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ABSTRACT. \\' e use s urf~ICC 1'c1 oc it \, d n i\'l'd i'r() 111 sequc nti a l La nd sa t im age ry 
a nd a control me th od to es tim atc th e h asa l- f'ri c ti o n di s tributi o n of' a m aj o r \\'cst 
Anta rClic ice strea m. Tb e a rea -an' raged b asa l stress is a p p r()x imatcl v 1. 4 x 10 1 P a. o r 
a bo ut 29% o f'th e a rca-a \T ragecl c1ri\ ' in g s tress o f' +.9 x 10 1 P a , Cnce rt a int\· of th e 
deri\ -cd a rea-a \T raged b as al su''Css is di{]i c.'ult to assess a nd d e p e nds prim a ril y 0{1 spat ia l 
\ 'ariati o ll o r th e nO\\'-!a\\' ra te f'a lto r in th e cO ll sti t uli n' la \\'. Spa ti a l \ 'ariali on 
assoc ia ted \\ ' ith d epth- a \ -c raged te mpe ra ture \' ariati o n g- i\TS ,In ull ce rt a int \, o f' 
a pp roxim a te ly ± I O" Pa . Approx im a teh ' 60'Yo of' th c icc s trca m has a b asa l-stress 
magni tud e less th a n 10 1 P a . a nd a pprox i m a tely 30'/\, h as less th a n 103 Pa. Th ese 
cha ra cte ri sti cs sugges t the prese nce o f a Ill ec ha ni ca lh' \\Ta k, \\'a ter-cha rgee! s ubg lac ia l 
till. Sm a ll-sca le sti c ky sp o ts \\'hcrc I)<lsa l fi 'in ion CXl'('Ce! S th e a l'l'a -a \T ragee! dri \'in g 
stress a r e sca ttered irreg ularh- across th e subgl;lc ia l reg im l' a nd compri se a pprox­
im a te h- 15% of'th e ice-s tream a rea. S ti c b ' spo ts r lus tn in regions \I·here Lan d sa t 
im agery sugges ts s(r uc tura l fea turcs in th c ulI d nh-ing IJed l'Oc k. 

INTRODUCTION 

Sa te llit e o \)sfT \ 'a ti ons o f' surf'ace \·e loc itl·. Cl'n'a sse pa tte rns 

a nd s url ~[( 'l' undul a ti o ns o f' Ice Stream E ( Figs 1 a nd 2 ) 

sugges t th a t spa ti a l \'a ri a bili t\ , o f' it s basa l f'ri n io n is a n 

impo rt a nt contro l o n its fl o \\ ' (Bindsc ha dlcr a llCl Scam bos, 

199 1; S cambos and Bindsc h adler , 1993 ). The o ri g in 0 1' 
this \ 'a ri a bilit y is unkno\\'n but it m ay be linked to 

subg lac ial bedroc k structure, di scontinuit\ o f'lubri ca tin g 

basal till o r th e di spos iti o n a nd lllO\'C m c nt 01' basa l \I ';1[e r 

(Alk: ', 1993 1. 

In thi s s tud \" lI'e d e ri\ 'e th e Ilasa l-f'ricri o n fi e ld of'l ce 

Stream E usin g a contro l m e th od den' lo p ed b\' .\l acA yea l 

( 1993a l . Tlti s dnil a ti o n is mo ti\'a ted b y t\I O goa ls. Th e 

firs t is to und crsta nd bc ttc r th e ro le of'basa l f'ri cr ion in tlt e 

feJrce bal a n ce \I'hi ch d e te rmin cs ice-s trea m nO\l·. R es ults 

fi 'o m pre \ ' io us studi es of' \\ 'es t Anta rc ti c ice s trea ms are 

SO lll c \\·h a t co nflirtin g (e.g. K a mb. 199 1: \\ ' hillans a nd 

\ . a n cle I' \ . C crI. I 993 ) . K a III b ( I 99 I ) fa u n d t h a t 

m ec hani c al cou pling be t\\Tc n l ee Strca m B a nd its bcd 

at a bo re h ole site is too I\-eak to acco unt fl) r a 11\ ' 

a pprec iable influence oC th e basa l s tress o n th e ice 

st rca ll1 's ()\'na ll fo rce bal a nce. T o acco unt fo r th e ice 

strea m 's a ppa rent stabilit y. K a mb sugges ted tlt e ex iste ncc 

o r a sp a rse h- di stribut ed co ll ec ti on o f'ba sa l-s tress as pn iti es 

o r sti c k\- spOlS. Fi e ld s tud y of' th e surf'ace- \'e loc it y fi e ld , 

hOI\'C \ 'cT , f ~1 iled to find th cse sti cky spo ts ( \\ ' hillans ane! 

\ 'a n dc r \ 'een, 1993 ; \\ ' hill a ns a nd o th e rs . 1993 ) . Thus. it 

is !lo t l' lea r \\ 'h c thn basal rri ct ion o r sid e drag (drag 

indu lTd b y fl o\\' pas t th c l1l a rg- in s \\'hi c lt cO llfin e th e Ice 

st rc;l m is tlt e d o min a nt f'acto r in co nt ro lling th e ice 
slr('a III 's be lt a \ ·io r . 

O u r s('co nd goa l is to p rO\ 'id e a n empiri ca l CharaClLT­

iZ; lti o n o f' th e IJ<[ sal-l'ri c ti o n fi e ld frll ' use in m od eling 

stucli es or icc-s trcam res po nse to pas t a nd f'utul 'C clim a te 

c ha ngc. If' s ti c k y spo ts ex is t and . if'their influ e n ce o n icc­

str(,;1111 fl u\ \' is impo rt a nt , the c h a racte ri za ti o n o f' s ti cky 

spo ts in s imple. pcrh a ps id ea li zed. term s m a \ ' prO\'C 

esse nti a l to und e rstandin g h o \\ icc shcets c \ 'o h- e 1\'iLlI 

tim c. Th e s ize or th e \\' es t Anta rct ic ice shee t. fo r 

n amplc , m ay d epcnd la rgc h ' o n hO\\' bed conditi ons 

br lo l\' it s ice s trea ms ch a nge in co nce rt \\ 'ith a lm os­

pherica ll y or ocea ni ca lh' dri n' n m ass-ba la nce c h a nge . 

The geo log ic rcco rd a lso 1l10 ti\ 'a tes int e res t in basa l 

co nditi () lI S o f' ice strea ms. Th e g lac ia l N o nh Atl a nti c 

O ccan 's H e inri c h e\T nts (Bo nd and o th e rs . 1993 ). fa r 

exampl e, sugg-cs t th a t a ll ice s trca m 1l 001'in g dO\\'J1 Hudso n 

S trait m a \ ' h<l \T surged peri o di ca ll y a nd di sc harged g rea t 

a rm a cl as or d e bri s-lad t'n ice b ergs into th e :\T o nh Atl a nti c 

O cca n. It is n o t kn o\\' n I\lt e tll c r th ese ('\'C IllS a r c ciri n' n b \' 

a tm os ph cri c' o r occa ni c fCJ IT in g o r b l' changes a t tit e icc­

strea m bed \\'hi c h a rc ind e p e nd e nt o f' ex te rn a l c lima te 

(e.g. icc-s lrea m lif<.' l'\'Clcs su c h as sugges ted b y Hughes 

11992 ); o r binge /purge osc ill a ti o ns sugges ted b y .\lac­
r\\'C~d ( 1993 b )) . Our present a n a lys is o f' I ce Stream E 's 

fe)['ce ba la nce, togc th er \\ ' ith s imil a r a na lyses o (' o ther W cs t 
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.l l OC / I'l'al olld olhl'/".I : 8 (/.\01 jriclioll of Ice Slream E. / r esl Anla rclica 

I ;ig. 2. I .alldlal ima/!,I' 11/ Ice Slrl'fllll E ( Tll'o illlOgl'sji'()/lI L alldllll 7. 11 balld -I : /wlit 1-1 rol(' 117. IIl1d /)alh I/-J rOll ' 118. 

({rflllirl'd 17 ] (/I/I({/I) ' 1987.) ? he a/J/m)\illlflle oll llilll' 0/1/11' ji'lIile-ell'lIIl' lIl 1I/1'.l it is illdirrt l td ~)' Ihe hl'fI1J' lill !' . T he 

/Jrumilll'lIl lilll'arjealllrl' witich .l/lI.Ihl'J obliqlll'~)' a(mu 1111' ire :,IIW/I/I alld ll'hirll ClilllaiJI.I a .llIwll cmler- likl' dl'/Jre.uioll i.1 oj 

illlerl'.11 ill as.I{'.l.Iillg Ihl' pl(lIl.1ibiliO' 0/ ({ .Iimlllaled L alldlal ill/age gil'l'lI ill F ig/m' /2. 
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] ournal 0/ (; loci%gl' 

Anta rcti c ice strea ms (c,g , \\' h illans a nd V a n d e l' V ce11 , 

1993 1, m<n' prO\'ide th e obselya ti o na l templ a te o n whi ch 

th eo ri es a bo ut H e inri ch and o th e r such e\T nts o f' th e pas t 

a rc basecl. 

NOTATION 

do. 
b 
13 
;] 2 
B 
[B] 
\l 

9 

Difle renti a l a rea cl e m ent ( Ill ~ ) 
;\ l a p-d eri \wl basa l cle\'a ti on (m ) 

Basal-fi'ic ti on para m e ter (Pa s m I ) ~ 
Bed-coupling pa ra m e ter Pa s m I ) 
Flo w-I all' ra te jJ d ra lll e tcr (Pa s1) 

C h a racte ristic sca le of B ( IOH Pa s~ ) 
Two-dim ensiona l h o ri zo n ta l g ra di e nt 

o p erator (m I) 
G ra \ 'i ta ti ona l acce lera ti on (9 ,8 1 m s 2) 

r S tud y region 

h = z, - Zb Obse l'\ 'l'CI ice thi c kn ess (m ) 
[H] C h a rac terist ic \ 'e rti ca l sca le ( IO:l m ) 

[L] C h aractc risti c ho ri zo nt a l scalc ( IOl m ) 
, , ') ') I 

/1 L agra nge-Ill u lllpll e r \ 'ec tor \ Pas- m - ) 

1/ Elfec ti \'l' \'iscos ity (P a s) 

[ 1/] 

n 
p 
.'; 

u 

Z 

C harac teristic sca le o f eflec ti \'C \ 'iscos it\' 

(P a s) 
Flow-Iall' ex pon ent (3 ) 
lee dens it\, (9 17 kg l11 :$) 

~\ l ap-d eri \ 'ed surface e le\ 'a ti on (m ) 

Ba sa l-ele\ 'at ion \\T ig h ting co ns ta n t, (Ill ) 
Flo\\'- Ia\\" \\'Cig hting co nstant ( Pa s ' ) 

S ur face-elenllio n \\'e ighti ng co nsta nt (111 ) 

Surface-\'cloc il y \\'e ig h ting co nsta nt (111 s I) 
Ba sa l-trac ti on \ 'ecto r (Pa I 

C h a rac teristi c sca le o f' basa l trac ti o n ( 10 1 Pa l 
C h a rac tCTisti c \ 'e loc i t\' sca le ( 10 ,1 111 Si ) 

;\l od e l \'Cloc it \' \Tc tor (m s I ) 

Obsel'\ 'ed \'elocit y \Tctor III S i ) 

H o ri zo nta l coo rdin a te (Ill ) 

Pe r for mance i ncl ex (non-dimensio n a I) 

R a ncl om erro r of map-de ri\ 'Cd basa l 

e!e\'a tion (m ) 
R a nd om erro r of m a p-deri\ 'ed surface 

e le \'a tion (m ) 

R a nd om erro r of o bsen Td \'C loc it y (Ill Si ) 

P ro b a bility d istributi on (non-dim e n siona l) 
H o ri zo llla l coo rd i n a te (m ) 
V e rti ca l coordin a te (m \ 

J\ lod el-deri\ 'ed basa l el e\'a ti on (Ill ) 
;\lod el-deri \ 'ed surface eb'a ti on (m ) 

CONTROL METHOD 

\\'e in \T rt th e obser\Td sur face-\ 'elocit y fi e Jd fo r th e 

presen t d istri bu ti ons of basa l fi-ic ti on T, surface to pogra p­

hy z, a nd basa l topograp h y Zh using a cont ro l m eth od 
den·loped b y ;\ Iac:-\ yea l ( 1993a ) , ?\ Iodifl ca ti o n s of' th e 

met hod dn'c lo p ed by j\ lac Ayca l ( 1993a ) fo r th e purposes 

of' th is stu d y a re rel a ti \'C ly min o r. so \I'C refc.' r to th e ea rli er 
pa per fc) r a de ta iled desc ripti o n o f' me th od o logy, \\'e 

include z, a n d Zh as unkn O\\'ns in our il1\'c rsio n beca use 
surf~lce a nd b a sa l topograp h y a re no t \\'C II con stra ined b\' 
obse n 'at io n , a nd beca use th c ir (' flec t on s urf ~lce \ 'C loc it \, is 
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com p a ra ble to th e e flec t o r basa l fi' ic ti on , 1.o\\'-reso l u ti o n 

m a ps o f surface a nd b asa l topog ra phy d e termin ed fi-o m 

rad io-ec ho so un d ing studi es in th e 197 0s (R ose , 1979 ; 

Dre \ITY, 1983 ) d o no t possess th e sm a ll-scale features 
n 'id ent in sa tellite im ages or th e ice stream (Fig , 2 ) , Our 

m e th od th erefo re see ks to int rodu ce su rface and basa l 

undula ti ons \\'hi c h a re co nsistent with th e acc urac) ' a nd 

reso luti on of p re \' ioll s estim a tes g i\ 'C n by th e 10 \\'­
reso lution Antarctic fo li o maps (Drewry, 1983 ) , 

\ Ve assum e basal fri ction to be nega ti \'C d efinit e (i, e , 

res is ti \ 'e) a nd co-linea l' \\ 'ith th e d irec ti o n of' loca l surface 
[lOll', i,e , 

T = - {P u (1) 

w h ere (3 is a n a rbitra r y, spa ti a ll y \ 'a ri a ble sca la r fi eld , \ Ve 

sh a ll refer to (32 as the basa l-couplin g pa ra meter. Aside 

fro m th e ass um p ti o n represen ted b y Equa ti on ( I ), \\'e 

impose no rurth e r co nstraints on th e fo rm of T o r i ts 

rela ti o n to o th er \'a ri a bles such as u, h = Zs - Zh, z" or 

\lzs ' T[ such co nstra ints 01' rel a ti o ns ex ist in ;\a rure , \\'C 
ex p ec t th em to be re nec ted in the r es ults o f' our ill\ '(' rse 

a n a lysis, With th e assumption rep resent ed b)' Equ a tio n 
( I ), th e unkno\\' n field T is re pl accd b y (3 whi ch becom es a 

ne \\' Unkn O\\'ll to b e de termin ed by th e ana lysis a lo ng 

\\'ith Zs and Zh , 

Th e contro l me th od d ete rmin es th ese th ree unkn O\\'n 

field s by filli ng a finite-cle ment m od e l of th e ice-strea m 
no\\' to obser\'(lli o ns o f the surface \'C loc il \', su rfacc 

eleva ti o n and basa l ele\ 'a ti on , I n o th er word s, o ur 

m e th od de term in es (3, Zs and Zh so as to minimize the 

di scre te, flnite-c le m e llt fo rlll o f'th e ro ll o \\'ing continuo us 
m eas ure o f' mod e ljo bsc J'\ 'a ti on misfit: 

(2) 

Ln th e abm'c definitio n of m isfit , r d eno tes th e a rea o f th e 

finit e-e lement d o m a in (Fig, I ), u a nd Uo represe nt th e 

m od e l a nd obse n 'ed surface \'C loc ities" respect i\'Cly, a nd .5 

a nd b represent p l'e\' io us estima tes of th e surface a nd basa l 

top ogra phies g i\ 'e n by th e :-\nta rctic fo li o maps (Drewry, 

198 3 ) , Th e wcig h ti n g \'a ri a blcs a [u[, a s a nd ah a re 
assumed spa ti a ll y consta nt and a rc d e termined b y simpl e 

ass umptions a bo ut th e un ce rt a inty assoc ia ted \\' ith th e 

o bsc r\'ed surface \ 'eJoc it \' a nd prev io us es tima tes o f surface 

a nd basa l topogra ph y, Th e purpose of th ese \\-r ig hting 

fun c ti ons is to no rm a li ze th e mism a tch o r each or th e three 

Ge lds accordin g to th e un certa int y assoc ia ted \\' ith each 
Ge ld , W ith [hi s n o rm a li za ti on, o bsen 'a ri ons of surface 

\'cJoc it\" surface to p ogra ph y a nd b asa l topograph y h a\'(' 

equ a l influence o n th e d e termin a ti o n o f T, 

Treatxnen t of observational uncer tainty 

A p a rti cul a r fit be t\\'ee n model a nd o bse rn lti on is dee m ed 

acce plable a nd th e assoc iated estim a te o r 13, z, a nd ZI> is 
d ee m ed pla usib le , \\' hen X 2 is reducecl to a \ 'a lu e 
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,IJar. ( J'eal alld olli l'l'.I : Ihnal ji-i r l io ll 0/ It !' ,'J/re(/l1/ I'; ' 11'1';, 1 . 11llarr lim 

co nsistc n t w ith random Ill e a s urcmc nt c rro r In th c 

o bsen'a ti o ns o f Uw 8 a nd v, :\ lea su re ment c rro r ca n be 

charac te ri zed b y the ra nd o lll I'CClo r I'ar ia ble ';u a nd th c 

ra nd om sca la r nlri a bl es ,;, a nd ( " , lI'hi c h d e lin e th e 

d el ' ia ti on or th e o bscn 'Cd fi e ld s ri 'o m th e ir tru c I'a lu es, i,e , 

Uo = Ut + ( u (3) 

8 = 8 t + (, (4) 

a nd 

b = VI + ,;" (5) 

II hc re the subscrip t t sig n ili es th e tru c li e ld s , \" c ass um c 

th a t thc pro ba bilit " distributi o ns of ( u, ( , a nd ( I, a rc 

G a uss ia n an d th a t th e ir m e a ns a nd I'a n a n ces a re 

an d 

(( Lt ) = () 
(E,,) = () 
(E,,,) = 0 

(I (ul, I ~u l ) = 0' u] 

(E", E,,) 

(( " , E,,, ) 

,) 

== a -:-. -
,) 

= 0'1>-

(-) = lllcan (- ) 
.J~ , ' cl{/, 

Irdo 

( " ,) = val' (-) 
.J ~ , (- - (-) )2 <\(/ 

Irdo 

(6) 

L'ndcr th e a b ()\'(' ass u mp ti o ns, a nell PO,'i ltI IT de linit e 

ra nd om I'a ri ab lc \ ] ran be ddined: 

\ ] = i'l ~: ' ~u do 
, ./}' v lul 

+ ff , (J« dll 
.If I ~ 

(7) 

Th e p rn ba bilit ) d istributi o n o r thi s 11(' 1\ ra nd o m I'a ria ble 

is kn oll'n , a nd is re le rred to a s th e \ 2 di s tributi o n I\'ith 

three d egrces o r fi -ccd OIll (:\ [c llk c 1989 , p , 32 ) , 

Ou r efl(x t to lit mod e l to o bse n '<lti on is g u id ed 111 the 

assumpl1 0 n th a t X 2 a nd \ 2 ,l iT c lose ly re la ted, In 

prac tica l te rlll S, I\'e accept a g il'l' n lit o f Ill od el to 

o hserl'a t io n a nd its assoc ia ted es ti ma te of /-3. z, and z" if 
Xl is redu ced be loll' th e bo und \I'hi ch \ 1 ca n exceed onl y 

\I' ith a pro ba bilit y of IOIYo , The rat iona le b ehind th is 

acce ptabilit" crit erion is th at furth er imp rOIT lll e nts to the 

lit lIo uld n o t be d ifk renti a ted fi 'o m ill( ' d l('cts of ra nd o m 

m easure lll c nt erro r , T hi s b o und is ap p rox ima teh ' \ 1 ~ 
6,25 1 :\I c nd e nh a ll a nd Sch ae fl c r , 197 3, p , .' \ 32 ), 

An a d d iti o na l unkn ow n whi c h a freCls ice-strea m 

su rf;lce l '(' loc it y is th e now- la w ra tc ('Onst,ll11 B illl 'o il-cd 

in th e rel a ti o ll he tll'rc n stra in ra te a nd cl l'I ' ia to ri c stress, 

This co ns ta nt d epend s on tc mpc ra ture a nd c rys ta l b bri c , 

Direct o bse n 'a ti o n of'B is po ssible o lll y in th e la bora ton ', 

th l'l'citll'e its I' a ri at ion on ic(" Stream E mus t be in fer red 

f'rom ass um pt io n s abo ut the tempe ra ture distribu t io n a nd 

ice f ~ l bri c of th e ice strea m , \ Ye lack thi s in fo rm a ti o n , so 

liT a rc forced eith er to in c lude B a s a n u nk ll oll'n I'a ri a ble 

to be d c termin ed b y th r cO llt ro l me th od or acce pt simp le 

assum p ti ons a bo ul th c I'ar iat io ll or B across tlt e ice s trea m 
(e,g , tha t B is a co nsta nt ) , 

A s d escribed b e low, 11'(' sh a ll tr y bo th stra teg ic s in a 

se ri es o f' scns i ti v i t y les ts lI'h ic h prOl 'id e a l tc rna til 'e 

cs tilll a tes o f' (3. Z, a nd Zt. , Ex p e ri c n ce re l 'Ca ls (h at lac k 

o f' uni q ueness d e m o ns tra ted by t h ese sensiti l 'it y tes ts 

d oes Il o t ba r u s f'r0 111 s tro ng con c lu s io ns co nce rnin g th e 

cil ' n al1lic~ of th e ice s trea m a ll d th e ro le o f b a sa l 
li' ic t io ll , 

Control-method algorithm 

Th e control m e th od is imp le m c ll ted Il)' an itc r a tilT 

a lgo rithm (sec ]\ Iac.'\ yra l, 1993a ) d escribed as fo ll o ll's , A 

firs t g uess o f' th e sp a ti a l di stributi o ll o f' d, z, a nd Zh is 

c h o se n a riJitrar il ~, This g ut'ss is t h ell lI scdll' ith th e finit e­

c1 e lllent mocl el to p roduce a n a ssoc iated 1'C loc it l ' fi e ld u , 

tTh e p rod uc ti o ll o f' tit e Ill oci c l l'(' lo c it l' fi eld m ay i tse lf' 

i1l\'o ln ' sl'l 'l' ra l it l'1'<l ti o ns o f' the mod e l-so lu tio n pro cedu re 

to l' llSUIT sa ti s l;ICl io n of' the fl o lI' lall' , , Tlw mod c l! 

o bse l'l 'a t io ll Illi s fit , i,e, U - 1I() , is th e ll used to fo rce a 

m o d e l or the ;Idj o int t ra jectorl' eqll at io ns [sce ]\la u \ l'ea l 

( I ~) ~) 3 a ) fll r a ci escriptio n or thi s n Olll e ll c la ture ) w h ic h 

p rociu ces th e I'('Cl o r run ct ion .1 1. Th e JI is then usrd to 

el 'a lu a te the g radi e n t o f' X 2 ill t h e spacc or unkll o ll' lI 

p ara nl('tl'l's i,c , noda l I'a lues o r t h (' thre(' un kn ow n fi e ld s 

1'3. z, a nd :::" I , . \ conjuga te-g rad ic ll t m ct hod (Press a nd 
o t hns, 19H9, p , :1() I is t11l'1l lI scd to sea rc h ft) r a ll 

illlp rol'l'd glll'"s o f' th e un kll oll' ll I';t ri a b les ill a direct io n 

cl 011 11 th e g ra cl ie llt of' X l , 

Th e co nju ga tc-g radic llt ll1l'l hod is a n ill1p rOlT lll e llt or 

th e s tec pcst-descl' llt Ill l' tit ocl ll scci prl'l ' io usll' bl .\l ac. \ I'('a l 

1993;11, \\'c use l h e I ll t('l'll a ti o ll a l 1\i; lth cm a tica l S u b­

rou tin e Lihra r y ( I I\ ISI. I im p k n1l' nt a ti o [1 of' th e conju g­

;lI c-gTadi t' lI t Ill c th ocl prm 'icl ed h y t h c H)RTRAi\' sub­

rou ti nc L' :\ I(:C;C , The g ll ess- illlprOl,(, lll cllt p rocess is 

re pea tcd ll1a ll ~ ti mes u nt il .'(1 ('o nlT rg cs to a minimulll , 

I I' t hi , minilll ull1 is belo ll thc accc ptab ilit ~ criter io ll o r 

6, 2 5 ekfill ed a h OlT, th e dcr il'l'd ,:1. z, a nd Zh are a cce p tcci 

a s h e in g co nsis tl' lIt w ith the obslTl '('d nOli' of t h e ice 
s t rea lll , Th e c\ ('J'il'('d h a sa l stress T is th c n d l't e rmin cd ft 'o m 

/j a nci 1I II siIl g Equ a ti o ll I , 

MODEL DESCRIPTION 

Th e co n tro l m c th od hinges Oil use o r a nUIl1 LTica l lll o d c l 01' 

th e ice-strea m fl o lI' , Th e tll'f) di s tin c ti l ,(, I(.'a tures o r o ur 

icc-s trea m mod e l a rc: I I that i ts horizonta l fl oll' IS 

incie pl' nd cIlt o r th e IT rti ca l coordi ll a tc :::, an d 2 ) th at 

integrat ion or lh e s tress-ba la nce ('Cj u a ti o n, o\Tr ::; y ields a 

sys tc lll 01' cquati o ns th a t ad cq uat c ly desc ri bes t hi s z­
inclepencle nt fl o ll' , Th ese simplili ca ti o ll s a rc a lso u sed in 

trea tlll ent s o f' ice-sh e ll' ch 'na llli cs ( <1 cii scussio n o f th e 

s imi l,l r it ies be tll 'Ce n ice strea m s a nd ice shr ll'('s h a s b ee n 

olli: reci il l' :\ 1 a ('/\ I'ea I ( 1989 )) , 

Tit e finit e-c1c lll e nt Ill od cl used li)l' this process is 

co ns tru c ted rro1l1 lI' hat liT a SS Ulll l' to be the Ieadin g -o rci e r 

ap p roxima ti o n o f' th e stress-eq uili hriu lll equat io ns eo n-
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sid e red appro priate fo r ice-stream conditi ons (i,e , shall o\,', 

incompress ible ice sliding 0 \ '1''1' a re la ti\ 'C ly im'isc id la yer 
o r basa l till , a nd Glen's 0 0 11' la\l') , A justifi ca ti o n o f thi s 

approx imation h as been g i\ '(' n in a ppe ndix A of 

MacA yeal (1989 ) , The \'aliditv of thi s approximation is 

co ntin ge nt o n t\l'O co nditi o n s th a t d csel'lT sp ec ia l 

mention, First , l\7zs l must be sm a ll. i,e, [H ]/[L]« 1 
\I'h e re [H ] and [L] arc c h a l-a Clcri s ti c \ 'e ni cal a nd 

hori zo ntal di stan ce scairs, resp ec ti\T ly, Secondl y, ITI 
must be sm a ller than th e stress n ecessary to ddi:) rm th e 

ice stream with a charac teri s ti c verti ca l-shea r stra in rat e 

[U]/[H], wherc [U] a nd [H] arc c ha ract eri sti c hori zo lllal­

\ 'elocit) and ice-thickn ess scales appropri a te for ice 

streams, In panicu la 1', \I 'e req u i re 

:! [ 

[B] Lp [uP 
[T]« [H ] (8) 

\I'h e re [B] and [L ] a rc cha ra Cle ri s ti c scales [or B a nd th e 

hori zo ntal span o f' th e ice stream , res pective ly, An 

ass umption used to genera te thi s crit eri on (sce ill<1 c­
A yea l, 1989 ) is th a t th e cha raClc ri s ti c sca le representing 

clfec ti\ 'e \'iscosit y, [1/], is de te rmin cd by longitudin a l a nd 

trans\'erse stra in-ra te sca les [U]/[L] instead o f' by a 

\ 'erti cal-shea r strain-rate scale [U]/[H], 
F or chara cte ri sti c sca les a ssoc ia ted \I'ith [cc Stream E 

(li sted in th e notati on section ) , wc see that th e first 

conditi on, [H ]/[L]« 1, is r eadih' me t. The sccond 

conditi on , hO\l'('\ 'e r, can be c h ec ked onl y a f't e r th e 

control me thod has determin ed T from the obse l'\ 'ed 

field s, Substituti o n of' charac teri s ti c scales into Equation 

(8 ) requires ITI« 10' Pa , ~l cc h a ni c al tes tin g o f till 
a cquired f'ram be lOl\ [cc Stre am B (K a mb , 199 1: 

unpubli shed communi ca ti o n fr o m En gclhardt and 

Kam b, 1993 ) sugges ts th a t th is co nditi on sh o uld be 
satisfi ed wheIT \ 'C r Ice Strea m E no\-,>, across a d e ro rm a ble 

basa l sedim enl. W e sha ll sce fro m th e res ults presented 

belo\\' that thi s conditi on is m e t throughout m os t , but not 

all , o f th e ice-stream regio n r, I n regions wh ere T 

approach es 105 Pa , our mod e l brea ks dOl'l'n, T o co rrect 
Cor th is break -down , add iti o n a l m odel equ a tions must be 

d e\ 'eloped to a cco unt Cor \'C nical shear in th e h o rizonta l 

velocit ), near the bed, Owing to th e relati\ 'e ly infi 'Cqu ent 

occurrence o f' m od el break-dO\\'Il in th e res ults prese nted 

bel o\l', \I'e shall no t attempt to correc t fo r \ 't' rti ca l sh ear ill 
th e present a nal ysis, 

Model equations 

Th e mod el eq ua ti ons a rc \\'ri tte n 

- 2vh 2-+-:- +- vh - +-u ( (au av) ) a ( (Ull av) ) 
u:r a:r ay ay 0 y ox 

uz, ') 
- pgh U1' - {J-u = 0 (9) 

and 

252 

\\'h e rc h = z, - Zh, g = 9,8 1111 S 2 is th e acce icra ti o n or 

g ra\ 'it y , ,r a nd y a rc ho ri zo nta l co o rdin a tes o n a 

ho ri z onta l pl a ne approx ima tin g th e Ea rth 's surface (\I'e 

use a L a mbert equ a l- a rea proj ec ti o n cent ered on 90 S) 
and p = 9 17 kg m J is th e d ensit y o f' ice (ass um ed 
co ns ta nt ), 

The model makes use of' a n effec tive \'iscosit y // to 
re present Glen 's fl ow la \l', This representa ti on im'o l\'('s a 

te mpera ture-depend e nt rate co nstant B a nd a fl ow-l a \\' 

ex po n e nt 11 = 3 

B 
v = ') ,) ') 

2 [(uv) -+ (DV) -+ ~ (uu + ~) -+ un 8v] (11 - 1 )/211 

U1' ay 4 uy a, l: Ul' uy 
(ll ) 

Th e \ 'e locit y in o ur m od e l is ass um ed ind e pend ent o C z, 
thus the ra te co nsta nt B used in the a bo \'C expressio n 

re prcsents a d epth-a v e raged \',due o f th e fl o \l'-I a \l' rate 

co n s tant cicri\ 'ed fi 'om labora to ry s tudi es oC ice (e,g, 

Ba n1.es a nd o th e rs, 197 1: Th o m as a nd .\l ac t\ \'C·a l , 
1982 ) , 

Boundary conditions 

Th e bo undary conditi on suili cient fo r so luti on o f' th e 

a b o \ 'C equa ti ons is " - "0 a t th e edg es o f'th e fini te-clem e nt 
m cs h, Fo r further d esc ripti on o r th e m od el equatio ns, 

b o und a ry conditi o ns a nd th eir impl em elll a tion in the 

co ntro l mcth od, \I'e rcie r to l\[acA yea l ( 1993a ) , Our 

spec i[i ca t ion of' \'C loci ty as the buu ndary condi ti on cnsures 
th a t th e stresses a t th e boundari es a re d etermined as 

o utput of' th e contro l-m e th od algo rithm , This means that 

a ll asp ccts of th e ice-stream force ba la nce, including th e 

fo rces tra nsmitt ed through th e sid es o r th e ice stream , a r e 

free to \ 'a n ' \I 'ithin th e co ntext of'fittin g- th e iinite-e le l1l c nt 
m od el to th e obse l'\'ed \'elocit )' fie ld , 

Finite-eletnent algorithtn 

Th e finit e-e lement m es h usecl to cO\'e r th e stud\' a re a r is 
sh o wn in Figure I , This mesh il1\ 'o ,,"es 8595 tri a ng ul a r 

e lc lll ents (\lithin whic h fi elds a re lin ea rl y interpola ted ) o r 

\'a ri a ble size and '~563 nodes, Nea r th e ed gcs of' th e finit e­

c lc m ent cl oma in , th e m es h reso lu tio n is 0 ,5 km to acco unt 

lo r stro ng g radi ents in ho ri zo nt a l \ 'el oc it y , In th e cent e r or 
th c m es h, th e reso luti o n (i, e, th e le n g th of a tria ng ul a r 

el c m ent 's shortest sid e ) is eith er 2 km o r 8 km dependin g 

o n the d ensit y o r surrace-\,c!ocit y d a ta po ints, Th e regio ns 

h a \ 'in g th e lowes t reso lution (8 km ) a rc chose n based o n 

th e densi tv of " doci t y-m eas uremen t d a ta points, Low 

reso lution in d a ta -poor regions is jus tifi ed by th e need to 

d a mp unwant ed s truc ture (i, c , \I>iggles ) in th e d e ri\'ed 

fi e ld s II' hi ch ca nn o t be s uffi c ientl y co nstra in ed b y 

o bscn 'a ri on, 

Th e finit e-elem e nl renditi o n o f' th e fo rll'arci a nd 

a dj o int p robl em s d esc rib ed b y :\I ac f\ yea l ( 1993a ) 

produced a ba nd ed sy mm etri c. pos iti\ 'e-d elinite m a trix 
whi c h is so il-ed using th e Choles ky fac to ri za ti on (we used 

th e L a pac k so ft\l 'a lT ro urill e SPBTRF on th e U ,S, 

Na ti o na l Aerona u tics a nd Space Admi nistra ti on 's C ray 
C90 sited a t Godda rd Space Flig ht Cellter and b ac k 
subs tituti on (La pac k's SPBTR S ), 
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OBSER V A TIONS 

T o implem ent the contro l meth od , three obsc lyed fi e ld s 

arc spec ifi ed in the cl e finiti on o r X 2 ( Equ a tion (2 )) , I II 

additi o n , th e f1 o\\'- law rate constant B is spcc ifi ed fi'olll 

a ss umptio ns about th e te mperature field, T o spec ify the 

th ree observcd fields, wc interpolate u() , 8 and b to th e 

fillite-e lement nod e po ints, This interpo lation in\ 'okes 

irreg u lar'" di stributed obse r\ 'a ti o n p o ints and irreg ul a rl y 

di s tributed finite-c le m e nt nodes, T o d ea l \\'ith th ese 

irreg ul a r di stribut io n s, we used th e U ,S, Nat iona l CelltLT 

fo r Atmosph eri c R esea rc h (NeAR ) so n m lrc routine 

I OS F FT which trian g u lates irreg u lar ly d istri l)llted data 

a nd uses quinti c po lynom ia l-surfa ce fittin g \\ 'ithin eac h 

tri a ng le, Fo r spec ifi ca ti o n of B, \\T emplO\TCI se \-era l 

alte rnati\T ass umpti o ns a bout th e \ 'ar ia ti o n o r temper­

ature in th c ice s tream anci co ndu c teci a series o f" 

se ns iti\' ilY tests discussed belo\\', 

Th c obsc r\Td \ 'e loci t\, field u" is d e ri w'd fi 'o m 32067 

po i nl m cas u rcmcnts sea tl e red i rrcgu larl y across l h e icc ­

stream surf"ace \ Fig, I ) , The computa ti o n a l demand s o r 

interpo la tin g th ese data to the finit e-c lement n odes 

n eccss ita ted usin g a 6013 po int suh-sample o f' th e 32067 

surf;lcc-\'c loc it y d a ta p o ints, As see n from th e Landsat 

im age (Fig , 2 . th ese po ints a rc con centra ted \\ 'h ere 

di sp lacements of"s urf~lce fea lUres ca n b e id e ntifi ed re liabl y 

throu g h compari so n or t\\ 'O o r m o rc Landsa t th e mati c 

m a pper ima ges (Scambos and o thers, 1992 ) , TIll' 

\ 'a r ia bles.9 a nd b \\T IT d e ri\Td by di g it iz in g the contours 

o r prcst'nt-day s llrf~l ce and basa l c1 e \ 'ation C\i spl a \T d in 

th e Antarctic lolio (Dre\\'ry. 1983 ) and then int e rpo la tin g­

lhe e !e\'a ti o ns I'roll1 t h e di g iti zed po int s to th e finit l'­

c lement nod es usin g th e NC: .\ R· s I OSFF'!' SO l't\\ <I IT , 

Observational uncertainty 

Th e un ce rt a illti es 1TI1I I' IT, and ITb a rc also spec ifi ed in th c 
definit ion o f' )(2, T hi s spec ification accounts fClr ra ndom 

measurcmcnt clTor. interpo lation crro r a nd . in th e case 0 1' 
s and b , map-di g-iti z<l li o n e\Tor, For 1T11I1 \\T rake 6 III a I. 

th e es tim a te 01' s ta nd a rd d c\' ia ti o n o f' po int-di , place n1L' nt 

and image-co-reg is trati o n e rro rs c it ed b y Bindschacll cr 

and Scalllbos \ 199 1 ) , Erro rs assoc iat ed ", ith sand b a rc 

\\l ore di[]i cult to es timate , " 'e take IT, = 10 III and 

1Tt. = 30 Ill , Th ese \ 'alues arc co nsis te nt \\ ith the e rro r 

analysi s of'radi o-ec h u suundillg SUIYC )'S 01' Ice Streams .-\ , 

B a nd C repo rt ed by R e tz la rrand o th e rs ( 1993 

T h e elTo r ana lys is prese nt cd b y R e lz lafr and others 

( 1993 ) d oes no t app'" direc t'" to o ur pro l) \cm, beca use it 

in\ 'o " Ts an a irbo rn c -rad a r SUnT\' o ra difTlTe nt ice strea m 

and \\' ith hi g her spati a l reso luti o n lh a n tit a t used to 

d e termin e s a nci b in th e ,\ ntarc ti c fo li o maps (R ose, 

1979; D re\\' n ', 1983 ) , QUI' cS lim<1tes o f IT, and ITb ma y 

thcrelc) lT be too 10 \\' , H O\\TITr. ex p e ri e n ce dictates th a t 

\\'(' accept th ese 10\\' es tim a tes. beca use IT, and 0'1, are a lso 

impo rt a nt in cha rac teri z ing th e amplitud c o r ir regul a rly 

d is tributed surface and basa l undul a lions (such as see n in 

th e L a ndsa t image 0 1' F ig ure 2 ), Such undulati o ns a re 

lll'lTSSan' to a ch iC\T a c lose fi t bet\\'een th e mode l and 

o bs('rn'd \'e loc it\ , rield s , I I' IT, and ab art' c hose n to be LOO 

la rge . this fit exacts a pri ce o['u nrea lis li ca li:' rough surrace 

a nd basa l topograp h y, By using th e IT, a nd ah ",liues 

co ns is te nt \\' ith a na lys is o f undul at io ns repo rted b y 

Retz la ff and othns 11993 ) , wc res trici th e a mplitude of 

unclula tion s c\ criIT c\ b y o ur co nlrol meth o d to be simi la r 

to th a l fo und on \c r Strea m s 1\ . Band C, 

RESUL TS: STANDARD INVERSION 

To dca l \\ ' ith ih e un ce rtain []()\\'-Ia\\' rate f ~ICl o r B, we ra n 

the co ntro l a lgo rithm s('\T ral tim es u s in g different 

ass umpti o ns rC)r th c \'a ri a ti o n of" B th roug hou t th e icC' ­

stl'eam d oma in , I n o ne run . \\ '1' assumed B = 1,73 x 10H 

PaJ \\ 'e releT to this p a rti c ul a r run ( run I ) as o ur 

standard in\ ,(, l'sion and u ~e il as a bt'll l' itrnark to \\ 'hi ch th e 

res ults 01' a lte rn at i\,(' specifi ca tion s or B a nd of' ot hn 

ass umpti ons arc co mpareci T able 11, 

T able I , (;olll/Iari>oll !!/ (fllerllalil'e illl'frsioll ,1. R eslIll> are 

rlefllled rOll ,li,llenl 1( 'illl O/J,II' ITalioll,1 1('lIfII X 2::; 6,25, 
COl/jir/l'I/o' ( 00 ) rl'ji>1'I 10 1111' (Itall(/' Ilia I rallr/oll! error ill 

llil' obsl'/'1'({lioll,1 ((IlIld (faolllil Ior a lIIodel /ob,II'/'Nllioll 

lIIiVil grr>aln lliall Ilia I a,l ,loriflled lcitlz llie rull ill 1/111',1 lioll , 

(Culljidl'llre 1'111111' i,l d(:jilll'r/ as Ihl' illlegral o/Ilie \.2 

di.l/riblllioll it'illi Ilirl'l' r/1'grr'(',1 lu'jrl'l'dolll .Ji'OIll llie )(2 

mllll' 1i.1/1'r! ill (OIl/1I111 :; 10 .) 

R IIII f) l'srrijilioll x2 

, \ i" 

+,26 St<lnc\;lrci illlT l'sio n 

2 Z, = s, Z" = iJ , 869 1,00 

, ) = I ,G7 x 10 1 (Pi1 s1)1 
3 d = 0 
+ 
;) 

6 
7 
8 

Z, = s, Z t, = h 
Cons tant il'e \' iscos it\" 1/ = 10 tl Pa s 

I ' 
B = I ,G x 10' P a s} 

B = 2,0 x 10' Pas1 
\ 'arial)ic B 

9 Basa l rrinioll tied to basa l topograph: 

perturbatiol1S I'ro m ZI, = /, 

10,;)0 

;)3,88 

1+,00 

+,"',7 
;), 16 

+,00 

6,02 

COIUi'd-

1'1/(1' 

'1<, 

23 

0 

I 

0 
0 

2 1 

16 

26 

11 

Th e ass umpti on th a t B = 1, 73 X 10H Pas~ in ou r 

standard in\T rsion is based o n equati o ll (2 ) 0[' Thomas 

a nd ]\ JacAyea l ( 1982 ) a nd th e temperature depth pro fil e 

obsc\'\Td \)\ ' Engc lh a rdt and o th ers 1990 ) a t a horeho le 

sit e on Ice Stream B, Exa min at ion o f' ,\ nt a rn ica's surfi1lT 

temperaturc a nd accumulation-ratc di strihution s (R ob in , 

1983 ; Bro mwic h, 1988 ) sugges ts simil a rit y in the clim a t ic 

cond it io ll s ovc r Ire Stream s B and E, \ Ye titcre feJre be li nT 

th a t the unifeJrlll spatial di s tribution ol'B Clll plo\Td in ollr 

standard run is a reaso n a ble id eali za tion or the elkcts of" 

tcmperature o n \cc Stream E 's f1l)\\" 

,\ no ther bClOr. which llloti\'atC's th e c h o ice B = 

1, 73 x IOB Pas1 used in o ur sta ndard in\T rsion . is it s 

co nsiste ncy \\ itlt \';lri ;lti o n of" B Oil th e R oss [ Cl' Sh e ll' 

Th omas a nd .\ l aC1\ \Ta l, 1982 1, Th e r a n ge or B 
sugges tcd by studi cs or the R oss Ire Shell' is app rox im­

a tr h 1,5 2,0 x 10H Pa d, Th e B uscd in OUI' sta ndard 
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J OII III ((I OJ G'laciolog ), 

in n :' rs io n is th erd ore a pp rox ima tely th e m ean of \-a lu es 

a ppli ca ble to th e R oss I ce S helL 

Th e minimum \-a lue oC Xl ac hi e\Td Co r th e sta nd a rd 

ill\-e rs io n \I-a s L~. 26 , \\'e ll be lO\I' thc 6.25 a cce pta bi lity 

cri te ri o n suggested b y o ur co nsid e ra t io n o f' ra ndo m 

measu re m e nt errors (T a ble I ). The pro b a bilit y tha t A 1 

(Equa ti o n (7)) exceed s X l = 4.26 is 23'% (T a ble I ), thus 

mod e l/o bse l'\ 'at ion mism a tc h 311 a ined b y th e sta nda rd 

iJ1\T rs io n is co nsistent \I·ith th e eITec ts o f' r a ndo m error in 

th e o bse r'Ycd fi e ld s. As sh Olm in T a ble 2 . th e spa ti a l 

<1\Trage 0 (' \'{' Iocity mi sm a tc h, lu - uol , is 8. 7 m a I. This 

\'a lue is compa ra ble to th e sta nd a rd d e \ 'ia ti o n es tim a ted 

fo r th e \ 'e loc ity m easure m e nts iTlIII = 6 111 a I. 

T able 2. Statistics q/ stalldard illl'n .lioll ( rllll / ) 

/:]2 

ITI 
III I 
lu - uol 
pgh lV z,1 
// 

.\Jeall 

1.1 08 x 109 Pa s 

1.4 11 x 10 1 Pa 
355.5 111 a I 

8.68 m a I 

4.872 x 10 1 Pa 
+. 770 x 101 1 Pa s 

Derived fields 

2 .39 1 X 109 Pa s 

2 .323 x 10 1 Pa 
94.7 111 Cl I 

5.74 111 <1 1 

6 .11 9x 10 I Pa 

3 .804· x l Oll Pa s 

Deri ved field s a ssoc ia ted \\' ith o ur sta nd a rd II1\T rSIOn a rc 

di sp layed in Fig ures 3 7 a long with th e d a ta useci to 

ge ne ra te th em . A sta ti s ti ca l su m m a ry is presented in 

T a bl e 2 . A close-up \·ie\l· o f til e c1 e ri\Td fi e ld s Co r a limited 

47 kl11 b y 33 km regio n co\ 'C ring th e midd le sec ti on of th e 

ice s trea m is d ispl a>'Cd in Fig ure 8 (sce Fig ure 7 for th e 

loca ti o n oC th is su b-regio ll ) . 

Obselved 

o 6 1? 
~. 

IT! ~ y"e8I 

1,-, 
Co 24 

Fig. 4. r 'e!oci~l' misfit lu - uollor the .\talldard ill l'ersioll. 
The sta lldard de1'iatioll q/ obsm'e(l l'eloei!)' error ij 
ajJJJro\i/llate~) ' 6111 a I . 

Nodel 

Fig. 3. Obselm / slII/ace-l'eloci{)' II/agll itude luo I ( left ), model slllf ace-veloci!), magllitude I u I ( riglit ) (c .i. 50 /Jl ([ I ) 
derived ji-om tlte standard ill1'ersioll . 
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. \Iar"-~ ) 'eal alld olhers: Baut! jrirlioll of la Slream E. II'esl .-llIlarclira 

Observed Node! 

Fig . 5. SIII/ac£' lujJograjJhie.l. Pm'iolls eslill/ale .5 ( Iefl ) . 11'.11111 0/ .l/alli/lml illl'l'nioll Z, ( righl ) ( r.i . 5011/ ) . 

Sticky spots 

Th e basa l-f'ri ct io n fi e ld c/c r i\ '(' c1 b y o ur sta nd a rd in \'(:')'sio n 

\ Fig . 7 / di splays th e res ult \1 '(' ex pec ted fro lll prc\' io us 

Slu c" (Bindsc h acll er and S c al11bos. 199 1; .\I a('. \\-eal. 

1992 ): n a m e h '. th a t basa l I'ricti o n is d o min a ted b\' a ll , , 

irregu lar di s tributi o n of' basa l s ti ck> spo ts. t \\' c d o no t 

shc)\\' a m a p o r th e basa l-co upling pa ra me te r lP , beca use 

o f' it s s imil a ril ~ ' in a ppearance to th e ma p 0 1' [T[.) T o 

e mph asize thi s irregu la rit y , \IT g in' a rea-dis tributi o n 

1'1Inu io ns a nd c u m ulati \"(' a rea -dist ributi on I'un ct io ns o r 

[T[ and ;P in Fig urcs 9 and 10 , Th e re la ti \"(' impo rta nce or 

O bserY"ed 

b asa l stress in rcs is tin g th e loca l dri\ 'in g stress is a lso 

sh o \l 'n ill Fig urc 9 , . \ compari so n o r th c a rea -di stributi o n 

f'ull t'l io ns assoc ia ted \I'ith [T[ a nd pyh [V' z,[ in d ica tes th a t 

basa l s t ress CO \ ' LTS a Illu ch \I' icl e r r a n ge o r \'<lri a ti o n th a n 

till' c1ri\ 'ill g slrcss a nd is, Oil a \T rage , small er in mag nitud e 

th a n Ih c dri \ 'in g st rcss. This indi ca tcs tha t ho ri zontal 

c/ c\ 'iatoric-sliTss g r ;ld i(' lIt s a rc a ll im po rt a nt res is t i\T 

e lem e nt ill th e I( )\'l'c ba la n ce o f' th e ice s trea m, 

.\pprox illl a te ly 3()(Yt , o r r possesses a hasa l stress less 

th a n LO:1 Pa, This res ult is consis tc llt \\ 'ith th c \I'icl espreacl 

prese n cC' o f'd e lcJI'Il la iJIc basal till as a lul l ri ra nt b e ll ca th 

th c icc strea lll ( K a mb . 199 1), Sti c k y spo ts, ta ken h erc to 

11ode! 

Fig, 6, Basal IOjJograjJ/tie,L Pm 'lolI; r.l/ill/alr !J ( left ) . resull q/ slalldard illl'frsioll z, ( right ) ( c,i, 5011/ ) . 
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Fig. 7. Derived ITI ( Pa) from Ihe slalldard lIWeTS/oII . 
,\laglliludes less l/wll 10 Pa are del/oled ~) ' clear (while) 
calor. Bo.\ indicates sub-region shown ill dplail ill Figure 8. 

be regions wh ere ITI exceeds 5 x 104 Pa. compri se abo ut 
15% of r. 

The a rea-average of' ITI in th e stand a rd in ve rsion is 
l. 41 x 104 Pa (T a bl e 2). Th e area-average driving stress 
is 4 .87 x 104 Pa . Thus, on a ve rage, a bout 29% of the 
dri\ 'ing stress is ba la nced b y basa l fri cti on. The role of 
basal stress in bala ncing dri\·ing stress in this gen era l sense 
remains som ewha t un ce rta in b ecause our knowl ed ge of 
now-la w ra te p a ra meter va ri a tion is Limited. Th e 
sensiti vit y ex pe riments desc ribed in the followin g sec ti ons 
consider a lte rn a ti ve specifi ca tions of B and pro vid e some 
sense of th e uncertainty o f th e a rea a\'e rage of ITI (i. e. 
± 103 Pa; T a ble 3) . These sensi tivity ex periments d o not 
explore th e unce rtainty ge nerated by sys tematic \'ari a t­
io ns of B th a t co uld accompany stra in heating a nd 
crys ta l-fa bri c d evelopment in th e shear ma rgins o f th e ice 
strea m. 

I ce so ft ening in shea r m a rgins has been studied by 
M acAyea l ( 1989; see ta bl e 2 and fi gure 11 of this 
reference ) in th e contex t o f I ce Stream B. 11acAyea l's 
sensiti\'i ty ex periments usi ng th e same fin i te-element 
model as th a t used here indicate th a t ice softening by a 
fac tor of 10 co uld increase th e hori zo nta l ve loc ity of l ee 
Stream B by a fac tor of 2. This result impli es tha t our 

256 

T able 3. Ejjeel oJj7ow-law rate eOlls/alll 01/ derived basal 
}i'iclioll 

RUIl B '!leall (ITI) I 

" ar (ITI)" X2 

. '\ '0 . 

108 P as1 10..1 P a 104 P a 

I 1.73 1.41 2.32 4.26 
6 1. - 1.+4 2.31 4.47 
7 2.0 1.40 2.37 5.1 6 
8 V ari a ble 1.30 1.91 4.00 

mean (B) = l.7 
I 

\ 'a r (B)1 = 0.03 

29% fi gure for th e proporti on of dri\'ing stress ba la nced 
by b asa l stress is a lo wer bound. A reasona bl e guess o f th e 
uppe r bound based on ~facAyea l 's (1989) sensiti\ 'it y 
experiments is 60%. At present , we d o nOI pursue thi s 
qu es ti on furth er because we beli eve th a t a reli a ble a nswer 
can be reached o nl y when more acc ura te surface a nd 
basa I to pograph y d a ta a rc a \'ail a bl e, shea r ma rgins a re 
be tte r resoh-ed in th e \ 'C locity d a ta a nd mod el ph ys ics can 
acco unt for conditi o ns \\'here [H ]/[L] ~ 1 a t th e Ice­
stream sid es . 

Sti cky spots in so me regions a ppea r to be linked into 
na rro w ba nds seve ra l te ns of kil o m e te rs in length a nd onl\' 
seve ra l kil ometers in width. \\'e ca ll th ese fea tures sti cky 
strings. We have no expl a na ti on fo r sti cky strings . In som e 
circ ulll sta nces, they co rrespond w ith surface linea ti o ns 
\ 'isibl e in Landsa t im age ry (e.g. th e linea r fea tures w hich 
c ut o bliquely ac ross th e Landsa t im age in Figure 2) . A 
p oss ibl e expl a n a ti o n of this co rres po nd ence is th a t 
struc ture in the bedroc k se n 'es to genera te a n efTi c ie nt 
b asa l-wa ter cond ui t wh ich loca l I y d ec reases th e wa ter 
pressure a t th e ice / bed contact a nd within pores o f th e 
s ubg lac ia l sedim e nt (perso na l cO lllmuni ca ti o n fr o m 
R. C . A. Hindm a rsh , 1993 ). Suc h a d ec rease wo uld be 
ex pec ted to ma ke th e ice/bed contact more ri gid a nd lea d 
to a sti cky strin g a li g ned with bedroc k structure. 

T o exa min e our res ults for th e sugges ti on of a basal­
sliding law, \\'e present in Fig ure I 1 a sca tter plo t of lul \·s 
ITI where each po int represents conditi ons in one o f th e 
8595 tri angula r e lem ents. The lac k o f coh erent stru cture 
in Fig ure II sugges ts that basa l fri c tion is not a simple 
fun c ti on of ice velocity such as wo uld be the case if' th e 
subg lac ia l bed co uld be idea li zed as a subglac ia l till o f 
unifo rm viscosit y a nd thickness . Our res ults sugges t th a t 
th e essenti a l ph ysica l controls o n th e basal fri cti on o f I ce 
Strea m E (e.g. wa te r press ure) ha \'e ye t to be d etermin ed . 

Tes t of lIlodel assulIlptions 

A s shown in T a ble 2, the a rea-a \ 'e rage of ITI in th e 
s tand a rd il1\' e r sio n is 1.41 x 10..1 P a . Thi s \'a lu e is 
r e la ti vely sma ll compa red to th e criteri on [T]« 105 
w hi ch justifi es th e ass umptions o n whi ch our trea tm ent 
of ice-strea m d yna mi cs is based . \\ 'e th erefo re rega rd o ur 
model as sa ti sfying th e rela ti onship ex pressed in Eq ua ti on 
(8 ) in a la rge-scale, ave rage sense . 
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.1/aul)'l'a/ alld olllm : Ba,la/ j"iclioll oI Ice Slream E, Il'esl All larclim 

a o Pa. 10""'5 b 

c cl 

e f 

Fig,8, IJelai/l!/r/fI'il'er/ ri'w/Is o/slalldarr/ illl'I'r,lioll./or slIb-re/!,ioll indicaled ~I' 1111' bo\ ill Ft~!tllre 7. T lte dimeJIsiolls oI llI is 
sub-regioll are -J7 kill I~) ' 33 kill. Bma/ ,l/re,fS lIIagllitude ITI (flall!'/ a ) . model 1'1'/oci{l' magnilllde lul (j){lI/e/ b) ( r.i , 
20 III ({ I ) , derilw/ bmal l()pogr({I)/~J ' .01, (fHlI/e/ c) ( c,i, 50 Ill ) , l'l'/oci{1' lIIi~j;1 lu - u()1 (jWllet d) (c.i, 20 m) , obserm/ 
,IIII}(ICC-l'e/oci!J' magllilude ( I){I II!'/ I) ((,i, 20 III a I ), 

The max imum loca l I'a lu e o r ITI produ ced b y o ur 
stand a rd in l'(' rsio n , hOIl'l'IT r, is 2 ,19 x 10':; Pa a nd is no t 

small co mpa red to th e cr it erio n [T] « 10'; whi ch jus tifi es 
th e ass umpti o ns on lI'hi ch our m od e l is based , Th e ITs ults 
o r o ur sta nd a rd illl 'C rsion a rc th e refo re no t co nsis te nt w ith 

th e ass um pti o ns used to gene ra tc th em in sel'C' ra l limited 
reg iolls surro unding the stronges t s ti ckl' SP O l S , I n " iell' o r 

the limited ex tcnt o r th esc rcg ions a nd th e c lose agree m c nt 

be lll'ee ll model a nd o bse rl'C'd vc loc ity a tta ined ge ne ra ll y 
thro ug ho ut th e icc s trea m , liT choose to acce pt m odel 

e rro rs ge nera ted by thi s inco nsistency a nd defe r furth e r 

co nsid e ra tion or slI ch er ro rs to some f'uture slUdl' in w hi c h 
til e sm a ll-sca le 11 0 \\' I'a ri a ti on nea r a p a rti cul a r sti cky s po t 

lI'he re ITI ex('ceds 10'; Pa is of' co nce rn , 
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Fig. 9. A rea-distributioll JUllctioll (1IIJ/m) alld clllll l/ lative 
area-distriblltioll JUllctioll (lower) Jar ITI alld pghl \7 z,1 
determilled b), Ihe stalldard ill versioll . T lte value IIJthe 
area-distribu tioll Jllllctioll (lI /J/m) Jor a gillen slress 
magnitude e.\/Jresses tlte fiac tio ll oJ total ice-sLream area 
which jJosseHes a basal tractioll or drivillg streH wiLhill a 
small rallge of the givm sLress . T he si::e oJthe stress rallge 
is va riable alld is designed to cover Ihe range behpeen 1 and 
JOG Pa u'ith 100 illtermls of equal Imgtlz 011 a logarithmic 
scale. Tlt e value oJ the c///I II/latil'e area-disLributioll 
fill/ctioll (tou 'er) Jor a gillen stress rejJresfllts tILe ji'actioll 
oJ totat ice-stream area 1.l'hich /Jossesses a basal lraction or 
drivillg stress l.I'ilh a magllilude less Ilwll tl/e given sLress. 

Surface and basal topography 

As expec ted , z, a nd Zb d e ri\'ed from o ur sta nd ard 

il1\ 'Crs ion di spl ays roughn ess with cha rac te ri s ti cs simila r 

to ro ughn ess ro und on I ce Stream B (R e tz la fT a nd o th ers, 

1993 ) (Figs 5 a nd 6) . I n th e sub-region shown in Fig ure 8 

(pa nels c a nd e), z, tends to intensify ove r a site of 
inc reased basa l (j·ic ti on. Exa minat ion of o th er regions 
sugges ts th a t surface-slope steepening ca n a lso occ ur o\'er 

bumps in basa l topogra pb y w hi ch ma y lac k s tro ng basal 

fri cti on. N o acco unt is m a d e o f mass-ba la n ce co nside r­
a ti ons in thi s stuel y. J t is th e refore possib le th a t th e 
rela ti onship be tween surface top ogra ph y. basal top ogra p­
h)' a nd ho ri zonta l Doll' el e ri\ 'ed here may be in co nsistent 

\I 'ith stead y sta te . Furth e r a n a lys is of thi s ques ti on is 
d efe rred to the future \I'hen m o re acc ura te o b ser va ti ons of 

sand b m ay become <\ \ 'a ilabl e through sa te llit e a ltimetn' 
a nd addit io na l radi o-ec ho sounding. 

SinlUlated satellite iIllage 

An ind ep end ent assess ment o f th e qua lit y o f o ur sta nd a rd 

in ve rsio n is m a d e by exa mining the corres p o nd ence 
betwee n surface fea tures see n in the La nd sa t image 

(Fig . 2 ) a nd surlace feat ures associa ted with Zs . Simu la ted 
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Fig. J I. Poill Ls re/JreseJI/ ([l'erage values oJ ITI and lul Jor 
the standard ill versioll ill eaclt oJ Ihe 8595 elemCIILs 
comjJrising the jillile-elemCllt mesh . 

600 

sa tellite im ages o r b o th th e d eri\'ed surface to pogra phy Z, 

a nd th e pre\-io us estima te s a re g i\ 'en in Fig u re 12. T he 
simu la ted im ages we re co nstru c ted (i-om th e surface slope 
in th e direc ti o n ro ug hl y pa ra llclto th e Sun az imuth of the 
L a nd sa l im age ( Fi g. 2) . Th ese im ages were th en 

sm oo th ed to redu ce th e prism a ti c \ 'isua l a ppear a nce 
(i. e . co nsta nt g r ay level in eac h tri a ngula r d em enr ) 

introduced by th e finit e-clement di sc ret iza ti on . 

The mos t striking resembl a n ce be tll'een th e L a ndsat 

im age (Fig . 2 ) a nd its simul a ted co unterpa rt o f Zs ( Fig. 

12 ) is th e ge ne ra l m o ttl ed a p pea ra nce d ue to sm a ll-sca le 
undula ti ons. Tb e a ppa ren t basa l esca rpments w hi c h slas h 

o bliqu ely ac ross th e ice stream 's mid-sec ti o n in th e 

L a ndsa t im age a ppear to have co unt erpa rts in th e 

simula ted im agc o f Zs . In th e simula ted image, th ese 
o b lique linca r fea tures a rc assoc iated with steps in th e icc­
s trea m surface a b O\'e sticky strings a t th e b eel . This 

re la ti onshi p suggests tha t sti cky st ring's may a lso b e a t the 
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,I l ac-Veal alld olher:,: B llsal Fic/ioll of i u' S/reall) i :' , 11 '1'5/ : I II/arc/ica 

l',,..f a.pped Slll'fa.ce 

F ig. 12, Silllllla/NI ,l({lcl/ile imagl'l a.lloci(lled l( 'i/1t Ihl' jHl'l'io//1 fl/illlall' I!/ ,llIr/ilce loj)lIgrojJ/~l' 8 ( le/i ) alld Ihl' .IIII/ate 

IOjlllgra/JI{J' rl'lllll illg./i·olll Ihe .1/(lIIdlml illl 'I'I',lioll Z, ( righl ) . Thele illlagl',l re/m',lfIIl gU!l'- ,ICl/1I' rmderi//gJ !!/ - US / U,Ij alld 

- uz,/UU wIll' /'(' !J i,1 Ihe hori:olllol cllordillale /('hieh 1'1111,1 l'erlim!(J' (jJlI.IIIIl'c 1I/i1l'arrl) III Ihe lIIa/) /Jlall!' , B righ/lle,ls o/Ilte 

IIIIOgC,1 CIIITI'.I/IIIIIr/.1 10 11I//lIIioalloll .FIIIII Ihl' /w.lllire .IJ dlrec/lOo aorl il a/J/JrlII/IIIIII{'(J' {'q///mll'lll 10 Ihl' S//II allgle I!/ Ihe 

1.l1II(!lal IlIIagl' III F ig//re 2. 7 hi' ll17age,l l ('l' rt' .Il1/oo/lml /0 l'illlllllole /)(I/chIOI'.I,1 a.\.IlIclaled ll 'llh Ihe ./illlle-elell/ml 

di.I(J'I'II.:alloll . I I 'ide /Jo//odarle.1 o/rl'iolll'e(J' IIII1/orll7 color IIllhl' edge.1 of Ihe ({cll r rjiolle-dell7ml dOllllllo (Ire arll/a!'I.1 f!/Ihe 

III/oolhlllg algori/hm . . 1 lilltarji'alllrl' IlIdlm/r'd I~J' the (IITOl( ' 10 Ihe IlIIage o/Ihe 1II0del .l/lI/ace corre,I/)ollds ill /NIIIIOII alld 

gl'lIolellJ /('ilh 1111' jJrOlllllll'll/ lilll'arji'alllrl' of Ihe real i _(lIldllll IlIIage dlsjJ!c!)'l'd ill h j!,III'l' 2. 

roo t o/' til e ohli q ucl\' s las h illg fi:atures III th e rea l L a nd sa t 

Illlage . 

I n contras t \I ' ith th e simul ated illl age or z" t h e 

sim u la ted image o /' .'; bea rs li t tle rese mbl a nce to th e rea l 

La ndsat image. \\ 'e re'gard the' ap p ea rance o/' th e s im­

u lated image o r z, to b e mo re rea li s ti c th a n th a t o /' 8, a nd 

int tT pre t thi s rea li sm as a n ind epend c nt c hec k o n th e 

res ult s o/' ou r standa rd in \'C rsion . 

RESUL TS: ALTERNATIVE INVERSIONS 

Th e con tro l a lgor ith m was run th ro ug h se\'(' ra l add iti o nal 

i1l\ 'C rs io ns o r th e d a ta to tes t a lte rn a ti\ ,(, ass u mp ti o ns. Th e 

m inim um X 2 \';d ucs obta in ed /'01' t h ese a lte rn a ti \'c 

in H'rs io ns are compa red \I·ith th a t 01' our sta nda rd 

1ll\'cTSIOn 111 T a b le I , I n so me cases, res ult s assoc ia ted 

\I' ith g i\T n a lt c rn a ti n' assump t io ll s y ie ld ).:2 \ 'a lu es 

g rca ter t h a n t he 6.25 acce p ta bi lit \· cr it erio n. Th e 

ass u m pti o ll s used to ge ll c r a tc th ese res ults a re th erc!cllT 

re jec ted. I n cases \I 'he re X 2 is less th a n 6.25, res ults a nd 

assoc iated ass umpti ons a rc co nsidered equ a ll y p la usible as 

th ose or o u r sta nd ard in\'Crs io n . Th ese cases il lustra te th e 

no n- ull iqu c n css o r so lut io ns o/' th e icc-s trea m fo r('c­

ba la n cc i1l\ '(' rse p ro blem . 

Relative importance of bas al friction, s urface 
topography and basal topography 

;-\ cruc ia l seCJ uence o /' a ltc rn a ti \T in"l'l'sio ns runs 2 +) ",ne 

run to exam ill e th c qu es ti o n o /' ", heth er \ 'a r ialio n in a ny o r 

a ll or til c thrce liclcls /j, z, a nd Zh co u ld be a rb itra ri ly 

replaced w ith a si mp le, i n tuiti\T I ~ lllot i\'atccl p ri or es ti mate 

i.e, a g uess } \I 'ithou t sig nifi ea nti\' a lter in g t he fit bct\lTe n 

mode l a ncl o bsl' l'\ 'CcI surf;l ce \'(' Ioc it \·, I n th cse run s, 

n = 1.73 X lO~ Pa s~ as in o u I' sta nda rd' i ll\T rsio n , 
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[n run 2, \IT computed X 2 und cr th e ass umpti on th a t 
th e con tro l meth od prO\'ides no add ed \'alue to th e 
pros pl'c t of fittin g model to obse l'\' a ti o n , i. e . tha t a good 
guess of th e unknown fi elds would be suffi c ient. For thi s 
, I 

guess , we ta ke (3 = l.67 X 10,1 (Pa m s- I )2 , Zs = sand 

ZiJ = b. The uniform \ 'a lue or (3 ror thi s run is th e a rea 
ave rage o r the (3 fi eld d er i\'Cd in our stand a rd run (T a ble 
2). As indica ted by its associa ted X 2 nt lue (Table I ) , thl' 
hypo th esis tested by run 2, i.e . th a t a good g uess o f' 
unkn o wn (3, z, a nd z" is suffi c ient, is (a lsc. 

I n runs 3 a nd 4, we tes ted the ass umpti ons th a t th e 
obsen 'ed \ 'C loc ity fi e ld could be ex pla in ed , in the first 
casc , witho ut basal fri c ti on ((3 = 0) a nd , ill th e second 
case, with o ut adjustme nts of surface and basa l topogra p­
hy fro m th eir pre\ 'io us es tim a tes (zs =.5 and Zb = b). 
Again , th e X2 \'a lues o btained (o r th esc runs rul e out th eir 
associated hypoth escs . \ \ ' c are therclo re fo rced to con­
clud e th a t spa tia l \'a ri a bility in basa l rr ic ti on , surface 
topogra ph y and basa l topog ra ph y are equ a ll y impo rta nt 
influe nces on th e surface \'e locity or Ice S tream E. Thi s 
rcs u lt moti va tes additi o nal future m ea surements o r 
surrace a nd basal to pogra ph y tha t ;11 '1)' be possibll' using 
sa tellite a lti metry a nd a dditi ona l airbo rn e radi o-echo 
sounding . 

Flow-law rate-factor variation 

T o examine th e consequences oC fl ow-l a w ra te-fac to r 
un ce rta inty, wc present runs 5- 8. In run 5, we assume ice 

" o 
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Fig . J 3. .-l rea-distribu t iOIl .llIlIctiollS ( 1IIllm) alld 
C1117Z1dative area-distribution jUlletions ( lower) jar ITI jar 
runs with various treatments oj the flo w-law rate .lar/or B 
( 1'LIns I alld 6- 8) . See the calltioll of Fij!,llI e 9.101' all 
fl lJ/allatioll 0.1 the lI1eall ing oj these jUllctiollS. Sill7i1ari{y 
among the jillletions plo llerl here suggests tliat lllleertaill{y 
ill Ihe spf(ifiealion of B does II Ot (If/eet the derived T ill a 
qllalitatil'e~)' imlJortallt l(, [!)'. 

to be a \'isco us fluid \\' ith consta nt \'iscos itv v = lO ll Pa s. 
In runs 6 a nd 7 lI'e use uniro rm B with \'a lues 0 (' l. 5 a nd 
2.0 x 108 Pa s~, res pec ti vel y . The ra nge or B va ria ti on 
between runs 6 a nd 7 is inspired by th c deri ved pa ttern o f' 
B \'ar ia ti o n o n th e R oss Ice Shclr (Th o m as a nd 
~ l acAyea l , 1982 ). As m e nti o ncd a bo\ 'e, wc do no t 
consider th e effec ts or ice so f't e l1.in g res tri cred to th e shea r 
ma rgins o f' th e icc stream . 

Run 5 was rou nd to be in compa tibl e with the obscr­
\'a ti ons (T a ble I ) . A linear \ 'isco us f1 0 \\' law is th crefore 
ruled ou t a nd a non-linea l' (e .g . power) fl ow la w is (o und 
to be ma nd a rory. Runs 6 a nd 7 \\'e re found ro be com­
pa tib le \\'ith o bsen 'a ti ons (T a ble I ) . These runs, plus our 
sta ndard in\'e rsio ll (B = l.73 x 108 Pa sJ ), sugges t th a t 
fl o\\'-I a w \ 'a riati o n of' ord er B = l.75 ± 0.25 x 108 Pa s~ is 
compa tib le with obsen 'a ti o ns a nd ca nn o t be rcsoh-ed 
rurth er by o ur control meth od . In a ll threc cases , the a rea 
di stributi o n oC ITI a nd the loca ti ons oJ' pro min ent sti cky 
spots liTre fo und to be compa ra ble to tha t d e termined by 
o ur sta nd a rd in ve rsion (Fig . 13). Diflcrences in th e force 
ba la nce o f'run s 6 and 7 (T a ble 3) suggcst th a t un ce rta inty 
in B tra nsla tes to a n unce rta int y o/' ap prox im a tel y 1O~ Pa 
in the a rea-a \ 'e raged ITI. 

In run 8 , we empl oy th e control mctho d as a mcans 
ro se lcct a vari a ti on of B , in a ddi tio n to th e o th e r three 
unkn o wn fi e ld s, to fit th e d ata be tt e r. In thi s 
c ircumsta nce, v,e add a n a dditio na l term to X 2 as 
10110\-\'5 

X 2 __ i'i' (u - uo ) . (?u - uo ) 

I' 0'1"1-

+ l'l~ ( Zs -28 )2 
. d .rdy 

I 0', 

+ j(I ( Zb _ .)6)2 dxdy 
. Jr iTh -

if' (B - B )2 
+ ') 0 c1.rely 

. r O' lr 

cb::dy 

(13) 

\\'h ere Bo = 1. 7 X 108 Pa d a nd O'B = 0.1 X lOK Pa s~ . The 
\'a lues of Bo a nd 0'13 a re chose n arbitra rily but a rc lI'ithin 
th e ra nge o f' B \'a ri a ti on sugges ted by runs 6 a nd 7. R un 8 
p rod uced th e best fit be twee n mod (' 1 a nd o bsen'ed 
\'eloc ity o r a ll Ih e i1l\ 'u sio ns we tri ed but its ph ysical 
sig nili cance is nOI clea r. 

A ma p o f B dctermin ed III ru n 8 is di spl a yed in 
Fig ure 14 . Th e a rea-distributi o n run cti on a nd cumula ­
tive a rea -di stributi on ILlIl c ti o n o r B a re di sp layed in 
Fig ure 15. The pa tt ern o f' B d e ri \'cd in run 8 has g rea ter 
va riability in rcgions w here veloc ity d a ta points a re 
spa rse. \V e a r e thcrefore te mpted to co nclud e th a t thi s 
pa ttcrn is d e te rm in ed prim a ril y by erro rs in the \'Clocit y 
da ta . 

Basal drag tied to bUInps in basal topography 

Alley ( 1993 ) suggested th a t sti c ky spots may be caused by 
la rge bedroc k bum ps whi c h sti ck into th e base or the ice 
stream o r w hich comp ro mi se a n inten 'C ning layer 0 (' a 
lubri ca tin g substa nce such a s \\'a ter or ba sa l till. Th e 
rl's ults 0 (' o ur stand a rd in ve rsio n (run I ) we re ge nera ted 
under th e assumption th a t Z iJ a nd (32 we re complete ly 
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independ cnt. A sca tter plo t o r e le m enta l I'a lues o r Zb I 'S (32 

(no t shown ) d e rin~d ,,'om our sta nd a rd in ve rsion fa il s to 

sugges t a rc la ti o nship betwcc n {32 a nd Zh. Th e obse rva t­
io ns \IT in l'e rt th c re ro re support a n h ypo th csis that Z \) a nd 

{32 need no t b c rc la red. This d ocs no t mean th a t th e 

o bsel'l'a ti ons w e im'e rt definitively rul e out su ch a n 
h ypoth es is. 

To examin e A llcl' 's suggcsti o n rurth cr, we ra n run 9 
under th c assumpti on 

(13) 

whcre S = 5.0 x 109 Pas . \\ ·c rcquire th c pcrturbatio n or 

th e basa l clel'a ti o n a bOl'e its pre l 'io us estim a te b to be 

pos itil'e and to ha\'e a n a mplitud e o r (Th = 30 m w h e n th c 
bcd-co upling p a ra m eter (32 ri ses to a pprox ima tel y h a ll' of' 

a rcpresenta til 'C s ti cky-spo t I'a lu c ( i. e. 5 x 109 P as ) . The 

h ypo th eti ca l rc la ti onship cx prcssed in Equa ti o n ( 13) is 

a rbitra ry a nd bca rs littl e rescmbl a nce to th c sca le a na lys is 
prese nred by Allcy ( 1993 ). 

For run 9, X 2 < 6.25; thus, th e rela ti onship r cpres­

e n ted b . Eq ua ti o n ( 13), a nd pres umabl y man y o th cr 
such rela ti o nships whi ch ti c {32 to Z \) , is co nsistent with th c 

o bsc n 'a ti ons. Thi s res ult , in co ncc rr with th e results o r th c 

s ta nd a rd illl' c rsio n \I'hc re {32 to Z ), \I 'c re as sum cd 

ind cpcnd ent . suggests th a t o ur a na lys is is una bl c to 

resoh-c th e qu es tion or how basa l fri c ti on should re la tc to 

basa l topogra ph y. This ques t io n perh a ps can be a n swered 

",h en morc a cc ura te oIJse n 'a ti o ns o r sand b b ecomc 
il\ 'a il a ble. 

CONCLUSION 

COIl1parison with previous res ults 

Our results co nfirm plT"ious suggesti ons th a t basa l shea r 
stress of' the \\'cs t Ant a rctic ice streams is ex tremel y low 

« 10~ Pa l cxce pt in isola ted s ti c ky spo ts (K a mb , 199 1). 
Th cse cha rac tc ris ti cs a rc compa tibl e with th e no ti o n th a t 
sOlt , un co nso lid a ted scdiments lubrica tc the basc o r th e ice 
s tream. Our resu lts furth er suggest th a t sti cky spo ts, not 
intcrl'enin g lubrica ted zo nes w h ic h are nca rl y stress frce, 
a ppca r to d e te rmine the olT ra ll contributi on of basal 

f'ri c ti on to th c ro rces \\ 'hi ch res is t icc-strea m di sc h a rge . 
W hile signifi ca nt in rh e ol'c ra ll fo rce budge t o l the ice 
stream , fri c ti o n induccd by sti c ky spo ts is no t. h OlVelT r, 

the dominant res is til'e stress . Drag introdu ced a t the icc­
s tream 's sid cs a nd a t th c g ro unding li ne (i. e . ice-shelf' 

bac k-pressure ) a re a lso signifi ca nt rcsistilT fo rces . \\'e 

th e refore sugges t th a t th c qu es ti o n lI'hi ch is m os t 
importa nt , bas al lI' ic ti on o r sid e a nd grounding -l in c 

drag, has !l 0 dcfin iLil'e a nswer. Both can be important. 

1 58+08 I 6e+08 1 78+08 

B (Pas Il3) 

1 8e+08 1 ge+08 

The pa tt c rn a ndloca ri on o l sti cky spo ts wc find in o ur 

s ta nd a rd il1lT rsio n sugges t th a t bedroc k topogra ph y, rock 

type o r la rgc-sca le s tru c lLlrc suc h as fa ults or escarpm cnts 
w hi ch a ffect wa re r press urc ca n ca usc sti cky spo ts be low 

icc streams. Thi s suggesti on is in agrcemclll with thcory 

(A ll cy, 1993 ) but a f'urth cr tes t o f th eo ry is beyo nd th e 
rcso lving powe r o f our mc th od s a nd d a ta . \ Yc th e re fo rc 

suggest th a t add i ti ona l mcas ure m en ts, pcrh a ps i nl'o h 'ing 
sa te llit e-a ltim c te r profilin g. a irbo rne-rad a r sounding a nd 

passi IT seism o logy (c .g . . na nd a k ri sh na n a nd Be n tl cy , 

Fig. 1.5. A rm-di.l/rilJIIliol/ jllllClioll ( lI/l/m) alld (/111111/­

alil'l' area-di jlriblllion jill/clioll ( lower) f or B deril'ed kJ' 
run 8. See lite ca/llioll of Figure .9101' all eI /llallalioll Q/ lite 
meaning of Ilt l'.\e fll llCliolls. 
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1993 ), be focu sed in small-scale regio ns \\·here sri cky spots 

appear on Ice Stream E. 
Pre\·ious studi es of ice-strea m fo rce ba lance (\\ ' hill a ns 

and \ 'a n d er \ 'ee n , 1993; \\ 'hill a ns and oth e rs, 1993) 
fail ed to find direc t c\·idencc for sti cky spots on fce Stream 
B. \\'e do not consider our results to be incompatible \\'it h 
conditions fo und on Ice Stream B. The st ud y areas on fe e 
Stream R lI'hich appear to lack stick y spo ts arc com­
parable in size lIith some o f the sti cky-spot-fl'Ce zones 
found nea r th e gro undin g line o f fce Stream E (e .g . as 
sugges ted by Fig ure 7). 

Lessons for ice-stream modeling 

Our res ult s sugges t tha t basa I friC'li o n bclo\\' ice s treams 
is nOt d ete rmined by purel y glaciologica l consid e r a ti o ns. 
\\re suspec t that basa l i"iClion depe nd s crucia ll y on the 
interp lal' between ice conditions, geo logic propert ies oC 
th e bed roc k. subg lac ia l h>'dro logic cond itions and th e 
disposition of unconso lid a ted basa l sediments. Up to 

noli' , ice-shee t m odders ha \ 'e attempted to rel y o n 
\'arious basa l-sliding la\\'s as a m ea ns to cha ra c te ri ze ice­
strea m no\\' (e .g. Bentl ey, 198 7) . Th e simples t of th ese 
laws ex press T as a f'unction of basa l-i ce \·e locity. Our 
res ults sugges t that th ese simplest la\\'s may o\'ersimplify. 
Th e o ri gin o f sti cky spots may d epe nd as mue h on the 
geophysical prope rti es a nd h isto r> ' of' th e g lacia l bed as 
\\'i th the ice strea m a bOl·e . Our res u lts sugges t that th e 
intricate pattern o f' basal coupling that contro ls the 
present fl o\\' o f fe e Stream E a ri ses fi 'om sOl11e as ye t 
inscr ut a bl e propert\' of th e b ed th a t escapes o ur 
und erstanding . I ce-strea m moclel e rs a re urged to heed 
signs of th is insc ruta bi li ty and to recognize th e \ ·irtuc of 
simpl e basal-s liding hi\\ 'S that mimi c th e stati s ti cs of 
concliti ons found below lee Stream E. 

ACKNOWLEDGEMENTS 

\\ 'e th an k l. \\, hillans, R. Hindm arsh a nd R. Alley fo r 
va lua ble di sc ll ssio ns on ea rl y drafts of this paper.J. Glrn, 
K. Huller a nd an a nonymous refe ree prOl'ided sugges­
tions whi ch u l timately led us to achie\'e fa r more 
sa tisfying resu lts \\'ith th e contro l method than were 
o rig ina ll \' d isplayed on a n initial draft of this pape r. T. 
Dupont helped ro assemb le data and fi gures used in thi s 
study. P . \ 'o rnberge r prOl' id ecl th e L andsat images shown 
in Fig ure 2. Finan cia l support was prOl'ided b y th e 
Nat ional Aeronautics a nd Space Adm ini stra tion (N \ SA ) 
g rant NAG \\' 2588, a nd by the US .\'at ional Science 
Foundati on (NSF ) gra nt s O P P 92 18078 a nd OPP 
9321457. Com pu te r support \\'as pro\'id ed by i\' ASJ\'s 
Godd a rcl Space Fl ig ht Center, in particular th e NASA 
Cen te r fo r Compu ta ti onal Sciences. 

REFERENCES 

.llIc). R . B. 1993. In search of ice-slrcalll s li cb sp''''. ]. (;lari"l .. 
391 33 '.117--+5L 

.In andakrishnan. S. alld C . R . Benil",. 1~)93 . .\lilTo·,·anhquakes 
bCllca lh Ice Streallls Band C. \I'esl .ll1tarnica. ]. (;Iariol .. 
39 1 133 . f55 +62. 

Barnes. 1' ., I) . T abor alld.J. C. F. \\'alker. I !J71. Th e li'iclion alJ(llTl'<'J) or 

poh c J'\ 'sta llill ,' icc. i'roc. R. Sor. ', ollrloll. Sl'r . . 1. 324 11557 , 127 1.'i5. 
Bellill'\·. C. R. 1987 .. llI tarctic ice strean,,: a rc\·il'\\'. J. ("()/I/~r.'. Re., .. 

92 B9 . H8 f3 8858. 
Bind sc hacller. R .. \ . a ncl T. . I . Sca Jllbos. I <)9 I . Sa tcllite· iJlla!.(e·dcri\Tri 

\'c1oc it\ lield of an .Intarclic ice , Iream. Sril'llfr. 252 3(J03 .212 2 16. 

Bo ncl . C. 011111; ollier.1. 1993. Co rrcl a lior" bCI\\'ee n ciilll;JlC' re('()rcis li'o lll 

"onh .Itl a llli r .scdil11ents and Grccnland ice . . ' illllrt' . 365 1(; 11·2 ). 
1+:1 I 17. 

Bn>I11\\ ieh. D . H. 198R. S no\\ I,dl in hi .!.(h southcrn la titude,. N I,/, . (;l'a/J!~r.' .. 
26 I I 19 168. 

Dre \\ J'\. D .J .. /'il. 1983 . . llIlarrlil'!l: glllciologirlll alld gfO/lli)'liwl .filliu. 
Call1iJrici !.(c . L'ni\'Crs ity ol·Cambridgc. SCOII Po lar R" scarc h Insl itute. 

Engelhardl. H .. \,). Il u lllj)hrcy. B. Kamb a nd ]\1. Fahlll'slock. 1990. 
Ph ysic~d conciilioll"l tU th l' base ura 1~I~ t ll1o\' ing .\Ilwn: lic ice !'ltlT:.1m. 

Srit'll(I'. 248 cl 9.1 I .,)7 39. 

!-fughes. T. 1992. On the pulling power of ice s lreams. ]. (;llIriol .. 
38 128 . 12,) Li I. 

K alllb, B. 1991. Rh eologica l nonlinearil~ and 110\\' ilwabilill in Ihe 

d dilJ'Jlling-bed lllech,,"i s ll1 or ice·streall1 Illolion. ]. (;eu/Jlil'l. He., .. 
96 ( B I (J I. 16,585- 16.39.5. 

.\lac.l\ eaL D. R. 1989. Largc-se-air ice l1 o\\' O\Tr a \'IICOUS basa l 

scdimcnt: Iheon and ap pli cation to Ice Stream B. .In",rnic". ]. 
(;I'(}/I/~)'\. Hn .. 94 f) .J . +071 f087. 

illac"' .. aL D.R . 1992. The basal st re" dist ribuLion or Ire SlreaJll E . 
. In ,,,rClica. inllTrcd b) COI1lI'OI Il1cthock ]. (;eopl!]';. Nn .. 97 BI I . 

')93 603. 

.\bc l )cal. D. R. 1993a .. 1 IUlorial 011 Ihe use or contro l mClh ocls in ice­

, Ileet mo,klillg. J. (;///riol .. 39 13 1 . 9 1 98. 

.\iacl\'l'a L D. R. 1993b. Bin ,!.(e purge osci llatiolls or the Laurcnlicle ice 
, h eel as " cause or Ih e :\onh .ll bll li c·s H cinrich elTll ls. 

Pal,'(}cl'!/I/Ogra/iltr. 8 6 . 77'" 78 I. 
.\lcncknhalL \I'. and R . I. . SchadJrr. 1973 . . l/alllf)))aliml .,lali.,li(., I"illi 

a/JIllirali())" . . \lonh Sciluale. i\ I A. Duxbur\' Prcss. 
.\lenke. \I '. 1989. (;l'o/Jlll'Iiral dala ({lIalni,: di,tr('it' ill/·er.II' llil'ol),. Orlando, 

F I ... \ c"delllic Press. 

"re". \" . 1-1 .. B. P. Fla11 IICT\ . S .. 1. T eukols ky and \, '. T. \ ·cl terlilH;. 
I !JH9 .. , '1IlIIaiml r{'ci/II" : llie al'l oJ ,cil'l(li/ic cOill/It"i)),~ ( Forlrall /'( r.,io)) ) . 
Canlbricigc. Cambridge L lli\Trsity PIT"'~, 

R e lz lafl: R .. \,). Lord and C. R. Bcnlle,. 1993 .. \irborne- radar .stud ies: Ice 
S lreams .1. B. and C . \I 'est .lllt arcl ic". ]. (;Iario/.. 39 1133 . 195 ,)06. 

R obill. C . de Q. 1983. G('lIcral glaciolog>. III Robin. C. de (2. .. I'll. 'l1i, 
dill/a/if fl'(ord ill j)o/al" ire .\/t('e/L Camhridge. ('Le .. Cambridge L'lli, l'r~jt~ 
Prcss, 9+ 97. 

R osc. K . E. 1979. Char;]Cll'J'ist ics of ice lIo\\' in .\Iaric HI I'd Land, 

.11I t;IIT tica.]. Clariol., 24 190 1. 63 75. 
Sc;]milos. T. ,I . ;]ncl R. Binc1sc hac1lcr. 199:,. Complex icc sln'am 110\\ 

IT\ '('alcd b\ sequenlia l sa tellite illlaglT\ .. 11111. (;Iaciol .. 17. 177 182. 

Scam ilos. T. .1 .. .\ I. j. D utkic\\'icz. j. C. \I ' ilson and R .. 1. Billdsc h;]dler. 

1992 .. I pp licalion or ill1;]ge c rm,-corrd;]lion to Ihe me"suj'('nJt'lIt or 

g lacier \'clocit~ u.,ingo :-'~ ll('lIiLC' image data. Remufl' Sl'II\illg Em'iroN .. 

4 2 :' ). I 77- 18(;. 
Thollla,. R. H. allcl D. R . J\ l aul\'Cal. 1982. Deri\'('cl c ha raClnislics ort he 

R os, Ice Shelf. .Intarct ica.]' Claciol .. 28 1100 . 397 -112. 

\I 'h ill ans . 1..\1. "ncl C . .1 . \ 'an (ler \ ·('ell. 1993. PallerJ1s or calcu lated 
b;] sa l drag a ll Ice Slreams Band C. .l lIlarctica.]' Glariol .. 39 133 . 
+37 -1+6. 

\I' hill"ns, I. '\1. , .\1. J ackson and Y.· I-I . T scng. 1993. \ 'cloci,,' paltern 

in a Iransec t ac ross Ice Stream B .. Inlarct ica. ]. (;I() (io/. . 39 1133 . 

562 572. 

AIS receiml 10 ,\'ol'ember /993 and accejJled 7. \ 'Ol'flllber /99-1 

262 
https://doi.org/10.3189/S0022143000016154 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016154

