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ABSTRACT. For th e first time hig h-quality co\Trage of thc ERS-I radar altimeter 
prO\'id es a very aecuratc surface topographic map co\'C rin g 80% of the Anta rcti c ice 
shee t th a t ca n contribute sig nifi cantl y to g lacio logical studi es such as ice-sheet fl o\\' 
modelling. Th e topogra phy aUO\\'s es tim a tion of th e ice-flO\\' direction, th e balance 
\'e locit y a nd the basa l shear stress. A relationship bet\\'een shea r stress, basal 
temperature a nd a parameter relat ed to stra in ra te helps in mapping the behm'iour 
anomalies or these pa ra meters. Longitudinill stress, sliding, bedrock topograph y a nd 
\'ariation in the piT-exponential fac tor or th e floll' law a re [o Llndto play a major ro le in 
the ice-(l ow pattern. This relation ca n a lso be used to estimate rheological parameters: 
th e Glen ex ponent n is fo ullclto be I fo r T< - IO -C and 3-4 for hi g her temperatures, 
where Q is found to be 70 kJ Illol I . 

I. INTRODUCTION 

I ce-shee t (low models are based on a relation describing 

th e mechanical response of ice to a n applied stress a t Cl 

gi\ 'Cn temperature. ~Ios t m odels use the sallle rel a tion 
which is based both on a power-creep law (thc "Glen" 
fl o\I' la\V ) and o n th e "shallo\I'-ice a pproxim a ti on" 

(HUlle r, 1983; ;\Iorl and, 1984) that ta kes ad \'a ntage of 

th e sma ll thi ckness to leng th ratio of the ice shee t to 

simplify th e eq uilibrium eq ua ti ons. The deri\'ed equation 
(\ ' ia IO\' , 1958 ) links the \'cr ti ca l dcri\'<\ri\'e of the 
horizontal \Tlocit)' to thc e (]'ect i\,e shea r stress T to th e 
POl\'('!' 17. T being proporti ona l to the surface slope a nd to 
th e depth in th e ice shee t. The coefTi c if'n t of th e Glen fl o\l' 

I(lW, B(T). depends on th e ice temperature T \'ia an 

Arrhenius-type relation in\'oking an actinllion energy Q. 
Alth ough th c Oow la\\' is well supported by mechan­

ical expc rim cn ts, its use in models scts a kw problems: 

I. A \Try large se t o('cmpiri ca l I'<llu es for the Ilow la\l' 

is found in the litcrature: \'alues of the Glen 

exponent n \'ary from I to 4.5, \I 'ith a mcan \'a lu e 

o f 3 (Paterson, 1994). H omer a nd Glen ( 1978 ) 
rel 'ie\l'ed 23 \'alues between +0 and 135 kJ moll, 
[or ani\'at io n encrg\' Q. 

2. nand Q seem to \'ary \\'ith tem perat ure and /o r 

strcss and /or strai n rate. 1\ qu asi-~ e\\' t on ian 

\'iscosity (n;::::: 1) is su,ggested for polar icf' \lhile 
g ra in growth occurs (Pimi ent a a nd DU\'a l. 1987 ), 

Such crecp occ urs in the first hundreds of metres a t 
th c top of th e ice shcet s. A power-law creep \I'ith 
71 = 3 is expec ted when continuo us recrystalliza­

ti on occ urs: thi s is tert iary creep. In th e inter­
mediate ice layers the results a rc uncertain. Se\'Cral 
interpreta ti o ns of ri e ld data sugges t a (l ow \\ith 
n = 3 (Pa terso n, 1983; R eeh and o th ers. 1985 ), 
whereas o thers gi\'e n frorn I to 2 (Llibo utr\' a nd 

Du \'a l, 1985; Pimient a and DLI\ 'a l, 1987 ). Further­

more , th e exac t boundary between different types 
of creep a nd th eir re lati\'e impor tance is not \TI'.\ ' 
wcll kn own . 

3. Th e piT-exponential faClor (B Il ) seems to \'ary \I'ith 
respect to th e orientatio n of c axes, to the crys tal 

struc ture, to concentra ti ons of impurity ancl /or to 

o th e r factors (Dahl-J ensen and Gundestrup , 1987; 
Budd and J acka, 1989), 

<t, The computati o na l calcu la ti o n or shear stress 
need s bo th a precise topography a nd a \\'e ll­

de~ned charac teri stic sca le. Buclcl ( 1970 ) showed 

that the long itud ina l stress \\'o uld be negligible if 
the st ress is smoo th ed O\Tr a distance of 20 times 
rhe ice thickness . Y oung a nd o th ers ( 1989 ) 
suggested an a\'eragi ng OITr a la rger scale a nd , 
using a th erm omcc hani ca l modeL Dahl-J ensen 

(1989 ) showed that longitudinal stress has th e 

sallle orde r of' magnitude as the shear stress 
C\·cT\·\I·hc rc. 
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5. Are wc looking for " the" flow law or fQr "a" fl ow 
law (All ey, 1992 )? \10re exac tly , does a general 
behavi our of th e ice deform a tion ac tua lly ex ist? 
Or, do local a noma li es such as sliding or other 
a noma li es in basa l condition represent a genera l 
trend or a particul a r case? 

The use of a precise surface topogra ph y a ppea rs to be a 
promising way to unders ta nd ice-shee t fl ow beha\· iour. 
This has been a ttempted by Yo un g a nd o thers ( 1989) a nd 

by Hamley a nd others ( 1985 ) using the topograph y 

computed by Zwally a nd others (1983). Both studi es 
ignored tempera ture effec ts a nd found a hig h value ofn for 
the \yhole data set. sing Seasat a ltimetric maps from 
R emy a nd o thers ( 1989) . R emy andl\Iinster ( 1993 ) fo und 
a va lu e of n = 1 a nd a n activation ene r gy 
Q = 70 ± 4 kJ mol lIar ice tempera ture lower than - lOoe. 

For th e first tim e, ERS-I provides a ltimetri c m easure­
ments ove r 80% of the Antarctic contin ent. Brisse t and 
Rem), (1996) explained why a nd how th ese d a ta must be 
carefull y correc ted for th e principa l errors (rc trac kin g, 
orbit and slope errors) . Th ey used an inverse technique in 

o rd er to sepa ra te th e topographic sig na l from errors. A 

m etric a posteriori error ove r distances of som e tens of 
kil o metres is ac hieved (Fig. 1). They a lso showed tha t the 
curva ture or the sma ll-sca le fea tures such as undul a ti ons, 
related to bed rock features a nd to basal cond i tions, can be 
direc tl y ma pped from the vari a tion o f back-scattered 

energy, wh ich a llows limita ti o ns from the linear a ltime tri c 
sampling to be avo id ed. 

Th e a im of thi s paper is to use this prec ise topog ra ph y 
in order to improve both o ur knowl edge of the ice-flow 
behaviour a nd the estimation of th e rh eo logiea l pa ra­

meters. \ V e fOCLIS on the a rea between 160° a nd 70° E, 
where the ice thickn ess is well documented (Drewry, 

Fig. 1. ERS- I aLlimeter topography maJ) rif Alllarclica, 
north of 82° S. Contour intervaL is 100 m. This //Zap is 
obtained b)l inversion of 3 000000 altimetric data,jrom one 
35 d ERS-J re/leat cycle (Brisset and Remy, 1996) . The 
jlowlines (Ire also disjl/a)led in the 70- /60° E sector. 
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1983) a nd located north to 81.4° S which is the ERS-I 
satellite inclination. \Ne wi ll assume a steady sta te and 
will furth er disc uss th e va lidity of such a n ass umpti on. 

11. CONSTITUTIVE RELATION AND 
COMPUTATIONAL SCHEME 

In this sec ti o n, we will se t the basic eq ua tions to be used 
in the computa tion of the main geoph ys ical pa ra meters 

involved in ice-sheet modelling. 

From the shallow-ice approximation (Hutter, 1983; 
Morlanc!, 1984) , the ice fl ow at any depth is direc ted 
a long the steepes t slope of th e s urf~\ce. The flow lines ca n 
th en be derived from th e surfaee-eleva li on map. The 
mean velocity U is est imated from th e stead y-sta te 
continuity equ a tion a ppli ed step by step between two 

now!ines, in the a rea displ ayed in Fig ure I , from th e 
rela tionship 

U(x + dx)H(x + dx) l (x + dx) = U(.'];)H (x) l (x) 

+ b(x) l(x) dx (1) 

where x is th e Oow direc ti on from the ice divide to the 
coas t a nd cl.']; is th e c urvilinea r srep, chosen as 20 km , the 
overbar designing the mea n value between x and x + dx. 
l (x) is th e di stan ce between two fl owlin es (20 km a t the 
starting point ) . This scheme takes into account th e 

conve rge nce or diverge nce of the now. Ice thi ckn ess 
H (x) is derived from Drewry ( !983 ) a nd acc umul a ti on 
rate b(x) fro m R adok a nd o thers (1987 ) . 

The " defo rmation ve loc ity" v(z) is a function of th e 
heigh t a bove ice bottom z . It is related to tem perature 

T (z) a nd basal shea r stress T(Z) throug h (Vialov, 1958) 

ov(Z)/OZ = Bo exp(Q/ RTm - Q/ RT(z)) T~t-l T~.z (Z) . 

(2) 

~" is the melting temperature at the bottom of the ice 
sheet (Tm = 273 - H / 1503, where ~n is ex pressed in K) 
a nd R is th e gas constant. Te is the effec tive stress and Txz is 
the shear stress, namcl y T = pgH ex, where p is the ice 
density, g is the accelerat ion ofgravity a nd ex is the surface 
slope in th e flowli ne di rec tion. I n th e shallow-i ce 
approximation, rhe other stress components are neglec ted 

and Te = T. To smooth the effect of longitudin a l stresses 

due to the irregular bedrock topography , the shear stress 
is calc ul a ted over a dista nce of th e order of 50 km (You ng 
a nd others, 1989) . Wc a lso avoid domes and coas ta l 
regions where shear stress may not dominate. Equation 
(2) will be numeri call y integra ted but the a nalyti ca l 
express ion o f Lliboutry ( 198 1) will a lso be used for 

qua li ta tive analysis . This slales th a t 

v / H = [Bo/(p + 2)]Tn exp(k(n - ~ll)) (3) 

where V is the ayeraged d eformati on ve loc ity of the ice 
column (V = U (Equa tion ( I)) , if there is no sliding ), 

k = Q/( RT; ), p = n - 1 + k(Go + GcI)H; n is the mean 
bottom temperature averaged over the first 5% or the 
bottom ice (which corresponds to a bout the first hundred 
metres); Go is the bottom tempera ture g radi ent, ta ken as 
0.022°C m I corresponding to a 50 m \IV m 2 geothermic 
flu x, while Gd is a flux introduced to ta ke into account the 
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Fig. 2. l\laps ajba/al/ce veloci~y (a), basal shear slress (b) , basa/lemjJeralllre (e) and bedrock IO/Jogra/J/1)1 (d), illlhe 70-
160° E sec /or. 

energy dissipation, Cd = UTb (L1iboutry, 1987 ). Equ a ti on 
(3) is not va lid if Tb reaches the melting temperature. 
Furthermore, because th e (p + 2) lerm takes into acco unt 
th e basal g radient temperature, Ba remains independen t 

or ice-column ch a rac teristi cs. If th e rh eologica l pa ra ­
meters a re consta nt within th e co lumn , th en the 
co rrela tion coe fli c ien t between mea n vcloci ty from 
Equation (3) a nd mean ve locity {i"om a num erica l 
integ rat ion 0[" Equation (2 ) is 0.9 5. Th e bOllom 
tempera ture must be es tim a ted from th e thcrmod yna mic 

eq ua ti on (L1iboutry, 1987) which, under the stead y-sta te 
ass um ption , reads 

rJ)T2/8z2 
- u8T/8x - w8T/8z 

+ T(l - z/H) /C8u/8z = O. (4) 

K, is th e th erm a l dilTusivity, C is the specifi c hea t capacity 
and w is th e vertical velocity. In this eq uation , we 
consider vertical diffusion (first term ), ho riz ontal advee­
tion (second term ), vertical ad vection (third term ) a nd 
dissipation (last te rm ) . More d eta il s ca n be f'o und in Ritz 
(1987) or R emy and M inster ( 1993) . 

For th e whole sector, we then compute U, T and 11), 
which a re m apped in Fig ure 2a, band c; this yields 13500 
d a ta points. Th e mean ve locity m a p di splays th e ex pec ted 
behav io ur with values increasing from dom e to coas t. On e 
can observe hig h local a nomali es in the converge nce zo ne 
(e.g. 72 ° S, 110° E ) or weak loca l a nomali es in the 

divergence zone (74° S or n os, 1500 E ), which shows 
th e importa nce of taking con ve rgence o r diverge nce of" th e 
flow lines into account (Equation ( I )) . Th e shear stress 
a lso shows well-known fea tures: it is less th a n 0.2 bar near 
d omes or ice di vid es a nd increases downslope to I bar. It 

a lso shows local a nomalies such as low values at th e 
Vostok " la ke" (76- 78° S, 105 0 E ) or the Astrola be " la ke" 
(70° S, 137° E), a nd high \'a lu es a t 135° E, f'or insta nce, 
which co rresponds to well-identified bedrock fea tures 

(Drewry, 1983) (see Fig . 2d ). The basal temperature 
m a p looks like th e one in Huybrechts ( 1990) : va lues are 
close to the mclting point, eith er insid e the contin en t (e.g. 
Dome C) where \'ertical ad vec lion is weak, or nea r the 
coas t where dissipation is important. 

Ill. BEHAVIOUR OF GEOPHYSICAL PARAMETERS 

a. Observations 

T o first order, Equa tion (3) shows that the parameter 

X(V / H) (p + 2) is on ly related to th e basal values or T and 
11). One ca n thus compute th e ave rage XO(TbO, TO) [or all 
th e data whose Tb a nd T a re equ a l to TbO a nd TO. 

Numerically, 11)0 is sampled in d egree bins, whereas TO is 
sa mpled by bins of'size 0.05 bar. \-Ve expect Xo(l1 )o ,To) to 
be noi sy beca use we ignore th e whole verti cal profi le 

contribution. Ne\'e rth eless, it should be representative of 
a g iven pair (TbO, TO ) to first order. For the whole data se t , 
wc ca n th en ma p th e ra ti o be tween the o bse rved local 
va lue and th e averaged one, X(n, T)/xo(l1) , T) (Fig . 3a) . 
This ratio should be seen as a n anomaly o f X \~'ith res pec t 
to th e local values of 11) and T. A strong signal of 

a mplitude 6 is displayed, meaning th a t some areas with 
the same basa l temperature and stress can be given va lues 
of X diOe rent by a factor of 6. This has a lread y been 
observed by l\ l cIntyre ( 1983) . It ca nnot be due to bad 
sa mpling; indeed , if the pair (11), T) is unique, the ra tio 
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will bc cq ua l to I. Notc a lso that c\'('n ifn, Q or E o \'a ry 
with Tor 11" the sa me pair will g ive the samc X . Such a 
strong :; igna l can no t be due to un cc rta inty on th e strcss o r 
tempera ture computation, nor can it be due to th e 

assumptions used to d e ri ve Equation (3). Ind eed, a [~lc to r 

6 sh o uld be due eith er to a \'ery stro ng e rror of 18°e in 11, 
(if Q = 6 kJ mol I ) or of 0.4 bar in stress (if' T = 0.5 a nd 
n = 3 ), a nd this is nOl rcalistic. Thi s sig nal is thus rea ll y 
sig nifi ca nt. 

The same a na lysis scheme is a pplied to th e shea r stress. 

Th e difference between the loca l st ress and the average 

shear stress co rresponding to thc loca l valucs of X and 11, 
is displayed on Figure 3b. The differences may reach 
0.25 bar a nd arc thus signili canL. The most remarkab le 
p a tte rn is th e a lternati o n of pos iti vc a nd nega tive bands 

in the ac ross direnion of th e ice no\\', sugges ting that the 

long itudina l stress g rad ien t is still present. 

Finally , th e sa me scheme is a lso a ppli ed to tempera­
ture. In Fig ure 3c, the pattern looks like the 11, pattern 
(Fig. 2c ): this means th at ()!' a g i\ 'Cn (\. . T) a n y \'alue or 
11, ca n bc found; thc il\ 'e raged \'alue is ncithe r signifi ca nt 

nor representa ti\ 'C of a g i\'en (X, T). First, tem pera ture 

profiles a re mostly con trolled by other parameters: for 

instance, as a lready melllioncd, \\'arm temperatures can 
be round bOlh in th e ccntra l pa rt where \'Crtical ach 'ection 
is weak a nd in th e coasta l regions where dissipation is 
important. Secondly. th e \'Clocity and th e :.\ dependence 

on temper a tu re is relati\ 'c1y weak: far T/, = 3 a nd 

T = 0.5 bar (a typical mean \'alu e) , a st ress \'ar iation of 

0.1 bar lead s to a change by a factor of2 in th e es tim a te of 
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th e velocity, wh crcas the tempcrature must vary by Gce 
lO produce thc same e ffc c t 1'0 1' il 60 kJ m ol I acti\'ation 
energy. Thc g rea t sens itivity on th e stress component 
d ecreases th e temperature crfect. 1\s a conseq uence. 

tempera ture c10es not play a n importa nt numerica l role, 

as a lready sugges ted by Young a nd others ( 1989). 

h. Dis cussion 

\Ve a re loo king both fo r a long-\\'a\'e!ength mec han ism 

(sce th e g radi ent between interi o r a nd coas t on Figure 3a ) 

a nd for a medium-ra nge wavelength (sec alternati\'e 
bands on Figun' 3b ). Therc a rc threc main exp lana tions 
1'01' th ese discrepancies: I. Somc e rroneo us ass umptions 
ha\'(' a ffec ted th e fl ow-l aw parameters es timation; 2. \ Vc 

efTceti\ 'Cly omit some pa rticular physical processes acting 

on ice no\\' (see point 5 in th e introduction ); 3. An 

ex ternal para meter has a sys temat ic efleet on E o, Q or n. 
\\ 'e no\\' exam ine the impac t or th ese mcchanisms on th c 
est im a ti on or th e difkrent geo ph ysica l parameters. 

I . r'et oci~)' 
Sliding may play a major role, decreasing the est imate of 

the deformation \'Clocity (U (Equation ( I )) > V (Equ a­
ti on (3))) . Sliding or any o th e r ca usc o r loca l \'C locit)' 
cn ha ncemc nt crea tes a positi\'(' a nomaly on :.\.(\ (11,. T)/ 
Ao(l1,. T) > 1) a nd a nega ti\,(, o ne o n T. This is indeed 
what we obse n 'e nea r th e o utl et g laciers (see a t 76 S or 

80 ' S, 150 E or nea r la kes (see Astro labe la ke, 69 S, 

137 E; or \ 'os ta k la ke, 77" S, 105 E ). 
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2, BN/rork 
'1'he prese nce 0(' th e bedrock (Fig, 2c1 ) a lso pl a ys a rol e in 

th e beh m 'io ur of ice fl o w, If b asal ice m eets a bedrock 

o bstacle, its fl o ll' direc ti on m ay no t be in th e surface-flo w 

direc ti o n , so th a t th e computed ba la nce \ ,(, Iocit y is 
o \'C res tim a ted (Equati o n ( 1)) , whil e th e lrue dcfc) rmali o n 
\'C loc ity is d ec reased, Bedrock c hannels (fo r in sta nce, nea r 

72 S, 108 E) o r along 145 0 E (sec Fig , 2d )) c rea te basa l 

cO l1\'e rgence zones, This wo uld induce pos iti ve a nom a li es 

o n \ a nd nega ti\ 'e stress a no m a li es , 

3, Slres,l 

Th e acc uracy o f th e a ltim etri c topograph y is subme tri c 

wh en th e surface slo pe is \I'eak but m ay o nl y be o f th e 

o rd er o f 5 m when th e surface slo pe is steeper. Thus, in th e 

centra l pa rt o r i\llla rc ti ca, fo r a 3000 m thi c kn ess a nd a 
slo pe es tim a ted o \ '(' r a 20 km c ha rac teristi c leng th sca le, 
th e acc uracy o r th e re tri e\'ed s tress is 0 ,0 15 ba r , wh ereas it 

is o nl y 0,33 ba r a t a lower a ltitude a nd a 1500 m 

thi c kn ess , If o ne assumes a 100 m erro r bar on th e icc 

thi c kn ess, th e sam e o rd er o r acc uracy is rea c hed o n th e 

s tress, No ti ce th a t since th e acc uracy or th e ERS-I 

a ltime tri c topogra ph y is a bo ut te n tim es be ller th a n th e 

acc uracy o f' pre \ 'io us m a ps, it is th e firs t time th a t such 
a no m a li es ha \ '(' bee n m a pped lI'ith co nfid e nce , 

A n impo rt a nt source o f e rro r is th e sha ll o w-i ce 

a pprox im a ti o n : (To ma y no t be equ a l to T), This is 

pro ba bl y th e m ec ha ni sm th a t produces th e al ong -slo pe 

a lte rn a ti ve sig na l (Fig , 3 b ) , with a 100- 200 km lI'a\'(' ­
le ngth , ir suc h stress ca n be tra nsmill ed O\'C r di s ta nces 
la rge r th a n 200 km, Po int 4 m e nti o ned in th e introdu c­

ti o n is th en tru e: lo ngitudin a l s trcss must be take n into 

account, e \T n lI'hen \I'O!' king a t a 50 km sca le. as is d o ne in 

thi s pa per. 
:\s liT ha\'(' a lread y m enti o ned , a loca l e nh a nce m enl 

o r th e fl ow \ '(' Iocil ), (beca use o f' sliding, fo r insta nce ) w ill 
redu ce th e loca l shea r stress. A firs t possible ex plana ti o n is 

th a t, in o rd er to compe nsa te ro r ice-flo w \ 'a ri a ti o n , a 

nega tive a no m a ly o n T is surro und ed b y bo th a n upslo pe 

a nd a dO ll'nslo pe positive a no m a ly (sce, fa r ins ta nce , nea r 

th e V osLO k " lake" ) , A second poss ible ex pla na ti on is th a t 
a loca l cnh a nc(:'m(:' nt o r ve loc it y lI'ill d rag <\II'ay upslo pc 
ice ex le nsio n ) a nd push ice dOll'n \ co m press io n ) , a lso 

lead in g to bo th upslo pe a nd d Oll' nslo pe s tress a no m a li es , 

Th e sa m e ph enom eno n is tru e in th e case o f bedroc k 

prese nce a nd thus leads to th e sa m e a ltern at ive stru c ture , 

Fig ure 3d di splays th e ho ri zo nt a l upslo pe g radi e nt o f' 
th e shea r stress : o ne can o bse r\'(' th e sa m e ac ross-slo pe 
a lt e rn a te ba nd s rel a ted to th e a no m a li es , It s(:'e ms as 

th o ug h s tress undula ti o ns o r 200 km \I'a\'c1 e ng th a rc 

typica l feat ures of Anta rc ti c ice fl o ll' . This suppo rt s th e 

second ex pl a na ti o n , Firs t. th e \I'aI 'e leng th s a rc reg ul a r: b y 

smoo thin g th e stra in . lo ng itud in a l s tress ma\' pre\ 'ent a 
sma ll-scal e sig na l. Secondl y. thi s efrec l is too [i'Cqu ent to 
1)(' due to loca l sliding o nl y a nd it is lhus pro ba bl >' du e to 

o th er ca uses. 

Fin a ll y, if lo ng itudina l s tress pl ays a ro le at a sm a ll 

scale , o nc ca n wo nd e r wh e th e r th e la rge-sca le beha \ 'io ur 

o r lo ng itudin a l stress a lso contribules to th e la rge-sca le .\ 
s ig na l. W c will di sc uss thi s f'urth e r. 

.-f., T elll/N'm/llre 

Th e prima ry cause of e rro r in 7\, is th e stead y ass umpti o n 

Rell~J' ({lid olhen : Ice-sheelfioll'je({l lI res ({lid r/ie%gi[([/ jJ({J'{{lI7elfl'.l 

lI'hi c h is erro neo us (Hu ybrechts a nd Oerl em ans. 1988 ' 

Th e inte ri o r regio ns a rc pro ba bl y st ill \I'arming as a 

co nseq uence oC th e las t clim a ti c lI'a rming , \I 'hile th e 

coasta l regio ns a rc a lread y sta ble. Th e tru e int eri o r 
tempera ture. ro r insta nce a t V osLO k, sho uld th e n be co ld er 
b y 2 o r 3 c: th a n th e computcd o ne ( Ril z, 1992 ), leadin g 
to a rcdu c ti o n in th e ve loc it y b y 30%. A second ca use o f' 

e r ro r in 7\, li es in th e computa ti o n o r th e di ssipa tion term . 

Close to th e ice-co lumn base. thi s te rm increases stro ng ly 

a nd th e nume ri ca l di sc re ti za ti o n co uld be ina d eq u a te to 
descr ibe th t' rap id \'a ri a ti o n, Thi s lI' ill a ffect th e 
tem pera ture in p ropo rti o n lO bo th the basa l \ 'e locit y 

a nd th e shea r Slress , By redu c in g th e dee pe r-t em pe ra ture 

g ri d size b y a f~l c t o r 2 o r m o re, th e max ima l difTe rence o n 

th e basa l tempera ture o nl y reaches I .S c:. 
At las t. a third cause o f' e r ro r in 11, is th e un certa inty or 

th e gco th e l'm a l flu x \ 'a lue , Thi s raC lOr pl ays a role II'he re 

th e geo th e rm a l nu x is d o min a nt , c.g. in th e inte ri o r. 
Ass umin g a 55 m\\' m 2 geo th e rm a l nu x instead o r a 

50 m\\' m 2 onc e nh a nces th e tem pera ture u p to SCC in 

th e inte ri o r regio ns. 

This las t effec t is th e d o mina nt o nc, Th e o bse l'\'ed 

ra ti o \ (11). T) / \0(1I, . T) is 10 11'(' 1' th a n I in th e interi o r 
regio n , suggcsting co lde r tempera tures (o r lhese regio ns o r 

a sm a ll er geo th erm a l nu x, II-hi ch docs no t see m to be th e 

case ( Ritz, 1989) , Alth o ug h th ese e ffec ts wo uld a lte r th e 

la rge-sca le basa l tempera ture, th ey ca nn o t expl a in th e 

w ho le la rge-sca le sig na l. 

5. Tltirkllf.lj 
An in co rrect es tim a te o f thi s parame ter induces c umul a ­

li\ '(' undesira bl e effec ts a t each s tep in th e computa ti o n 

p rocess. Fo r ins ta nce , fro m ra di o-ec ho-so un d ing o bse l'\'a­

ti OIlS, R o bin a nd :'Jill a r ( 1982 ) sugges ted th a t w c 

so m e tim es o \ 'e res tim a te th e ac tin.' p a n of th e ice 
thi c kn ess, Let us ass um e th a t th e 10°;', basa l-i ce laye r 
d oes no t play an y ro le in icc fl ow, Th en , th e continuit y 

equati o n !Equ a ti o n ( I )) will lead to underes tim a tes o f'th e 

m ea n \T locity b y 10% a nd X \"ill be und eres tim a ted b y 

20% . In contras t , th e d efo rm a ti o n \ 'C locit )' \I' i11 be 

overes tim a ted b y 30 % ir 11 = 3. Th e rc lI'ill thus be a n 
addili o na l 50 % disagrecm e nt \)e tll'Cc n th e m ea n \ 'e loc il\' 
and th e d e fo rm a ti o n \' e1ocit y. This ph e nom eno n p rodu ces 

a nega ti\ 'e a no m a ly o n \ o r a pos iti \'(' o ne o n T, as IS 

o bscn 'Cd a t 73.5" S, 10+ E lI'here the bed rock sholl's a 
d epressio n (Fig, 2d ) . 

6. El/el'll({/ /){I /'{/lIIeler ({clilli!, Oil Bo, Q or I! 

As a lread y m e nti o ned , th e pre-cx po nc nti a l B o f ~l cto r 

secm s to \ 'a r )' w ith res pec t to th e o ri e nta ti o n o r c axes , to 

crys ta l stru ct ure a nd to th e co ncent ra ti o n o f im puriti es. 

For in s ta ncc , fro m rad io-ec ho -sounding o bsen'a ti o ns. 

R o bin a nd i\lill a r 1982 ) sugges ted th a t ice gra ins a rc 
d e pos il ed w ith ra ndom c rys la l o ri e nta ti o n a t centres of' 
o Ulfl o ll' , As th e fl ail' in creases, a s tro ng ly o l'ic nted fab ri c 

d evelo ps, w hi c h e nh a nces th e fl o ll' in its lurn (Pimi e l1 ta 

a nd Du\'a l, 1987 ), The ra hri c d n'C lo ps a way fro m th e 

d o m e , Th e e nh a n cem ent rac lo r is ro ug hl y he t\I'ce n 2 
a nd 10 (, \J\ ey, 1992 ) ro r a I % s tra in , This m cc ha ni sm is 
thus q ua lit <t li\ 'e1 y in good ag rce m c nt w ilh th e A la rge ­

sca le a no m a ly m a p but t he lac k o r basa l-f:Ol bri c es tim a ­

ti o ns pre \ '(' nts us fro m und e rt aki ng a m ore compl e te 

stud \" 
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Fig , 4. Glell exjJollent n value and In(Bo) + k'r." value 
with res/Jeet to basal temjJerature. Small/Joints (ue direct()! 
obtained ]ram regression oj Equation (5). Tlte Linear 

behaviour dln( Bo) + kn suggests that Ba alld k or Q 
are constant with temperatllre, The jilled straight line then 
gives k = 0.11 or Q = 70 k] 1I10L 1; lhe OIJelI circles are 
obtained b,.JI integrating Equation (2) and assuming Bo 
and Q COlls/allt. 

IV. BEHAVIOUR OF RHEOLOGICAL PARAMETERS 

a. E s titnation of te:rnperature-dependence 

Equation (3) can also be written as 

In((V / H )(p + 2)) = In (Bo) + k'r.,) + nln( T) (5) 

where'r." includes Tm ('r." = Tb - T,,,). The la rge d ensity 
of data a ll ows us to sample the temperature va riabl e a t a 

I ° rate . W e th en ge t from 800 to 1000 d ata points for each 
basal-tempera ture samp le fro m 0° to - lOoe a nd aro und 
500 data points for each co ld er temperature sample. 
]\10reo\'e r, the stress values arc well distributed at each 
temperature leveL For each 1)0 value , o ne can ca lcul a te 
n(Tbo) a nd In(Bo) + k1)o using a linea r regression. Bot h 
va lues ex hibit a temperature-dependence (Fig , 4 ) . 
InBo + kTno in creases linearly with basal temperature 
1)0; the linear regression coe ffi c ient is 0,115, leadin g to 
k = 0.115 or to a 70 kJ mol I act i\'a tion energy, as a lready 
found by R emy a nd Minster ( 1993 ); this corresponds to 
the cl assical va lue used in models. Note th a t Bo a nd Q 
m ay va ry toge th er , leading to a more complex tempera­

ture fun cti o n but Figure 4 suggests that the \'aria tions a re 
roughly compensated . The ind ex n a lso varies wit h 
temperat ure; it is a round I for temperatures lower than 

100e a nd increases with tempera ture. 
rf n va ri es with tem perature, Lliboutry's ( 198 1) 

a nalytical exp ression (Equation (3)) may be unsa tisfac­

tory a nd Equation (2 ) must th en be num erica ll y 
integra ted, By looking a t Figure 4, one can ass um e that 
n ~ 1 Jor temperatures co ld er than - IOoe a nd tha t Ba 
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and Q are constant. Beca use the basa l temperature is the 
warmest onc in the column , we selec ted data points from 
increasing basa l tempera ture , a t a 1° ra te. \ Ve then 
looked for the bes t fit for n(T) , sample by sample, from 
the co lder basa l- tempera ture sample to the warmer o ne. 
The new n(t) values increase to 3 for temperatures fro m 

- 10° to - 4°e and up to 4,5 for wa rmer temperatures (see 
Fig, 4 ) , These va lues a re in good agreement with o ther 
estima ti ons (see point 2 of th e introduction) . 

h. Behaviour of rheological para:rneters against the 
X large-scale signal 

In order to und erstand the origin of th e la rge-sca le sig na l 
a nd /or i ls effec t o n the re tri eva l o f rh e rheo logica l 
pa rameters, we separate the d a ta set into two sub-se ts 
defined by X(Tb , T) /XO(1)" T) > I or < I ; then wc look for 
the behav iour of Equa tion (5) with temperature. V a ria ­

tions of nand k va lues (k is til e slope of th e term 
In (Bo) + k1), ) with tempera ture a re identi ca l for the two 
sub-se ts, whereas Ba (the co nstant term of In(B o) + 1,;1) ) 
values differ by a factor 0[,3 (Fig, 5) , This sugges ts th a t 
the retr ie\'Cl l of nand k (or Q) is not a ffec ted by this la rge­

sca le signal. This a lso sugges ts that the X la rge-sca le trend 

is mos tl y due to variation of the pre-exponentia l factor Bo 
(see point 3 0[' th e introduction ) . As a matter of fact , a 
sig nifi ca nt sig nal o f long itudinal stress wou ld a ffec t the 
es t imat ion of the Glen exponent because the efTec ti\'e 
shear stress includ es both the shea r stress a nd th e 

longitudinal stress. In the same way, a signifi can t no n­
steady-sta te sig nal or a wrong temperature calc ula ti on 
wo uld a ffect the estimate o f Q. 

4.0 
....-

.0 ..-
2.0 ---C o 

Q ~ 0 

o 
o 13 ~ 

~ 0 0 
o 0 

0.0 .-...... - .... --.--.--------.--... ---.--.-------.-. 
.0 ..-

.::s:. 
-2.0 + 

....-
0 

(!) --- -4.0 c 

-15.0 -10.0 -5.0 0.0 

Basal temperature (QC) 

Fig . .5, The same as Figure 4 f01 X(Tb , T)/Xo(1) , T) 
> 1 (sma!! o/Jell circles) 01' < 1 (Large a/Jell circles). n 
a/ld k are identical: this suggests that the X la/ge-scaLe 
sigllal ( Fig , 2a) is relateel to Bo l'Griatiolls. and that n 
and k retrieval is IlOt (weeled by this sigllal, 
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CONCLUSION 

From th e ve ry acc ura te surface topogra ph y of th e 

Antarcti c ice shee t d educed from inversion of ER S- l 
a ltim eter d a ta, we can determine th e ice-now direction , 
th e ba la nce ve loc i ty a nd th e basa l shea r stress . The 
Vi a lo\' ( 1958 ) equ a ti on a nd Lliboutry's (1981) ass ump­
tion yield a rela tion linking the three followin g geoph y­

sica l pa ram eters: (V / H)(p + 2) (where p includ es ice­

co l u mn cha rac teristi cs a nd tem pera ture profile), shear 
stress T a nd basal tempera ture 1\). lf one ass um es th a t th e 
rh eo logical pa ra me ters n, Q a nd B a onl y vary with one of 
these three geophysica l pa rameters, thi s rela ti o n a ll ows us 
to ma p th e beh a \'iour a nom ali es o[ each geo ph ysical 

pa ra me ter. 
Seve ral medium-sca le a nom ali es a fTect the shea r-stress 

map. Th e medium -sca le a nom a li es a re mos tl y ex pla in ed 
by the longitudinal stress, whi ch ca n be du e either to 
sliding or bedrock presence a nd which shows elTec ts on a 
100- 200 km scale. This longi tudinal stress must then be 
ta ken into account in the ice-flow mod elling . 

A s tro n g la rge -sca le a nom a ly is o bse n 'ed in 
(V / H ) (p + 2) : it seems to be mos tly due to a va ri a tion 
in Bo but it certa inl y is parti a ll y a fTec ted by th e poor 
kn ow ledge of the geo th erma l flu x a nd by the large-sca le 
longi tudinal stress signal. 

Fin a ll y, o ne ca n sho w th a t th e Gl en ex po ne nt 
increases from I [or tempera ture below - lOoC to 3- 4 for 
higher tempera tures. The behav iour of th e Arrh enius 
rela ti on with res pec t to tempera ture sugges ts th a t the 
values of B a a nd of Q (Q = 70 kJ mol I) d o no t depend 
on tempera ture. 

Th e a bove results obtained with the help of the first 
glo ba l a nd acc ura te surface topogra phy of Anta rc tica 
prove th e power o f th e a pproac h. A next step should be 
th e dircc t assimil a tion o f a ltimctri c d a ta into ice-flow 
models . 
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