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Antarctic topography and kilom.etre-scale roughness de
rived from. ERS-l altim.etry 
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UMR 39/GRGS ( C "vRS- C'. \ ES) 18 av. Edouard Belin , 31055 TouLouse Cede.\ , France 

ABSTRACT. Th e ERS-I sa tellite has delivered a ltimetri c data sin ce 1992, 
ena bling us to m a p mos t oC the Antarctic ice-sheet topogra ph y south to 82° S with 
better p recision th a n a ll pre\' io us techniques . An algorithm has been de\'C lo ped such 
tha t th e accuracy of the height data reac hes the sub-metre le\'e l. As a first step, a n 
in ve rse method has been des ig ned to ma p the la rge-sca le g lobal to pogra ph y, which is 
of interes t to the stud y of th e ice-shee t now d ynamics . As a second step, an ad a pted 
inve rse a lgori thm displays prec isely the shol'l-sca le und ula ti ons \\'hi ch a re controlled 
by the bedrock below the ice. Fin a lly, varia ti ons in the bac k-sca tt ered a ltime tri c signa l 
a llow us to m a p direc tl y th e ki lometre-sca le ro ug hness th a t is rel a ted to th e basal-flow 
conditions. Toge th er, th ese maps constitute a n importa nt d a ta base fQr modelling th e 
ice shee t. 

INTRODUCTION 

Th e ice-shee t topograp hy p lays a n impor ta nt role in iee
sheet-[J o\\' studi es. On th e one ha nd , la rge-scale topo
grap hy controls [J ow direc tions a nd its acc ura te m a pping 
may a llow us to d erive ba la nce veloc ity oC ice sheets. On 

the o ther ha nd , the knowledge o f the topographic slope 
a nd of the ice thi ckn ess a llows a n es tima te of the basa l 
shear stress whi ch is rela ted to th e d eform a ti ona l veloe ity 
of the ice . 

Th e bes t way to o bta in a g lo ba l a nd prec ise 
topog ra ph y of ice shee ts is by sa tellite a lt imetry. Its 

coverage and precision a ll ow us to improve o ur knowl
edge of ice-shee t [J ow; for example, a few a tt empts have 
been mad e to es tim a te rh eologica l para m eters, the G len 
[Jow-Ia w ex ponent n a nd the ac ti va ti on energy Q (Yo ung 
a nd o thers, 1989; R em y a nd Minster, 1993 ). The la tter 
demonstra tes the role of the topogra ph y in such studi es. 

Using a precise alt imetri c topogra phy deduced from 
Seasa t, they found n = I a nd Q = 70 kJ mol I for tem
pera tures lower th a n 10°C , but using ea rl ier ma ps 
(Drewry, 1983 ) they found n = 1.8 a nd Q = 30 kJ mol I 

for th e same cond itions. For a typical va lue of stress of 
0 .5 ba r, th is leads to a diITerence of 40% between 

estimates of deform a tion velocity. Moreover, sa tell ite 
a ltimetry provid es tim e se ries th a t co ul d yield es tim a tes 
for lo ng-term o r seasona l va ria ti ons in ice-shee t elevat ion . 
Zwa ll y and o thers (1989) measured a mea n increase in 
the south ern Greenland ice shee t of 23 cm yea r I, using 
Geosa t a nd Seasa t a l timeter d a ta , while And ersen (1994) 

ex trac ted a n a nnua l sig na l of mean amplitude of 40 cm 
over Greenla nd from the a na lysis of ERS- I prelimin a ry 
d a ta. 

Sate ll ite a lt imetry a lso a ll ows us to map short
wa veleng th fea tures o n ice shee ts such as undu la ti ons 
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(A = 20 km ) . The presence o f these shorHva \'elength 
fea tures has been a ttributed to the process of ice nowing 
over a n irregula r bedrock (Budd , 1970 ; Hutter a nd 
o thers, 198 1) a nd it ap pears th a t in places th ey a re a 
direc t refl ec ti on of the basa l to pogra ph y. Th eir occur
rence is a lso linked with basal condit ions: wh ereas these 

fea tures a re enha nced in a reas of high fri c ti on , the 
presence o f subglacia l la kes suppresses them (R id ley a nd 
o th ers, 1993 ) . Amplitud e a nd waveleng th of such fea tures 
can be direc tl y es tima ted by using sate lli te a ltimetry. 

Nevertheless, a lt imetri c m a ppi ng for ice-sheet d y
na mics presents some diffi cu lties. F irst, it is importa nt to 

co rrec t the d a ta for instrumenta l, orbit a nd surface slope
indu ced erro rs. Am ong other things, we wi ll see in th e 
nex t sec ti on tha t, with insufTi cient ca re in the a ltimetric 
trea tment , erro rs ca n induce a g lobal und erestimation of 
th e surface slope. Secondly, th e distribut ion of a ltimetric 
d a ta is no t homoge neous (350 m sepa ra tion a long trac k, 

seve ra l kil ometres between tracks), lead ing to distortions 
in the m a p of undu la tions. To prevent th is, wc must 
ex tra pola te ca refull y he ig h t meas urements in th e ac ross
trac k d irec ti o ns: the il1\ 'e rse me thod , that wi ll be 
d esc ribed la ter, partia ll y corrects this eITec!. Fina ll y, the 
height measurement is derived from a bea m with a 

foo tprint of seve ral ki lometres a nd is thus d istorted by the 

sam e sca le topogra phi c features (W ing ha m , 1995 ). A 
direc t a na lys is of the radar-a ltimeter wave-form echoes 
will provid e a n ind ependent es tima tion. 

AL TIMETRIC PROCESSING 

We used the E R S-1 35 d repeat cycle waveform a lt imeter 
p rod uct (W AP), deli ve red by th e UK- Process ing and 
Arch i\'ing Fac il ity ( UK -PAF) . 
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Fig. I. Global cOl'eulge oJ Ihe ERS-I ice-iliadI' allillleler 
dala ( c)'cle 88) . Each dOl rejJresenls 100 lI1eaJllrelllellls oJ 
heighl. The {/l'erage densi{J' varies ji'oll/ 0.2 data km :! al 
68" S /0 6 data km :! a/ Bl.!!' S. The wors/-col'ned zones 
are Iow/I'd Ilear the coast, where there are rock oll/erol).>. 

Among o ther instruments, the ERS-I payload com

prises an a ltime te r working with two operational m odes, 

designed to opera te \\"ell O\'er both the ocea n a nd th e 
cont inenta l ice . It CO\ 'e rs a ll lat itud es up to ±81.+0, 
whereas Geosat a nd Seasat , its predecessors , \\T1T Iimi ted 
to ± 72 .1 . ERS-I therefore a ll o\\'5 a g loba l a nd sy no ptic 
con tro l of most of Greenl a nd and 80% of Antarctica. 

In thi s paper, we have processed al l d a ta collec ted 

during th e 88th 35 d repeat cycle, a n ice-mode cycle in 
O ctober 1992, a nd th e whole 89th repea t cyc le \\'hi ch was 
an ocea n-mode cycle in November 1992 . Th e ice-mod e 
trac king is devoted to th e trac king of stee p topograph y 
a nd a ll ows comple te coyerage of Antarctica; while ocean

mod e trac king, ha \'ing a 4 times hi g her ba nd \\'idth, is 

more acc ura te but loses track close to th e ma rgins. Th e 

mixing of both data se ts prov id es a good compromise: ice 
mode fo r la rge-scale and globa l a na lys is and ocean mode 
fo r precise a nd shor t-sca le ana lys is. [n order to ensure 
maximum cove rage, by minimi zing seaso na l e freets, some 

mi ss ing trac ks 0 (" th e 89th cyc le were rep laced b y th e same 

tracks fi'om neig hbouring ocean cyc les (83rd, 85th and 
87th ) . The instrument delivers 20 wave form s per second , 
o r e\ 'ery 350 m a long trac k, eac h \V3\T form being th e 
time se ri es of sam ples of integra ted echo pO\\'er rece i\'ed 

by th e a ltime ter. This prO\'ides about 3 x 106 height 

meas uremen ts on each complete cycle (Fig , I ) , These ra \\' 

d a ta must be processed and co rrec ted fo r ma ny instru
menta l a nd ph ysical effects. Onl y geo ph ys ica l eOec ts wil l 
be di sc ussed here. 

Dry tropospheric error 

Th e interac tion of the tra\T lling wave with th e dry 
troposphere creates a propaga ti on de lay . The resulting 

BriJ>el alld Rell~l': .i. lllarclir lo/)ograjJ/~) ' alld kilolllelre-scale rOllglilll'sJ 

error is corrected using a theoret ica l formula deri\'Cd from 

Saastromoinen 1972 ): 

COT - ') ') X 10- O.O()0061t 
t ropo - ..... -

\\'here h is th e local ice-she('t a ltitud e. This correct io n, 

COl'lropo, is add ed to th e a ltitud e es tim ate , 

Retracking 

This co rrcct io n ra kes into accou nt un ce rta inti es cluc lO 

the characte ri st ics of the o nboard tracke r. first , th e 

onboard tracker is opt imi zcd for oceanic surfaces and is 

not ah le to keep th e \\'<1\'e forlll returned by a n undulat ing 
su rf:lce in the m iddle of its rccci\'i ng w i ndo\\·. Second"', 
on C' can correct th e heig ht est im at ion fo r th e penetration 
of th e racl a r wave in to th e sno\\·-pack. \\ 'e Illust, howe\'er, 

not ig nore the fact that a n a ltilll e tri c heig ht rep resents an 

3\'Craged measuremem O\'(' r a radar foo tprint of kilo

metre-scale radius, 
The retracking used here is ca ll ed elf relrackillg and 

cons ists of Jilting an erro r-fun ct ion so lution lO the radar
re fT ected wa\'l' form sam pled on 6+ ga tes, using a least 
squares method (personal comm unicat ion from F. R em y 

a nd ot he rs, 1996) . By thi s Ill e thod , \\'(' determine the 

middle of th e lead ing edge o f the re turn ed pulse, 
compared lO the middle o f th e rece iving window th a t 
rep resents the measu remen t g i\'C n b y th e trac ker, a nd 
offse ts th e induced erro r. Th e to ta l ret urn ed energy is 

then es timated as th e integra l of th e returned a nd 

retrac ked pulse (it is then co rrec ted fo r th e trac kin g 

erro r ) . 

Orbit error 

Th is efTec t requires ca reful trea tment for two reasons, Tt is 
th e dominant error in th e interi o r of th e contin ent , whe re 

slopes a rc sma ll a nd th e res ulting e rrors a rc neg li g ible. 
Secondly, it ge ts a \'e ry long-wa\'Clength signal and ca n 
a ppea r in th e topographic Illap ( ~razzega, 1986). 

Th e geoloca tion of the sa tellit e \\'as obta ined from the 
German Process ing and Archi\'ing F ac ility (D-PAF) 

prec ise o rbit. This prod uc t conta ins the sa tellite position 

a t a 20 s ra te, which has to be int e rpola ted in a Cartes ia n 

gcoce n tri c re fe ren ce frame. \\' i th i n o u r tes t reg io n 
( la titud e below 68° S, lo ng itud e be twee n 80 0 a nd 
1.')0° E ), th e r.m. s. of c ross-ove r diffe rences be twee n 
asce nding and d escending passes d ec reases from 1.5 m 

with raw geo location to 80 cm with o ur re-interpol a ted 

orbit. This \'a lue is th e res ult of non-reprodu cibl e errors, 

inc luding o rbit e rro r, \\ 'e t tropospheri c error and instru
menta l noise, and it is inclcpend en t of slope error, whieh is 
d epend en t on slope geometry. It is unwise to compa re 
these 80 cm r.m. s. with the 6.8 m found b y Ba mber 

( 1994 ), because th e la tter ma p \\'as obta in ed using th e fas t 

d e li\-ery a ltimeter data , with a 7 km a long-tra ck sa mpling 
a nd with o ut re tracking . The orb it error is genera lly a few 
d ec im etres but reaches metre leve l fo r se\'e ral trac ks and is 
we ll co rrec ted within our il1\ 'e rsc a lgo rithm. 

Slope error 

This e rro r is due to th e shift of the re fT ec ting point of th e 
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radar wave o n th e ice sUI"face , in the upslope direction, 
Bdore propos ing a correction for thi s error, le t us briefl y 
reca ll its characte ristics, sin ee it is the mos t critical for our 
study, First, it is domin a nt , except nea r the domes wh ere 

th e slopes a re less th a n lm km I, Seco ndly , it is difTi cult to 

correct with a single tr ac k, beca use we hav e no 
informa ti on on the slopc in th e across-track direc ti on, 
Thirdly , thi s crror not o nly depends on th e surfacc slope 
of th e reflcc ting s urf~lce but a lso on th e curn lture (R em y 
and others, 1989): i[ f(x) is th e true topography along th e 

upslope direc tion and g(x) is the apparent one, "seen " by 

the sa tellit e, then wc can writ e, to second order, 

, H f'(.r;) 
o9(x) = f (x) +"2 1 - H 1"(,1') (1) 

where H is the sa tellite height , a lmost 800 km , 1'(x) a nd 

fl/ (x), respec tively, wha t \IT ca ll surface slope and surface 
cUr\'a ture, represent th e first a nd second d eri\'a tives or th e 
topography with dista n ce in th e upslope di rec tion , f'1/( ;}') 
is supposcd to be negli g ible, 

The res idual error is always positive a nd is about 

40 cm [or a slope o[ I m km I bu tit reaches 1,6 m [or a 

slope of 2 m km I, as [ou nd t ypi call y wi th i n t he con ti nen t 
and 10 m for a slope of 5 III km I, 

Using Equ a ti on ( I ), we can see th a t th e apparent 
slope 09'('7.:) IS, to second order, 

, l' (.'r:) 
9 (,7.:) = 1 - Hf" (x) (2) 

H one does no t ta ke th e curvature fl/(x) into acco unt , 
th e residual e rror on th e slope g'(x) is a bout O,lf' (x) fo r a 

typi ca l cur\'a ture \'a lue of 10 7 In I, ~Ioreo\'er, because of 

the near-parabolic shape of th e Antarctic ice shee t , slo pe 
a nd Curnll UI"C are geograp hica lly linked, a poor slo pe 
co rrection will cause a ge nera l und erestimation of the 
d eri\'ed slope, and thus a n underes timatio n o[the derivcd 
shear stress , 

Our method consists of compu ting th e exac t surface by 

fittin g th e two-dimensiona l ap pa rent topography with a 
biqu adrati c [o rm, Slope a nd cun'ature parameters a )'c 
th en determinedlVith nin e ne ig hbo urin g g rid points, The 
deri\'ation of Equation (2) leads to 

" f"(x) 
9 (x) = 1 - Hf" (,T) (3) 

so that 

1/ o9"(x) 
f (x) = 1 + Ho9" (x) (4) 

Equations ( I ), (2) a nd (4 ) then lead to 

H 09'('1') 
f(,J;) = 09(,7') -"2 1 + Hyl/ (,r) (5) 

This tec hniqu e has th e ad\-an tage of being easy to 

impl em ent. Onc can no te that \I-hen f"(x) = 1/ H, 
Equation ( I ) is unbo undcd, Ind eed, in such a case, th e 
cUJ'\ 'at ure is too importa nt a nd th e first re turn of th e 
rad ar W<1\'C has not been refl ec ted by the bot tom o[ th e 
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undulation, The d e terminat ion of topography is actually 
limited to this curvature \'alue_ Fortuna te ly, in Antarc
tica , the cur\ 'atulT of" thc topog raphy does not reach thi s 
critical \'alue, except nea r the coast. 

MAPPING THE TOPOGRAPHY AND SURFACE 
SLOPE USING A TOTAL INVERSE METHOD 

At this stage o f" processing, th e a ltimetri c data ha\'C been 

inte rpolated with a prec ise orbit a nd corrected for 

instrum enta l, a tmosph eri c and tracking errors, Any 
residual errors still remaining a rc within th e 80 cm 
Lm,s, (TOss-o\'er error. In order to redu ce thi s remaind er 
e rro r, \I'C compute th c topogra phy \I'ith a tota l il1\'C rse 
technique, d e\'eloped for ocean mapping with altimetric 

d a ta (l\lazzega and H o ury, 1989) and adapted for ice

shee t m ap ping (R em ), and others, 1989), Each term of 
th e error budge t is taken into acco unt (except slope error 
\I'hich is correc ted a t las t) , by d escribing its sta ti s ti cs in 
terms of th e cO\'a ri a nce fun c tion and th e d eco rre la ti on 

length, The height sign a l wc are seeking is mod ell ed with 

a G a uss ia n fun c tion , defin ed by its max imum value that 

we ca ll \'ariance, a nd by its deco rrelatiol1 leng th, This 
tec hnique has severa l ach'antages, First, th e knowled gc o f 
the stati sti cs o f th e \'a ri o us components of the e rror 
budge t help us to separatc the error Crom the topographic 

signa l. Secondly, th e a posteriori error ca n be simulta

neo usly co mputed, Finally, the full benefit of the 
il1\'ersio n tcc hnique lies in th e possibilit y of sepa ra tin g 
large-sca le fea lUres from short-sca le undulations, Th e 
spec trum of the large-scale signal is very difIcfcl1t ri'om 
that of th e remaind er errors a nd topogra phic undulations 

Fig, 2, R egioll if 500 kill X 800 kill, illdi({lted ill Figure I , 
,II!Oll ,illg the large-.\'({I11' lo/JograjJ/~) ' , (ollloured al 101/1 
illlam/,), The lOO kill u.'(/l'elellglh slj;lIa/ is I'eIllol 'ed, 
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74.4°5 
> 0 

74.2°5 

<0 
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C 

Fig. 3. ReJidlla{s obtained Q)' the setond-JiI'jJ inversion, slljJerillljJou d 011 .Ia te/lite track) . .for t/tree Jma// regiolls defined ill 

Figure 2. J I'e call see at 128 F. ( b) a s/rollg ki/ollle/re-lt'Ol'e/mgth siglla/u'hicli is a/so detected 011 the back-sca/lered energ)' 

mria/ions map ( Fig. 8) . CO II /ollr ill/en'a/ is 2m . 

a nd wc rccovc r th e topog ra ph y in tll'O steps: a la rgc-sca le 

il1\'e rsion of th c ice-mod c cycle prO\ 'id es a m ean surface 

eoye ring m os t o f A nta rc ti ca a nd a second ite rati on a ll ows 

us to de termine a I'e ry prec ise topograp hy II'ith th e ocea n
mode cycle. 

[ n th e fi rs t step, va ri a n ce of th c signa l has bc-c n sc t a t 
700 m a nd th e d eco rre la ti on leng th is 150 km . This 

dis ta nce is la rger th a n the di sta nce be twee n trac ks, so 

th e il1\ "C rsion a lgo rithm is no t sensiti \'e to th e poo r 

di stri b uti on of da ta. The res ulting sm oo th topog;ra ph y is 
res to rcd o l"C r a reg ul a r g rid with steps orO.5 ' in long itud e 
a nd 0 .1 in la titud e (a bo ut 15x 1 0 km ~ ) . This m a p (Fig . 
2 ) is used as a re/ercnce surfacc fa r th e second step . 

.\f'te r sub tract ing th e sur facc c1 cri\"Cd in th e first step 

fro m th e measured a ltitude of th e ocea n-cycle d a ta, th e 

res ultin g res id ua ls II'ere proccsscd thro ug h the invCI"sion 
a lgo rith m. This residua l signa l, mos tl y a sm a ll-sca le 
sig na l, sholl's th e undula ti o ns t\-p ica ll y or 10 m a mplitud e 
a nd 20 km 11·a\"Cle ng th. In th e second -step in nTs ion , th e 

\ 'a ri a nce of th e sig na l is se t to 7 m , \I'hen th e \'ari a nce o f 

th c o rbit e rro r is se t to I m a nd th e no ise is se t to I Ill . The 

deco rrela ti on leng th is \ "C ry difl c rent fo r each compon ent 
(20 km I()r sig na l, I cycle/ rn 'o lutio n fo r o rbit crro r , 350 m 
fo r no isc ) a nd bot h signa l a nd erro rs a re I\'e ll se para ted. 
In f ~\ ct, th e space time struct ure o f th e \'a ri o us d ata e rro rs 

is d ifTi cult to cha rac teri ze, so th a t \I'e prefer sli ghtl y to 

O\'('\"es til11 a te the {[ prio ri erro r \·a ri a nces . This cho ice will 

tencito slig htl y o\ 'e rsllloo th th e to pogra phic sig na l. Fig ure 

3 sho ll's three sma ll m a ps or res idu a l topogra ph y [ra m th e 

a rca indi ca ted on Fig ure 2. Onc ca n see on Fig ure 3a th a t 
co \"(' rage is d ense, excep t a t I,W E, w he re s tro ng 
undul a ti ons a rc visible . I n such a reas , th e lac k o r d ata is 
du e to fa ilure o f" th e onboa rd trac ker 0\"(' 1' ro ugh surfilces, 

a nd th e sa lll e pa rts orthe trac k a rc m iss ing in o th er ocea n 

cycles . . \t hi g h la titud es, II'h ere th e inter-trac k di sta nce is 

less th a n the d ecorre la li on leng th , th e ill\'C l"sion a lgo rithm 
is a ble to es tim ate th e geo loea ti o n a nd \',du e of a loca l 
cx trcme bc twee n t\l'O trac ks ( Fig. 3a a nd b ) . In th a t easc, 
th e a j}()stl'l"iori e rro r. II' hi eh is th e d iffere nce /)e t\ITC n th e {[ 

/Jliori er ro r and th e inla rm al ion gained thro ug h th e 

im'C rsion (Fig. 4<1 a nd b ), is homogeneo us a nd less th a n 

I m excc p t \I· here th ere a rc no cl ata. In Fig ure 3c, 
undul at io ns a re roun d un de r th e trac ks; thi s is a 
co nseq ucnce o f th e pa rti c ul a r geog ra phi c sa mpling. 
Ind eed , I()!" latitud es 10ll'e r tha n 7.1 S , th e di sta nce 

be t\I'Cc n tll'O trac ks is too la rge to resto re th e sm a ll-sca le 

fl-a tures a nd so th e a lgo rithm fit s topogra ph y on th e 

rcfr rence onl\'. This e lTeCl a lso ex pl a ins th e sha pe or th e 
fo rm a l elTo r sh oll-n in Fig ure +c. \l' here th e e rro r is 
maxi mum be tll'ee n tl\"cl trac ks. In filc t , 0 \ "(' 1' such zo nes , 
undul a ti ons a rc not IIT II l'CcO\"(' rcd , as II"C d o no t ha\"(' 

sufTi cicn t infa rm a ti o n on th e across-trac k d irect io n slo pe. 
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Fig. 4. The a posteriori error majJs caLcllLated within the inversion,Jor the areas deji"lIed ill Figure 2. The satellite tracks are 
also drawn . Breaks in these tracks indicate that no data were collected. In (a) and ( b) J this enor is almost homogeneolls 
and sub-metric , whereas in (c) it is minimum on!)) under tracks. 

VV e will see in the nex t secti on tha t th e es tim a tion of the 
undul ation ch a rac teristics from th e a long-trac k profiles 
induces a g loba l underes tim a tion of these fea tures. 

Fin all y, the second-step residu a ls a re added to the 
la rge-scale topography in order to es timate the loca l 
surface slope a nd curva ture a nd to co mpute th e 
co rresponding co rrec ti on to be a ppli ed to th e data 
(Equation (5)) . Figure 5 shows this topography for our 
three reg ions. Th e sa me process yielded th e fin a l 
topograph y of the whole of Antarc ti ca, which is presented 

on a g rid of abo u t 5 km (Fig. 6) . \V e believe tha t the 
accuracy o[ this map is better tha n previous maps. There 
a re certainl y signifi cant changes, for instance, Dome C, a 
precise d escription of which was needed for the I ta li an
French ice-core proj ect Concordia, appea rs a t 75. J ° S , 
123.3° W , 60 km ["ram its previous position. This has been 

confirmed by ground-based measurements. Other topo
g raphi c fea tures such as ice divides, dom es and dra inage 
basins a re clea rly identifiable. 

Su rface slopes deri ved (i'om Figure 6 a re shown in 
Figure 7. Slopes a re less than 0.5 m km I nearer the dome 
or di vid e and in crease in the downslope direc tion. Some 

a nomali es are a lso appa rent: [or instance, fl at regions such 
as Vostok lake (76- 78° S, 105° E), a lready mapped by 
Ridley and others ( 1993 ), Astrol a be Lake (70° S, 135° E ), 
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or the g rea t slope region a long longi tude 135° E wh ich 
co rresponds to a n elonga ted bedrock fea ture (Drewry, 
1983 ). 

MAPPING SMALL-SCALE FEATURES 

As explained in the introduction , small-sca le fea tures th a t 
co rrespond to kilometre-sca le roughness d irec tl y refl ec t 
bedrock irregulariti es a nd basal conditions. Moreove r, 

they a re rela ted to the small-scale shear-stress \'a riations, 

that afTect ice-sheet-flow modelling (R em y and othe rs, 
1996b) . 

Th e m a pping of th ese stru ctures with sa tellite
a ltimete r d a ta is critica ll y d ependent on the int er-trac k 
di stance. As shown in Figure 3c, when the inter-track 
distan ce is large, th e max imum va lues of the short-sca le 
fea tures are round und er sa tellite tra cks. This efTect will be 
stronge r a t lower lat itud es and as such undul a tions a re 
s trong. Moreover , th e ac ross -ll-ac k width s of th ese 
structures d epends strongly on th e cova ri ance leng th 
used in the mapping. 

One ca n show that, if undulations a re iso tropi ca ll y 

dome-shaped, as suggested by lVlclntyre and Drewry 
( 1984) (i.e. ir h = Aexp(-2((x2 + y2)j )...2)), where)... is 
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Fig . 5. T he lo/al IO/JOgraph)1 ill Lhe [hue regiolls deji7/ed ill Figure 2 ~)I addillg the secolld-slejJ residuals 10 l/ie !cuge-scale 
lojJograp!I)" COlllour illlerval is 10 m. 

Fig . 6. G'lobci/ IO/Jog/ap!I)' 0/ Ihe Alllarctic ice sheel (LJ 

delerlllined ouer signifiralll regions rif Ihe ERS-l qcle 89 
of Ihe allimetric data sel . Thill lilies cormpolld 10 100117 
inlerval conlour lilles . medium-width lilies 10 1000117 
interval (ontour lines alld lite thick olle is 3000 m. 

the wave leng th , A is th e a mplitud e a nd y is th e across
trac k di sta nce), th en th e max imum a mplitude as seen by 
th e sa te llite will be Aexp(- 2(ce/ A2 )). where d is th e 

nea res t dista nce of th e sa tellite trac k to th e d om e centre. 

II' we d o no t consid er th e shirt or th e renec ting point due 
to the regiona l slo pe, d is sta ti sti ca ll y unifo rml y di s
tributed be tween 0 to A. yielding to a n a\'e rage a mplitud e 
of Aexp (- 1/2) or a bo ut 60'Yo of'th e rea l a mplitud e. 

This rac t sugges ts we should sea rch for a no th er way to 

es tim a te th e a mpli rud e of kil ometre-scale undula ti ons. 

C urrentl y, we te nd to ignore th e back-sca ttered energy 
but th e tim e se ri es reco rd ed by th e a ltimeter can be 
th oug ht of as a hi stogra m of th e received energy \'s th e 
arri\'a l time and corres ponds to a foo tprint of a few 
kil ometres radius, d epending on the loca l surface . This 

energy res ults fro m refl ec ti on bo th by surface micro
ro ughness, la rgely crea ted by ka ta ba ti c wind (R em ), a nd 
o th ers, 1990 ) a nd by \,o]ume-sca tl ering insid e th e snow
pac k (Ridl ey a nd Pa rtin g ton, 1988 ) , whil e th e short-scal e 
spa ti a l \'a ri a ti ons of thi s pa ra meter a re mos tl y du e to th e 
\'a ri a ti ons o r th e illumina ted surface a nd to th e kil ometre

sca le curva ture of th e topogra ph ), . N o te th a t o th er 
mec ha ni sms such as sUlface tempera ture a nd d rifting 
sno\\' a lso play a role but th ese meteo rologica l ph enomena 
onl y play a ro le on th e 100 km spa ti a l sca le. Leg res), a nd 
R em y (pa per in prepa ra ti on ) show tha t th e a mplitud e or 
th e \ 'a ri a ti o ns o r th e energy D(J. ca lcul a ted mer a 50 km 
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3,\S_ 0 

' ~':l? 68 --
,G:> >' 

CO ' / 

Fig, 7. Global sllljace slope derived fioln Ihe 10pograjJhic 
map, This map shows the /Ja llern oj lite prineijJal slI lface 
jeallnes.Fig, 7. Global slllface slo/le derived from tlte 
topograj)hic mal). Th is mal) shows the pal/ern oj the 
prinei/Ja l slllface jeatures. 

~,---\--- ~\ 
Yf.\ \ ' 

Fig. 8. AII1/Jlilude oJ the varialioll oJ Ihe relurned enng)' 

(in dB ), averaged over 50x50kll / squares. T his 
jJarameler is direcl(Y relaled 10 the lIndulalioll C/lrva lllres . 
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scale, are related to undula tions by 

DO' = 1010g(1 - 2cH ) (6) 

where c is th e undul a ti on cun'a ture, H is the sa tellite 
altitude a nd DO' is ex pressed in dB. DO' yields the true 
cha rac teri sti cs of the undul a tions at th e footprint sca le . It 
is totall y ind epend ent of th e altimetri c height , which is 

di storted near th e coas t or in the p rcsence of strong 
undul a ti ons, This kilome tre-sca le cun'a ture is direc tl y 
linked to the sm a ll-sca le varia ti o ns o f the slope a nd 
therefore is rela ted to th e accuracy of th e res tored surface 
slope. 

Th e la rge-sca le geographica l di stribution o f thi s 

pa rameter, a\Traged O\'e r areas of 50 x 50 km 2 (Fig. 8), 
is strongly corre lated with the surface slope (Fig. 7) 
(correlation o f 0.7 for the se t of 12000 grid points), as 
theo re ti call y sugges ted by H utter a nd others (1981 ) . The 
region indi ca ted in Fig ure 8, with a strong gradi ent , is the 

regio n ma pped in Fig ure 2. This g radi ent is a lso \'isible in 

Fi g ure 3b , w here th e lefth a nd sid e has far more 
undul a ti ons than th e ri ghthand pa rt , a nd in Figure 3c, 
where a flat region is seen around 133 0 E , correspond ing 
to the minimum of Du. 

W est Anta rc ti ca shows large \'a lues of DO' (Fig . 8 ), as 

d oes East Antarcti ca nea r th e coas t, o n th e g rea t 

converge nce area, a nd where the bedrock is impo rta nt 
(sce 135 0 E ) . A few low \ 'alues can be observed , whi ch 
correspond to the known su bglacia l la kes, as for exa m pie 
the VoslO k la ke (76 78 0 S, 105 0 E; Ridl ey and others, 
1993 ), the D ome C region or the Astro la be Basin (O swald 
a nd R obin , 1973 ) . 

CONCLUSIONS 

Satel lite a ltim etri c obse rva tions a bove th e ice shee t 
provid e surface topog ra phic a nd surface-slope maps, 

and contribute to glaciological und erstanding, by produ
cing a sma ll -scale curva ture ma p which may be related to 

basa l conditions. H owever, to be useful , th ese para metel-s 
must be carefull y correc ted for th e principa l a lti metr ic 
errors. Error due to surface slope is crili ca l, beca use it 
contains a sys temati c componen t not onl y rela ted to 

surface slope but a lso lO surface c urva ture, whi ch 
genera ll y co rrelate ove r th e ice shee t. The use of the 
two-stage formula ti on presented here reduces the res idua l 
error a nd p revents systema tic bias. The inverse technique 
used a llows th e res titution o f the a /)osleriori error, which is 

around Im a t high la titude but reaches several me tres 

nea r 70° S. Beca use the linear sampling of a ltim eter data 
does not a llow the co rree t re trie\'a l of the small-sca le 
topograp hy, we prefer to use the vari at ions in bac k
sca tlned energy which a rc direc tl y linked with lh e 
topographic curvature a t kil ometre sca le. 'I'Ve show th at 

thi s pa ra meter is strong ly rela ted to surface slope a nd to 

the presence of severa l subg laciallakes, a nd so constit utes 
a va lu able complemenl to height meas urement s. 

Finall y, th e most impo rta nt problem pIT\"Cn ting sub
metre prec ision a lti metry a nd high-prec ision slope m ap
ping of th e who le continent is the inad equate CO\T rage. 

The map is, however. beller tha n the earlier ones. The 

168 d repea t cyc le will g i\'e better reso lu tion th an th e 35 d 
repeat cycle a nd it promises to pro\'icl e a cove rage fiv e 
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tim es as dense as the 35 cl repea t one, and so it wi ll allow 
good estimation or ki lometre-scale roughness and it s 
spat ia l di stributi on a t 10\'\' la titudes, 
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