 
Doa ke, 1979 ). The validity of this assumpt ion is con tingent 

on the cond ition th at [H]/[L] « 1 where [H] a nd [L] a re 

cha rac teri sti c \'erti ca l a nd hori zo nta l d ista nce sca les, 

respecti\'ely (e.g. ~Io rl and, 1987; ~Io rl a nd a nd Zainuddin , 
1987 ). 

Bo und a ry conditions needed to solve Equa tio ns ( I) 
a nd (2) consist of kinema tic (vcloc i t y spec i fi ed ) cond i ti ons 
a t ice-shelf/ in la nd ice boundari es a nd d ynamic (pressure 

of sea wa ter specifi ed ) conditions at th e seawa rd ice front. 
After Morla nd ( 1987; sec a lso M orland and Zainuddin 
( 1987 )), the boundary condition a t the seaward ice fro nt 
is idea li zed by app lying a d epth-integra ted sea-wa ter 
pressure fo rce a long a contour in th e horizontal p la ne tha t 

follows th e rea l ice front. I n essence, the ice-front 

bound a ry condition di srega rds three-dim ensiona l effec ls 
expected within the neighborhood of the ice front. 

j ' ( I -.ll...) h ( ) 2 ~ - Pwg P T . n dz = -- - h n 
-ph 2 PlL' ' 
"11' 

(3) 

where n is the outward -pointing unit norma l to the ice­
front contour in the hori zonta l p lane. 

Equat ions ( I) a nd (2) use a n efTcc ti\ 'e \'iscosity v to 
embod y G len 's now law. The d efiniti on of v invoh'es a 
tempera ture d ependent ra te consta nt 13 a nd a now-law 

exponent n : 

v = [(OU )2 (ov) 2 1 (OU ov)2 ouov ] n- l/2n . 
2 - + - +- -+- +--ox oy 4 oy ox oxoy 

(4) 

Th e now- law rate constant 13 rep resents a d ep th­
ave raged \'a lue o f the fl ow-law rate consta nt which ca n 
vary con 'id era bly over the R oss I ce Shelf as a result of 
temperature a nd d ensit y \'a ri ation (e.g. Thom as a nd 

M acAyea l, 1982; MacAyeal a nd Thomas, 1986) , 

ROSS ICE SHELF DATABASE 

G eoph ys ica l a nd g lacio logical observat ions of the R oss I ce 

Shelf have been m ade since the ea rl y pa rt of this century 

(e,g, Bentl ey , 1984). W e compi led a data base of these 
obse rva ti ons primaril y from measurements made during 
the R oss Ice Shelf Geophysica l and G lac iologica l Sun'ey, 
1973- 78 (RIGGS ) a nd lh t' Siple Coast Project 1983- 90 
(see ]. Glaciol. , 39( 133 )) , Th ese observat ions include ice 

thickness (Bentl ey a nd others, 1979; ~lacAyea l a nd others, 

1987 ), sea-bed d epth (Bentl ey and J ezek, 1982), horizo ntal 
surface \'eloc ity U (Thomas and MacAyea l, 1982; Thomas 
and others, 1984; M acAyea l a nd others, 1987 ), a nnu a l 
a verage surface ( 10 m) tempera ture (Thomas and others, 
1984), acc umu la tion ra te (Thomas and others, 1984), and 

density/dep th and tempera ture/depth profil es at se lected 
loca lions (Kirchner a nd others, 1979; Thom as a nd 
M acAyea l, 1982 ). I ce-stream and glac ier in put \'e!oc i ty 
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bo u nd a ry cond i ti o ns we re com p iled from :\ [ac A yea l a nd 

ot hers ( 1987 ) a nd ~l ac:\ yea l a nd Thomas ( 1986 ) . Ice-shelf 
m od elle rs may access thi s Ross Ice Shelf d a ta base a t th e 
W orl d Da ta Cent cr [or G lac io logy A, Bo ul de r, Colo rado, 

U.S. A. 

NUM ERICAL DOMAIN 

Two stand a rd nu me ri ca l d iscretiza tions o f a 465000 km 2 

a rea of th e R oss Ice S hel f a re p rO\' ided in th e tes t da ta 

basc (F ig. I ) . A reg ul a rl y spaced 147 x III array o f' grid 

po ints is d es ig ned ['o r finit e-d iffe re nce m odels . An 
irregu la r m es h o r t ria ng ul a r e lements is des ig ned for 

-6 

-8 

-1 

-1 
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Fig . I. J l a/J oJ Ross Ice Shelf (/I/l/m /Janel) alldfillile­
differellce alldji'llile-elflllelll disaeli::a liolls oJ Ihe Ross Ice 
Shelf near Ihe ~vrd Glacifl' ollllet (lower /}({Ilels) . 
Coordillates are grid lalitl/de and longitude as desaibed 
~J I Bel/Iley alld others ( /979) . Regioll .-' (shaded) is the 
RoJS /a Shelf Regioll B is the arltji'cial l m Ihick ire-s'helf 
regioll added la Ihe ji'nil('-differe!l(f domaill la ueate a 
reclilillear ice:fi'olll ('onlollr (lIole Ihal il cuts off a pari of 
Ihe ire she(/ near R OJ.I !sland) . Label C dfl/oles the ire­

J rollt {,O ll tollr in the Jillite-elell1f1ll domain. T he /}{nl oJ the 
ojJell la frolll wesl rif Ross Island (Ihe ,I/r,I[lIrdo la 
Shelf) is trealed as a closed bOlllldrllj ill Ih e Jilli le­
difJmuce lIlodel. Label.) D dl'/lole lomliolls qf 0/11/1'1 
glaciers all d iCl' slreams whfre killemalic bO/l lldal)' 
conditions are lIon<ero. Grid re.lOlulioll is 6.822 kill Jar 
tlteJillite-dijJermce domain. ,I/ esh reso/lI tioll./or theJillite­
elemmt do ilia ill 1'Ories Jrolll 0 .. 5 to 20 kill. 

4 

IInit e-e lem entmodel s. T he spa ti a l reso lutio n o i' t hc finite­

d ifre re nce g rid is 6.822 km . The spa ti a l reso luti o n o r lh e 
fi n ite-c lem ent mes h \'a ri es fro m 0.5 km nea r bo unda ri es to 

20 km in centra l a reas ( Fig . I ) . Th e finit e-dif1e rc nce g ri d 

a nd th e finit e-c lem e nt m es h \\'CTe constru c led to possess 

a pproxim a tely th e sam e numbe r of g rid po ints o r nod es. 

( Fo r th e fi n i te-dif1c' I'C nee g rid , t he rc a re 163 I 7 grid 
po in ts, or \\'hi e h 11 067 a re act i\'e. F o r th e finit e-cle m e n t 
mes h , th ere a rc 1623 1 nod es a nd 30639 el em e nts. ) 

Two o p tio ns fo r trca tin g th e ice-li-o nt bo und ary a re 

pro \ 'ided to accom m od a te finite-difference m od els whi c h 

req uire simple , rectilin ea r geome try a t bo und a ri es \" he re 

d yna mi c co nd iti o ns a re imposed . In both o ptio ns, th e ice 
she lf is a nifi c ia ll y ex tend ed beyond th e mid 1970s ice­
fro nt positi o n (sec Fig . I ) . In th e G rc no b lc m od el, the ice 
thi c kn ess in thi s a rtifi c ia l regio n is reduced to l m, w hi le 

in th e two Brem e rh m'C n m od els th e ice thi c kn ess is 

ex tra pola tcd fro m th e ex isting ice shel f. 

Test resu it s p rese nt ed bel ow show lh a t a rtifi c ia l 
ex te nsio n o f th e ice shelf' fo r finit e-d if1c rence m od els 
ge nera tes little degra d alio n o f mode l perfo rm a nce \\'ithin 

lhe co nfin es 0 [' th e rea l ice she lf. H o wc\'e r , a lo ng th e 

ac tu a l ice-front cont o ur (sep a ra ting th e rea l a nd a rtifi c ia l 

pa rt s of th c ice shel f), finit c-d ifference m odels ca n no t 

stri c ti y en fo rce ze ro ta ngc nti a l stress. Thus, in circ um ­
sta nces w il e re ice-fro nt phe nomcna a rf' or in te rf's l. finit e­
c lem e nt m ode ls m ay be prefe ra ble beca use o f' th e ir 

capacity to ha ndl e c urn'd geo m ctry. 

MODEL PERFORMANCE ASSESSMENT 

T es t rcs u lts a re asscssed thro ug h compa ri so n or th e 

deri\ 'ed surface veloc it y a nd o bse r\'a tio ns . At the simples t 

1e\'CI, a sing le sca la r m easurc o f \ 'e loc it y mi sfit , X 2 , is 

co m p uted accordin g to th c fo rmul a 

~ (u - U ) . (u - U ) 
./'(2 = L I I.) I I 8;, 

;= 1 °Tul 
(5) 

w here u is th e m od e l ve locit y, subsc ript i id e ntill es th e 

R IGG S o r S ip le Coas t P roj ec t sta ti o n w here a su rfacc 
\ 'C loc it)' is o bscJ'\ ·ed . The m as k \ 'ari a b le D; is 0 o r I 
clc pe nding o n w he th e r sta ti o n 'i is within th e nu merical 

do m a in a nd wh e th c r th e re a rc va lid \ 'C loc ity o bse l'\'il ti o ns 

a \ 'a il a bJ e fo r this sta ti o n . Th c \\'e ig hting \ 'aria bl c a lu l is 

th c ass um cd un ce rta int ), of th e o bscn 'ed \ 'e1 oc ity, \\'hi ch 

va ri es fro m ±5 to ±30 m a - 1 a m o ng th e RI GGS sta ti o ns 

(Th o m as a nd o th ers, 1984) . F or th e m od c l inte rcompa r­
iso n presentcd belo w, \\'e ado pt a unifo rm \'a lu e or 

a lUI = 30111 a - t The sum d efinin g X 2 in Equ a ti o n (5) is 
no t di\'id ed b y N = 210 , th e numbe r 0 [' s ta li o ns wh e re 

mod e l a nd d a ta can be compa red , beca use w c \\ 'ish to 

ide ntify X 2 with th e X2 \ 'a ri a hle usecl in sta tistical a na lys is 

o f m od el/d a ta m ism a tc h (e.g. ~'J e nk e, 1989, p. 32 ) . 
Other m casures o f' m od el pc rfo rm a nce can be d e\' ised 

b y th e tes t-pac kage usc r to e mph as ize m od el pe rfo rma nce 

a ro und spec ill c ph ys ica l fea turcs, such as ice ri scs, shea r 

m a rg ins a nd th c icc fi 'ont , o r to emp has ize difTe rences th a t 

occ ur in m odel inre rco l11pa ri so n cxe rcises . Th ese m cas ures 

a rc like ly to ta ke th e 10 1'111 of co nt o ur, \ '("c to r a nd te nso r 
di ag ra m s th a t can be co nstru c ted as d iagnos ti cs o f' th e 
s tress ba la ncc equa ti o ns gO\'C J'J1ing icc-shelf Om\'. 
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T able I, .Ilodel /mjo/"lIIal/ce illde\ , X 2 ( lIoll -dimensiollal ) 

.lJorle/ 

Brc m crh a \ '(' nl 
Bre me rh a \ '(' n2 

C hicago I 

C hi eag02 

Gre no ble 

3605 
125 18 

5 11 4 

5 125 

523 7 

.\!rl\iIllUIII I'eloril]' 

111 a 

1379 
1663 

1497 

1+97 

1508 

INTERCOMPARISON OF FIVE ICE-SHELF MODELS 

W e intercompa re fi\ 'e ice-shelf mod els introdu ced abO\'(' , 
Three models, Greno ble , Brem erh a\'(' nl a nd Brcm erh a ­
\'(' n2, a rc based o n th e finit e-difTerenee meth od, '1'\1'0 

mod e ls, Chicago l a nd Chi cag02 , a rc based o n th e finit e­

elcmentme th od, Greno blc is currently under d e\'(' lo pment 

fo r future use in la rge-sca le ice-shee t mod e lling (R o m m e­

lacre a nd Ri tz, 1996) , Brem erh a \'e n I is assoe ia ted \\'i th 
la rge-sca le co upled d yna mi c/ th ermodY ll a mi c mod els o f' 
Ant a rct ica (H u \'brec h ts, 1990), Brem crh a \'en2 has bee n 
a ppli ed to th e R o nn e Filchne r a nd Ekstrom Tce She h'es 

ctu"., ,,! ", .. loci t y (a l a ) 

"'<>r------------, 

, 
""lOO 

~ , " 

o 200 4 00 '00 . 00 100012001400 HOl 

• 
.~ .. ' 

" or' 

,~ 

". 

F ig , 2, (;0/7/ pa riJOII belll'efll lIIodel-derizwl I'elori ~)' 

lIIagllill/ de (lIsillg ( :lI i('(/go / alld a ,IPalia/~)' {/l l/fo rlll 

eslilll([le 0/ lite de/Jlit -([I 'emgl'd ,jlO~l ' - /([Il ' rail' com lalll ) 
([lid ()bJl'n,{,(/ l' e1o(i~) ' lIIa,r;lIilllde./(lr 156 q/lite 210 RJ(;( ;S 
([lid Si/)/e (;0([.11 Projecl ,l /aliollJ cOlllailled ll 'ilitill litt/illile­

elemelll lIIodel dOll/aill ( II/J/m lejl ) , .11 i,U,1 ll'ould be 

illl/JI'Ol'ed if lite de/Jilt {// 'I'}(tged flow-fall' }(t Ie (,Olls lalll were 

,I/)([Iia/~)' 1'(triab/e, C:OIII/H{J'isOIl belwefll II/Ode/-deriz'('(/ 

l'e/oriLl' lIIagllilllde for Cww{;lr ([lid Chi('([go / ( Iou'er 
/r/I ) , Clf/whle alld B l'elllerhm'eJl I ( 1I/)/NI' I'ighl ) alld 
Brellll'/'itm'1'1I2 ({ lid Brrlllerhm'en l ( Ioll 'er n~r;h l ) allite 156 

sla lio lls, 

(D eterm <l nn , 199 1), C hicago l is un el cr el e\ 'e lo plll ent for 
stud ying icc-shelf/ ice-strca m interact io n in Hudso ll S trait 
a nd th e i.a llrado r Sea ofI' th e :\fo rth Am eri ca n co ntin ent 

during the g lac ial pe ri od , C hicag02 has bee n used to 

simula te th e effec ts o r recent ice berg ca king o ff th e La rsen 

I ce Sh elf: .\ntarcti ca , :"l o nc o f' th ese models has been 
spcc ifi ca l'" se t up to s tLlel\' R oss Ice Shelf' floll' , 

In thi s in te rcompa ri so n, \I'e use a spa ti a ll y L1nifc)J'1ll 
\ 'a ltl e of f3 ( 1,9 X IOH Pa s~ , \\'c ad Opt this simplifi ca ti o n . 

beca use spa ti a lh' " a rying \ 'a lu es es tim a ted by Thomas 

a nd ~J acA yeal ( 1982 1 ha n ' bee n fo und to yield a poo r fit 

bet\l'('cn m od el a nd o iJse n 'a ti o n, This in ad equ acy is du e 
to th e ass umpti o ns Th omas a nd ;\I acA yea l mad e a bo ut 
th e basa l-melting ra te a nd to th e ir simpli fied, o nc­
dime nsiona l hea t-Do\\' mod e l used to d e tc rmine intern a l 

ice-shelf' tempera tures, D es pite th e nC)\I'-l a ll' ra te co nsta nt 

used in th e tes t, th e res ults o f' a ll 1I\'C m od els a rc 

suffi c ie ntl y c lose to th e o bse n 'ed \'(' Ioc it\, th a t a n 
int ('!'com pa riso n of th e mocl els a ppca rs justifi ed , 

The X 2 \ 'a lucs assoc ia tcd \I'ith the li \'(' m od el runs a rc 
li sted in T a ble I, Fig ure 2 presents compari so n plo ts o f 

lu;1 \ s IV;I , i = 1. .. ,, 2 10, fo r th e output o [Chicago l. As 
ex pla i n ed a h O\'C , ag ree m e n t b e t lI' ee n o bse n 'ed a nd 

mod e ll ed \'C ioc it\, lI'as no t a n intend ed o utco m e o f th e 
inte rco m pa riso n tes t. Pa ir\\'ise int crcom pariso n of' th e lu;l, 
i = 1, .. ,,2 10 , outa in cd by three o f th e mod e ls (C hicago2 
is suffi cientl y close to C hicago l th a t its res ults need not be 

spec ia ll y hi g hlig ht ed ) a rc a lso sho ll'n in Fig ure 2, ~l od e l s 

agree exac tl y lI'h e n th e ir res pec ti\'C' \' ;:du es o f lu;l , 
i = 1. .. .. 2 10, plo t o n a 4,1 line in Fig ure 2 , Acco rd ing 
to Fig ure 2, res ults o f' G ren o ble a nd Chi cago l ag ree fo r 
points a t th e hi g h cnd o f th e \'eloc it >, ra nge; but , fo r po ints 

in th e 10 \\,-\T loe it) , ra nge, th ere is consid e rable sca tte r (o n 

th e o rd e r o f ± I 00 m a - 1), R es ults o f G re no ble a nd 

Brem e rh an'n I agree IIT II in the lo\\' \'e loe it y ra nge a nd 
a rc sca ll ered o fT th e 45 lin e in th e h ig h-\T loc it\, ra nge, 
Brem crha \'(' nl a nd Bre merha \'e n2 sho \\' co nsidera bl e 
sca lle r off th e +5 - lin e in a ll \ 'e loc it y ra nges , 

Fig ure 3 displays co nt our m a ps of lul assoc ia ted with 

Chicago I , Greno ble, Brem erha\'en I a nd Brem erh a \'e n2 , 

All m odels produccd a \ 'C loc it y pa tte rn th a t is simil a r to 
th a t o bse l'\ 'Cd (Th o m as a nd .\ IacA )'ea l. 1982 ), Th e fl o \\' 

ma ximum is loca ted a t th e ice fro llt and stro ng shea r 
laye rs arc prod ucecl a t th e sid C's o f ice ri ses a nd a lo ng 

coas ts, I n a ll mod e ls. t he m ax imulll \ 'C locit y ac hi e\ 'Cd a t 

the ice fro nt exceeel s th e obse l'\ 'ed fl o \l' by a bo ut 25% , \\'e 

n pec t thi s misfit to be co rrec ted o nc(' be ll e r es timates o f 
th e fl o \\'-I a\\' rat e co nsta llt a rc a \ 'a ila blc, 

Difkre nces be t\l'('e n th c m od e ls ( Figs 2 a nd 3 ) a re 
appare nt. First, th e efTec t o f m odel-eq ua tio n dillc rences 

be twee n Brem erh an' n2 a nd th e o th er m od els (e limina t­

ing h fi 'o m bo th sides o f Equ a ti o ns ( I ) a nd (2 ), a nd 

di srega rdin g Dv/D,T a nd Dv/Dy term s) is ni ce ly d em o n­
stra ted by co mpa rin g panels G a nd H of Fig ure 3 \I'ith th e 
o th cT pa nel s, The m a ill e m'c t or th e m od e l- equa ti o n 
difTe re n ce~ is to uncou ple \ '(' Ioc it\, g radi e nts ri'o m thi c k­

ness g radi ents, This res ults in a \\'eake r \ 'C loc it y g radi ent 

close to th e g ro undin g lin e a nd a stro nger \ 'cloc ity 

g radi e nt in the rel a ti\ 'C ly fl a t a rea d o\\, nstream 0[' era ry 

Ice Ri se in th e Brem e rh an' n2 res ults com pa red to th e 
ot her m odel res u lts, 

j\ second , a nd pe rh a ps m aj o r. d i fTe rence be t \I 'Ce n 

m od els a ri ses beca use of differe nces In bo und a ry condi-
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Fig. 3. M odel velocity mag1/i/udejor Chicago ] (jJ({1le /s J.J 
and B ) , Grenob/e (jJa lle/s C alld D ), Bremerlza vell l 
(pallels E alld F) and Bmnerlzaven2 (panels G and H ) . 
Con/ollr ill/erval jor j){lIIe/s A, C, E alld G is 100 In a- I, 

alldJor jJalle/s B. D , F alld H is 25 III 0 - 1 lIjJ /0200 I1Z 0 - 1 

and is 200 m a- 1 thereaJter. 

ti ons specifi ed a t th e ice front. In mod els C hicago l a nd 

Chicag02, th e finite-element meth od is id ea ll y suited to 

trea t curved ice-front bo unda ry contours. Th e n orma l 
and ta nge nti a l compo nents of th e bound a ry conditi on 
present ed in Equ a tion (3) a re thus readil y sa ti sfi ed a long 
th e ac tu a l ice-fro nt bo und a ry by bo th mod els; and thi s, 
perh a ps, is wh y th e res ults of th e t\\'o C hicago mod els a rc 

vi rtua ll y id en ti cal. 

In th e finite-difference models, Grenoble a nd Bremer­

hm·en I , th e exac t pressure ba la nce is spec ifi ed in th e 

50 

direc tion norma l to th e ice front (Equa tion (3)) . In both 

m od els, th e ta ngenti a l velocity component is d etermined 

by th e dyna mi c condition av/ox = - au/ay, where v is 
th e ta ngenti a l \·elocity, u is th e normal velocity, x i. th e 
coordinate direc ted pe rpendi cul a r to th e ice [ront a nd y is 
th e coordin a te para ll e l to th e iee front. 

Th e diffe rence be tween finite-difference models Gren­

oble, Bremerha ven I a nd Brem erh ave n2 is the adopti on of 

a I m thi ck a rtifi cia l ice-shelf ex tension in the Grenoble 

m odel , and a n ice-shelf extension with extrapolated 
thi c kness in th e Brem e rh ave n I and Brem e rh ave n2 
m od els. I n th e case of th e G reno bl e model , small thi ckn ess 
in th e artifi cia l ice-shelf ex tension ma kes th e solutio n less 

sensitive to th e exact presc ription o f th e bound a ry 

condition. This ex pla ins wh y th e results of th e Grenoble 
m od el are a lmos t th e same as th ose of th e finite-element 
m od els (Chi cago l a nd C hicag02), which a re presumed to 
sa ti sfy th e ice-front boundary conditi ons m ost readily 
a long a n irregular geo metry. 

The Bremerh aven2 model has a bound a ry condition for 

th e norm al velocity component associa ted with a freely 
ex pa nding ice shelfin th e norm a l direction onl y. H ere, th e 
tra ns\·e rse-ye locity component has a zero g radient in the 
norm a l direc tion. Th ese bound a ry conditions a re th e 
prim a ry cause of th e hig h ice-shelf velocities in th e 

Bremerh a \·en2 model compa red to a ll th e o th er m od els. 

One surpri se res ulting from th e model intercompa rison 
is th a t difference in spa ti a l reso lution between finite­
elem f' nt a nd fi ni le-d ifference d omains d oes no t a ppea r to 

be signifi cant in d e term inin g la rge sca le fl ow pa LL erns. This 
sugges ts th a t th e numeri cal effi ciency assoc ia ted with finit e­

difTe rence meth od s oyer finite-element meth od s would be a 

leading adva ntage in d esignin g ice-shelf mod els to treat 
la rge-sca le fl ow. H oweve r, subtl e diffe rences be lween 
fin i Le-element a nd fi nile-difference mod els can be seen in 
se\·e ra l sma ll-sca le features where spa ti a l resolution has a n 
influence on th e fid elity of the numeri cal doma in to th e 

na tura l geo metry. In pa nels B a nd D of Figure 3, 

compa ring res ults from th e C hi cago I a nd Greno ble 
mod els, fo r exa mple, ice veloc it y d ows trea m of th e ~Iuloc k 
Gl acier o Lltl e t in th e C hicago l simulati on is dram a ti cally 
less th a n th a t in the G renoble simul a ti on. This difference is 

due to th e fac t that th e finite-element mesh reprodu ces a 

na rrower a nd ex tendcd g lacier o utl et cha nn el th a n th a t 

reprodu ced by the finite difference g rid. Appa rentl y, th e 
outflow of ~ruloe k G lac ier m ee ts g reat er resista nce in th e 
long, na rrow fi ni te-element represe n ta li on than in th e 
more open finit e-difTc rence representation of th e sa me ice­

shelf geometry. R egardl ess of whi ch mod el res ults a re more 

acc ura te, th e difference displayed by th e t-.lulock Glacier 

o utl e t compa riso n sugges ts th a t mod els based on finite­
clement a nd finite-difTc rence meth ods may have im po rta nt 
differences in a pplica ti ons to regional-sca le pro blems of 
complex geo metry. 

CONCLUSION 

Th e les t pac kage present ed here o ffers seve ra l benefits to 
po tenti a l ice-shelf m odel d e\Tlopers. First, it offe rs a 

cha nce to ca tch codin g mista kes . Secondl y, d evelopers 

can periodi ca ll y rec hec k th eir cod e aga inst th e obse rved 

fl ow of th e R oss I ce Shelf a ft e r m a kin g imprO\·ements in 
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mod el ph ys ics . Thirdl y, diffe rcnces be twecn various 
numerical a lgo rithms a nd th eir suitability for spccifi c 
purposes can be assessed using a sta nda rd , controll ed tes t 

problem. In o ur ex perience, a ll three benefits were 

realized in performing the intercomparison of fi ve ice­
shelf mod els. W e lea rn ed tha t finit e-diffe rence a nd finit e­
e lem ent methods perform cq ua ll y well in la rge-sca le 
a ppli ca tions typica l in ice a nd climate resea rch. The 
finit e-e lement m ethod , however, appears to have a n 

advan tage in app li cations where complex, regiona l scale 

phenomena are of interest and where th e ice-front 
bo und a ry conditi on must be app li ed ri go rously. \V e, 
additi ona ll y, lea rn ed th a t trea tment of ice-rront boundary 
conditi ons is th e major factor in d e termining differences 
between ice-shelf mod el results in our sta nd a rdi zed tes t. 
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