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AltiITletric observations of surface characteristics of the 

Antarctic ice sheet 

BENOlT LEGRESY, FREDERIQUE REMY 

LMR5566/ GRGS (C\ES- C VRS- [PS), 18 av. E. Befill,31401 Toulouse Cede..: 4, Fran ce 

ABSTRACT. The a i m of thi s paper is to i nwstiga te the geophysica l cha racteri . tics of 
the Anta rc ti c ice shee t using radar a ltimetric obsu\"ati ons. To do thi s, we use a n a1timetric 

wa\-cform simulator, in situ obsen'ations, ERS-1 (European rem ote-sensing satellite) d ata 
and SPOT (Satellite po ur l'obsen'aLion de la terre) images. Th e small-scale study takes 
place at D o me C, Terre Adcli e, whieh is a rcl a ti\'ely f1 at regio n with ge ntle undul a tions 

a nd low wind speed. Despite thi s, the a ltime tric waveform pa ra meters (height, e nergy, 
leading edge a nd trailing edge ) a re highl y noi sy. The cffect o f undulati ons on the wa\ 'e

form pa ra me ters is found to be dominant. Th e combination of a subsurface signal and a 
rough surface produces a linea r effect on the a ltimetric back. caLtering or on the tra iling 
edge of the wa\'eform, but a strongly non-linea r effec t on the lead ing edge of the wa\-c form 
or height es timation. As a consequence, the height measureme lll is \'ery sensitive to the 
altimeter technical or orbita l cha racteri sti cs a nd is not reproducibl e from one mi ss ion to 
another. Obsen 'ations show sastrugi field s tha t enhance the leading edge a nd affect the 
II'hole wa\·cJOrm. Observed loca l backscattering cha nges, probably due to loca l variations 

in surface mieroroughness, e nh a nce the bac ksca ttered energy a nd may artificially create a 
topograph ic sig nal. The continental-sca le stud y shows cohere nt patterns. Even if both 

surface a nd s ub s urf ~ lce compo nents a ffec t the a ltim etri c obsCl'vati on, the large-sca le 
signal is m os tl y controll ed by surface backsca ttering \·a riaLi ons. The surface or nea r-sub
surface cha rac teristics of the snoll'pack may then be reached by a ltimetric observations. 

INTRODUCTION 

The ma i n i m erest of sa telli te a lti metry data o\'e r ice sheets is 

the construction ofa \'e ry precise topography tha t a llows us 

either to constra in ice-shee t f10w models (R em y a nd ~Iin

ster, 1993; Rcmy and others, 1996) or to estimate the ice-cap 

mass balance (ZlI'a ll y, 1989; \\,i ngham, 1995£1 ). However, 

a Iti metric obsen'ati ons sho uld a lso prO\'ide information 

about the surface a nd/Ol' subsurface snow properti es 

( Ridley a nd Pa ningto n, 1988; Remy a nd others, 1990, 1995). 

ConsidCTi ng the al t i m e te r a s a rada r inst ru ment, onc 

ca n show, for example, tha t the intensity or radar bac k

scatter ing is controlled by surface microroug hness, which is 

related to ka tabati c-wind i ntensit y (Rem), and others, 1990), 

or that th e waveform shape is a ffec ted by subsurface quanti

ties such as g rain-size, snow tempcrature, snow densit y 

(Ridlcy a nd Pa ningtO n, 1988; Part ington a nd o thers, 1989) 

or intern a l stratification (R Oll a nd others, 1993; Remy a nd 

olhers, 1995). ~l o r eO\'C r , sm a ll-scale features, such as sastru

g i or snow dunes, and medium-scale features such as undu

lati ons, play a role in the a ltimetric return wm'eforms, 

bcca use the y induce \'a riati o ns bot h on the illuminated 

rada r foo tprilll (of the order of 10 km x 10 kill ) a nd on the 

surface heig ht di stributio n inside thi s footprint. These tOpo

g raphic eflects are probably the cause of the strongest signal 

in a ltimetri c wa\Tform shape a nd intensit y a t a ", 10 km 

sca le ( i\l a rtin a nd others, 1983; Femcnias a nd o thers, 1993; 

Wingham, 1995b). 

The recovery of geoph ys ica l pa rameters is thus not tri

\ 'ia l, because not on ly is thc snowpac k a \ 'e ry complex di-

elec tric medium , but a lso the wa\ 'C form shape is subj ect to 

the d TCc ts mel1li o ned abO\'e. To se pa rate these different 

e!lects, a study of the spatia l ch aracteri stics of a ltimeter 

sig nal behm'ior must be performed. Our contribution here 

has been g uided by the following questi ons. What is the 

i m pact of sma ll- a nd med i um-scale to pography on the a lti 

m etri c signal? D o o ther geophysica l m echani sms act on the 

vvavcform shape? What is the effect o n the surface height 

recovery? Is the induced altimetric sig na l reprod ucibl e from 

onc mi ss ion to a no ther? What kind o f geophysical informa

tion may the continenta l-sca le sig na l prO\'ide? 

In order to minimize the la rge-scale features and topo

g raphic effects, the study was perfo rmed at Dome C , Terre 

Adcli e, where I he high ice thickn ess leads to a f1 a t region 

with attenuated undulati ons (sce Fig. 1), The Dome C region 

is a lso charac teri zed by low wind s ( Pe trc, 1993). 

ERS-I (European remote-sen sing satellite) data were 

analyzed along a 250 km track. \Ve c1 e\'Cloped a nd used a 

wa\ 'eform simul a tor in order to understand the diflc rent 

physica l mecha ni sms. \Vc a lso used four consecut i\'e SPOT 

(Sate llite pour l'obse rvation de la te rre) im ages as terrain 

truth , in order to de tect sastrugi field s or change in snow

pack nature a nd to compare th ese visuaL obsen 'ations with 

the a ltimctrie sig na l. This compari so n helps us to be LLe r un

de rstand the inf1uence of the observed surface features on 

rada r echoes. After thi s \'erificati o n a t Domc C, a la rge r 

a rea was investiga ted to stud y the continental-sca le beha

vior of the ER -I a ltimetric signal. 
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Fig. 1. To/Jogra/J/Zic ma/J of lite Dome C region, Terre Adilie, 

Anlarctiea. The ma/J was construcled QY inverse method, 

using ERS-I 35 d repeal-I)'Cle rptracked dala . fsolines are 

each meler. and bold isolilles are ea rh 10 m. TheJrame rif the 

SPOT images and all ERS -llmck are superim/Joser!. 

1. ALTIMETRIC OBSERVATIONS 

1.1. Situation 

For the first time, the ERS-I altime ter prO\'ides obsen 'a tions 

at high-l at itude regions (82°). Fig ure I shows the topo

graphic map of the Domc C region from ERS-I da ta . Our 

a na lyzed satel lite track a nd the region of SPOT coverage a rc 

superimposed. \ Ve used the \ VAP (wa\'Cform a ltimeter 

product) data of the 35 d repeat orbit dcli\wed by the UK

PAF (United Kingdom Processing a nd Arehi\'ing Facility). 

Power 

Leading edge width (Tr) 

Pmax 

PmaxJ2 

to to+ lO 

It 2*Ir 
.' 

b i.7 

The a ltimctric height is deduced from a retracking techni

que (fitting process ), as expla ined in Fe meni as and others 

(1993) a nd Legrcsy (1995). The precise orbit from the 

Deutsch Process ing a nd Arehi\'ing Fac ilities is used. In 

order to reduce the res idua l height errors (retracking, orbit 

a nd propagati on of the rada r wave in the a tmosphere), wc 

uscd a tota l inversion technique (sce R emy and others, 

1989; Brisset a nd Remy, 1996) in which the signal a nd errors 

a re sep a ra ted using their cO\'a ri ance properties. The a pos

teriori prec ision of the top ography is within Im. 

1.2. Waveform descriptio n 

The retracking techn ique a llows us to estima te four para

meters, as shown in Fig ure 2: 

The tota l energy return, rel a ted to the backscattering coeffi

cient (J 0 (expressed in dB). If calcul ated o n thc whole \l'a\"('

form, thi s represents the energy received from the footprint 

(e.g. a 5 10 km scale; sce Fig. 2). The tota l e nergy returned is 

co rrectcd for the shift o f the waveform inside the tcmpora l

acqui sit ion window due to tracking error (R em), and others, 

1990). 

The half leading-edge width, named Tr (expre sed in a lt i

metric gates, c.g. 47 cm for ocea n mode), which is obta ined 

by fitting the error function (er0. Thi s corresponds to the 

first part of the impac t of the radar wave on the ground sur

face (e.g. I km scale ). 

The tra ili ng-edge slope, named FI (expressed in 10 I Np/ 

ga te), which is obta ined by a linea r regression of the cnd of 

the wayefo rm on a logarithmic scale (from the maximum 

a mplitude gate to the 63rd gate). This corresp onds to whole 

a ltimeter foo tprint scale. 

Two different heights a rc ex tracted: the fi rst one is gin'n by 

the position of the middle or the leading edge, and the scc

ond onc by the pos ition of the first echo (by adding the half 

leading-edge width to the first height ). 

Trailing edge slope (FI) 

to+20 to+30 Time in gates 

3!8 4.7 ~ 

Footprint radius (km) 

Fig. 2. r v{wifrmn /Jarameters descriptioll. li is Ihe backscattering coifjicient related 10 Ihe wavifrmn integral (ill dB ). y,. is the 

halflfading widlh, erpressed in gales. Ft is Ihe lrailing-edge slope in a logarithmic scale (in N /J/gale). to is Ihe allimetrie illl/Jact 

measurement exprfssed in gates (I gate = 3/25 ns or 47 em in height). The cones/Jonding kilometer scale of the lem/)oralfool/)I"il1l 

evolulion is also gil'en. 
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1.3. ERS-I data profile 

The height profil e a long track 5056 (marked in Figure I) is 

d isplayed in Figure 3. Panel a shows the height profi le, 

superimposed on the two topography residua ls (obta ined 

by subtrac ting a large-sca le polynomial form ); panels b- d 

show the three wa\'eform parameters, an, Tr a nd Fl, respec

tively. Thc two res idua l topographies in Figure 3a cor

respond to the two different heights defined before. The 

"first impact" to pography has la rger amplitude tha n the 

"first echo", and is noisier. In genera l, looking for the middl e 

of the lead ing edge smooths the topography at the impact 

footprint scale, so some sm all-scale features m ay disappear. 

Note, howe\Tr, that some sm all features which were not \'isi

ble on the " fi rst echo" topography remain o n t.his to pogra

phy (sce km 130 or 205), The rms of the topographic 

residua ls is Im. Despi te this very smoot h topography, the 

three waveform parameters shown in Figure 3b- d a re 

highl y noisy at a 10 km scale. As suggested by the compari

son between the three profiles, most of the medium-sca le 

features \'a r y together: sce km 50,70,85, where loca l max i

ma in a correspond to minim a in FI andTr. 

However, this remark does not apply to other locations, 

for example, the beginning of the profile, where there is 

higher noise IC\'(' 1. A more de ta il ed a nalysis can be made 

by comparing rea l and simul a ted p rofiles, as in sec ti on 2.4. 
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Fig. 3. D ifferent /Ja ra meters 'jJrrifiles along the track: (a) the 

height prqfile and two {v/Yes f!/ midues. one corresjJonding to 

the half-Leading-edge il7l/){lCt (solid line). the otiter corres

jJonding to the 'j/l:rt imj)([cL ee/tO" (dashed line); (b) the 

backscallering coeJJieient JnoJile; (c) t/ie leading-edge jJam 

lIIeter; (d) the trailing-edge sLope e,\/mssed in 10 ' ,"f/J/gate, 

all with local mean llalues ( dashed). 

Legres,,)1 and R hr!-)l: Altimetric observations if Antarctic ice sheeL 

The ave rage "alue of Tt, is 3.7 ga tes, with a rrns of 1.9 

gates. The average value of FI is - 63,5 x 10 4 N p /gate, a nd 

the rms is 108 x 10 I Np/gate. 

A large-scale sig nal is a lso obsen 'ed in Fig ure 3; the 

mean lead ing-edge va lue for the fi rst 80 km is 1- 1.5 gates 

greate r than that for the end of the track, while a D shows a 

la rge-sca le trend , 'with an increase of 1.5 dB from the b egin

ning to the cnd of the track, The rrn s of the residual signal is 

0,5 dB. Note that the trailing edge shows no significant 

la rge-sca le \'cu iat ion, 

1.4. Mechanisms acting on waveform shape 

At the scales studied here, most of the wa\'eform shape and 

intensity \'a ri a ti on s a re probabl y caused by small- and m ed

ium-scale topographic signa ls, Several mecha nism s may 

a fTec t the radar echo. 

First, the radar wa\'eform sha pe is \'ery se nsiti ve to the 

local surface slope, because of the slope error: the impact of 

the radar wa\'C d oes not occur a t. the nadir where th e anten

na gain is max im a l, but is shifted t.o a n upslope point, near

cs t to the satelli te, where t.h e en e rgy emilled and then 

recei\'Cd by th e a ntenna is dimini sh ed , If the surface slope 

is a, the impac t occ urs at a di stance ha (Brenner a nd 

others, 1983; R cm y a nd others, 1989), where h is the satellite 

heig ht, and the energy recei\'Cd from the surface will be 

di m inished by a fac tor exp( - G sin 2 Cl!) (Brown, 1977) where 

G is the antenna ga in (G = 11 280 for ERS-l). This will then 

a ffect the shape a nd intensity of th e waveform. 

Secondly, waveform shape is a lso very sensiti\'e to the 

c UrI'ature of the surface clue to thc presence of undulations 

because of the cha ngr in the tempo ra l evolu tion of t.he sur

face illuminated by each indiv idu a l echo, The sig na l is 

foc used whellth e impac t occurs in a p ositi\'C (concave ) cur

\ 'ature, while it is dispersed on a negative (convex ) c urva

ture. This efTCT t appca rs at the sam e wa\'elcngths for both 

the topography a nd the wm'eCorm pa rameters, 

Finally, there is a lso evidence of the presence ofa vo lume 

echo signa l. The mean \'alue of t he tra il ing-edge pa ra meter is 

higher, and the lea ding edge is leng thened, in comparison to 

the reference \'a lues (- 121 x 10 I Np/gate for FI, including 

ea rth cUJ'\'a ture, a nd I 2 ga tes for Tt,) in this smooth region 

where sastrugi s a rc reported to be 30 cm high (Vincent, 1994), 

2. WAVEFORM SIMULATION AND ALTIMETRIC 

SIGNAL 

2.1. Altimeter simulation 

\ Vc used a wa\'e ro rm simulation lo investigate the phenom

ena act ing on the a ltimerric sig na l a nd to tes t their effect on 

the wm'Cform shap e. 

The WC1\'Cf0 n11 simulator is a simplified version of the 

o nc de\'C loped by Fcmcni as and others (1993); th e surface is 

digitized on a 15 m x 15 m regul a r g rid, larger tha n the foot

print of the whole wa\'C{orm in order to C1\'o id a mbiguity at 

the boundary conditions (in the presence of slope, the foot

print is di spl aced upslope of the n adir a nd it is expanded in 

the presence of rnacroroughness ), The time of a rrival of the 

backscaltered sig na l from each illuminated point is cal

c ul a ted along with the di slance of thi s point to the satellite, 

ta king into account its positio n inside the foo tprint a nd 

loca l topograp hy, Ea rth curva ture, la rge-scale topography, 

undul ations or sas trugis ca ll t.hus b e ta ken into acco unt. 
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Each point contribution is weighted by the antenna gain 

pattern or loca l incidence angle. lL is also possible to 

simulat e \'olume echo, by adding attenuated echoes, shifted 

in time. 

2.2. Topography effects 

T n order to model the effect of the actua l topography on the 

backscattered signa l, wc illlroduccd the observcd a long

track alLi metric profile, while the across-track direction 

topographic signal was ex trapolated from thc topographic 

m ap. Because of the slope error, the profile as seen by the 

satellite is not thc true onc. Threc mcthods of correcting for 

thi s efTect are found in the literature. It is possibl e to correct 

thc a ltitude at the nadir, by remO\'ing ha 2/2 fi-01llthe topo

graphy seen by the a ltimeter (the so-called direct m e thod; 

Brenner and others, 198:3) or to correct both the position of 

the impact point (shifted of lw ) and the height (by adding 

ha 2 /2, the relocation method; Brenner and others, 198:3). 

One ca n a lso demonstrate that between the nadir and 

impact points, a n intermediate point ex ists where the meas

ured height is the true onc (in termediate method; R emy 

and others, 1989). A good reco\'ery of the leading edge needs 

a very precise modeling of the interac tion bctween radar 

wave a nd topography at the impact (Fcmcni as and others, 

1993). As a consequence, the best m ethod of correc ting for 

slope error, in the present case, is the relocation method, 

because it conserves the small-wavelength topographic fea

tures near the impact point. Fina lly, wc used a linear inter

polation function in order to get correct position a nd h eight 

on a regula rl y spaced grid (as suggested by Brenne r a nd 

others, 1983). Waveform simul ation is a lso affected by slope 

error, so we can directly compare the observed aitimetric 

profiles and the simul ated one. 

2.3. Surface and subsurface signals 

2.3.1. Ceoj)/zysicaL j){l1wnelers estimation 

The radar echo is constituted by reflection from the air/ 

snow interface and also by illlernal reflection from sub

surface layer interfaces. Inside the snowpack, the subsurface 

signal can be attenuated by losses by absorption, by scatter

ing by ice grains, a nd by multiple refl ections inside the 

snowpack. The subsurface signal consists either in scattering 

by ice g ra ins (Ridley a nd Pa rtington, 1988) or in internal 

refl ec tion by the subsurface snow laye ring due to density 

va riations (Rott and others, 1993; R cmy a nd others, 1995). 

Using the Seasa t scatterometer d a ta abO\'e Antarctica, 

Ledroit a nd othe rs (1993) showed tha t thc contribution of 

volume sealte ring by ice grains to th e rc-emitted signal can 

b e neglected compared to surface and internal interface 

backscaLLering when the incidence a ng le is less than 10°, in 

the case of altime try (note, however, that \'olume scaLLering 

by ice grains contributes to the ex tinction ). ~lor eo\'e r , R em)' 

and others (1995) showed that the internal layering effect is 

the dominant subsurface signa l for any incidence angle in 

the case ofaltimetry. 

J ezek and A ll ey (1988) reported internal density \ 'aria

tions of the order of 0.05 g cm ~ each 5 cm at Dome C. They 

a lso reported penetrat ion depth or the rada r waves in the 

snowpack of 5- 10 m for the present frequency (see a lso 

Ulaby and others, 1986), leading to a n extincti on coeffi cient 

of 0.\ - 0.2 m I. Thus, the losses by absorption or ice-grain 

scattering a nd the internal interface backscaLLer must be 

taken into account in our analysis. 
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At the surface, it has been demonstrated that the vari a

tions of the surface backscattering coeffic ient on a ro ugh 

surface can be expressed (Fung and Eom, 1982) by: 

a s = R/ f(8) (1) 

where R", 2 is the Fresnel coeffi cient at the a ir/snow interfa ce 

and f (8) is linked to the surface slope distribution. 

The }]'esnel coefficien t R2 at an interface between two 

different medi a is given by: 

(2) 

The snow dielectric constant E depends only on the snow

pack density p (Tiuri and others, 1984): 

E= I + 1.7p + 0.7/. (3) 

This yields to E = 1.68 for a snow density of 0.35 g cm ~: \ and 

E = 1.792 [or a snow density of 0.4 g cm ~ . The surface 

Fresncl coefficient is then R} = 0.0166 ( El = l. E2 = 1.68), 

leading to a a s ofO.0166f(8) . 

The subsurface signal m ay be modeled as the contribu

tion or each layer shifted in time and a ttenu ated by both 

absoq)tion and scattering by ice grains. The refl ections 

occur a t each interface and can also be modeled by Equa

tion (I) wherc R,2 
should be replaced by R int 2, correspond

ing to the internal density variat ions. The internal reflection 

coeffici ent IS then R int
2 = 2.567 x 10 + each 5 cm. 

Assuming that internal layers han' the same microrough

ness characteristics as the surface (sce A ll ey, 1988), each 

layer (i ) will contribute as: 

P,' T R 2}'( )( 1 R 2)2(1 k )2i( R ' ))2i ~ 2 = 10 int 8 - s - " v 1 - ill! -

P
. :::0 I R 2}'(8) (1 - R 2)2 e ~ l , , ;hl 
I [) lilt ( 2)2 

I - Rill! 

(4) 

H ere, 10 is the incident flux, k,. is linkcd to losses by absorp

tion and scattering by ice grains, X l' is the ex tinction coeffi

cient linked to all li sted effects (2(kv + R in(
2

) ), and 61 = 

5C111 . 

Each a ltimetric gate corresponds to elT = 30 cm inside 

the snowpack (T = 3 ns, and inside a snowpack of density 

035 g cm :1, the light sp eed is Cl = ne where n is the refi ~ac 

tion index inside the snowpack), cO\'Cring six of the 

obsen'Cd layers. The integration gi\'Cs a Aj contribution for 

layer (.j ) of 62 = 30 cm thi ckness: 

with (5) 

where a v is thc equivalent backscatter ing ofa 30 cm layer. 

a v is then 0.00\47 f( 8) for each 30 cm layer. a,) as is then 

equal to 0.09, i.e. mostly sensitive to intemal density varia

tions. Note tbat the contribution of extinction is fOllnd to b e 

negligible in the integration. 

Values of a,) as '" 0 .1 and :r'l' '" O.lto 0.2 m 1 seem to be 

very sensiti\'e to surface and subsurface snow properties, 

principally to the number of internal layer s p er mete r. How

eve r, these \'a lues rem ain representati\'e of a rea listic case 

and wi I1 be used hereaft er. 

2.3.2. Computation 

One can a lso take account of the scattering di stribution 

function, due to surface macroroughness, such as sastrugi s 
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(named pdf by Brown (1977)), by com'oluti on of the sm ooth 

surface res po nse (.RI) and of the pdf gi\'C n by: 

11 

P,(k) = 0", L P (k - 'i)pdf (i) (6) 
;=- 11 

where P" is the surface res po nse to th e incident r a da r im

pu lse, n is the limit of defin ition o f the pdf, O"K is th e surface 

backsca tlering coe fTi cicnt, k is the a rri \'a l gate, a nd P is th e 

fl at-surface impu lsc response. 

The subsurface signa l can be seen as th e a dditi on of 

shifted a nd a ttenua ted ec hoes Uezek and All ey, 1988). Thc 

tota l energy cmitted by snowpac k heterogeneiti es is propor

tiona l to the illuminated \'o lume, \\'hich is proporti ona l to 

th e illumina ted surface (th e m ax imum inc ide nce a nglc 

betwee n the rad a r wa\'e a nd the surface is \'Cr y sm a ll, .-vI). 

The rece i\ 'Cd ene rgy is a lso we ig hted by the a ntenna ga in 

which ac ts simila rl y on the surface part or \'olume pa rt. 

The ca lcu la tio n sch eme is th en: 

k 

P,.(k) = L O"\' c - I,hi P,(k - i) 
i = t O"s 

(7) 

where Pv is th e \'o lume sig na l, x(' is the ex tincti on coc fTicient 

of th e med ium , a nd 0"\,/0", is th e proporti on of ene rgy either 

sca ttered o r re f1 ected by onc laye r of 0.3 m thi ckn ess. This 

calcul a ti on scheme corres po nds to a cOIl\·o lutio n. In fac t, 

the whole sig na l ca n be seen as Cl com'olution be twee n th e 

surface ec ho a nd a \'o lume functi o n as: 

2.4. Simulation a lon g a track 

fo r k < 0 

for k = 0 

for k > 0 

(8) 

T he three si mul a ted \\'a\'Cfo rm pa ral11eters a re su peri 111-

posed on th e obse l'\ 'Cd ones in Fig ure +, 10 1' th e trac k show n 

on Fi gure I. 

The simul a ted leading-edge \ 'a ri a ti ons a rc in \ 'C ry good 

agreeJl1enL, in bo th p hase a nd a mplitude, with the obser\Td 

onc (sce km 10,90, 11 0- 14·0, 160 to th e cnd of the pro fi le). 

H o\l'e\'C r, th e ",50 km scalc a m p litude \'a ri a ti ons o f this 

pa ra meLer a rc no t reproduced in the simul ation . 

T he bac ksca llcring coe fTi eie n t is in good agreem e lll , ex

cept for th e la rge-sca le signa l a t the end of th e trac k, which 

is clea rl y no t due to to pog raphic fea tures. ?\ fas t of th e 

obsen Td \'ari a ti ons a re crfecti\ 'Cly reproduced (e.g. km 

150), H owC\'er, a t th e beginning o f the profil e, th e simul

a ti on does no t res to re th c whole a mplitude on a 20 km di s

ta ncc scale, 

Thc trailing-edge slope is no t reall y in good agreement. 

Onl y a few pea ks a re we ll scaled (km 30 o r 160), some a re 

o ut of phase (km 210) a nd m os t ha \'C a d imin ished a m pli

LU clc, 

There a rc se \ 'C ra l reasons fo r the poor l'Cco\'C r y o f both 

the 0" a nd F I a mplitude \·a ri a ti o ns. First, th e ac ross-track 

sig na l is poo rly known, a nd thus inform ati on is miss ing la r 

th c simul at ion , Furtherm ore, the bac ksca ttering coe fTi cielll 

depends on th e incidence a ng le, This depend ence is \'C ry 

difficult to model beca use it is sensili\'(' to the microrough

ness di stribut io n (U laby a nd o th ers, 1986) whi ch is not 

known. This microroughness effec t on 0" and Fl e nha nces 

the surface cun'a ture efTec t ( th e average incidence a ng lc is 

dimini shed in a ho ll ow where 0" is m ax imum a nd is cO I1\ 'C r-

L egre5.-)) and Rimy: rfltimetric observatiolls !if"Jntarctic ice sheet 
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Fig. 1. The simulated /){lrall7eters, laking acrOllll t !if 10/Jo 

graphic tjJects and l'olume ecllo (0" ,, /0", =0.1 and T,. = 

0. /5 In I (dashed fi ll e), and the obsNz1ed 011 1'5 (solid line). 

, \ ote t/wt Jar 0" tlte simulatioll rejJrorillces most !if the /Jeaks. 

but not the hllge-scale enolutioll. The Imding edge iJ l'e7~Y well 

reproduced: lher£' is a/so a Imge -scale signa/llot reproduced, 

Tlt e trailillg-edge l'{triatiol1s are nol well rejJ1'Oduced ill either 

am/J/illlde orjJOsitioll. 

sel l' increased on a bump where 0" is sm a ll ), Fina ll y, sn ow 

prop erti es may ex h ib i t sma ll-scale \ 'a ri a ti ons linked with 

lIndul a ti ons: fo r insta nce, Seko a nd o thers (1993) showed 

tha t th e acc umul a ti o n ra te is g reate r in holl ows th a n in 

bumps, The tra iling-ed ge calc ul a ti o n is a lso highl y noisy 

beca use th e wa\'(.' fo rm s a re noisy. As a reference, wc com 

p uted a 300 km ocea n trac k a nd fo und a mea n o f 

- 12+ x 10 I N p/gate w ith a rms of 95 x 10 I l\' p/ga te, w hi ch 

is simil a r to the prese nt obsen 'ati ons a bove the ice shee t. 

3. V ISIBLE OBSERVATIONS AND ALTIMETRIC 

SIGNAL 

Th e a ltimetric da ta show a strong sig na l ( typicall y I dB in 

0" , sC\'CI'a l gates in lead ing edge a nd se\'era l 10 ~l :\lp/gate 

in tra iling edge ) a t small spati a l scales (from se\'C ra l to 

20 km ), This pro\' ides a good oppo rtunit y to use "\' isible" 

obsen 'a ti on such as SPOT images or in situ obsen 'ati o ns o f 

thi s region a nd to compa re it to th e a ltimctric signa l. 

3.1. SPOT images 

The four consecuti \'c SPOT images of thi s a rea (Fig, 5) show 

he te rogeneiti es on th e rad a r faotprint scale, such as sas trug is, 

a nd mcdium- to la rge-scale apparent refl cctance cha nges. 

The radar footprint is show n on th e SPOT images a t the 
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corres ponding sca le. The a ltimeter track is superimposed 

with the distance scale. 

\ Ve used the fo llowing system of equati ons to interpl-e t 

the SPOT images: 

The i ntensit y of th e appa rent refl ec ti o n is coded on a I i nea r 

seale of numerica l counts ( ~ C), linea rl y linked with t hc ir

ra di a nce of the satellite (L sal ) which is g iven by: 

L PUPil E () 
sal = 7r D 0 eos j (9) 

where (}j is the so la r incidence angle o n th e surface, PUPil is 

the a ppa rent reflecta nce of the surface, Eo is the incident so

la r ra di a tion a t the to p of the atmosphere, and D th e losses 

thro ughout the a tmosphere. 

The obsen 'ed \'a ri a tio ns are then re la ti\'e (Bourdell es a nd 

Fi Iy, 1993), a nd are g iven by: 

dNC = elL,at = dPapp _ t an (} j d(} j . (10) 

NC Lsal PallP 

Va ri a tions of" obsen 'ed Ne are then due either to local inc i

d ence angle or to albed o changes. One N e vari ati on yields a 

0.5% change in a lbed o a t 192 NC, which is the mean \ 'alue o f 

t he images (values va r y from 182 to 203), while a I Ne va r

ia ti o n yields a 0.67° cha nge in loca l slop e (or incidence an

g le ) a t 24°, which is a pproximatel y the sun elevation a t th e 

snapshot time. 

Note that th e im ages a re not corrected for the sp a tia l 

\ 'ari a ti on of sun el eva ti on throughout the images, wh ich is 

the principal sig na l (1 0 NC) . ~ o r a re th ey co rrected fo r 

problems in the d a ta tha t ma ke four stripes in four sec ti ons. 

However, these processed SPOT im ages IT \'eal three differ

ent types of obsen 'ed structures tha t can he a nalyzed in 

rela ti on to our altimc tri c signal. 

3.2. Roughness 

One can obser ve field s of sastrug is which a re irregul a rl y 

spread , pa rticul a rly a t the top of the im age (km 25- S0). 

Assuming a consta nt reflecti on codIicient and a "fac tor y 

roof" structure, we calculated th a t they co rrespo nd to a 

slope of I % on 10 pixels. This is equivalent to a struc ture 

Im high, 100 m wide a nd about 2 km long. These structures, 

which a re not visibl e in situ, have a lread y been observed by 

aeri a l observatio ns (Bromwich and others, 1990). 

The alrimetri c waveform leading-ed ge parameter shows 

g reat \'a ri ability a nd a I gate increase in this regio n (see km 

20- S0, especially in the first 10 km, a round km 40 a nd km 

60- S0 (Figs 3c a nd 5)), which effec ti\'ely corres ponds to the 

m ean increase due to sastrugi fi elds. It a lso corresp o nds to 

the sma ll \'alues o f u o, poorl y recO\'ered by the simul a ti o n. 

Fi na ll y, these sastrug i field s probably enhance the d ep en-

Fig. 5. SPOT image rif Lhe region. consLructed withJour [0/1 -

secu.tive images. The ERS-I studied track is re/msented with 

a kilo metric scale. TheJootj)rinl qfthe altimeter radar wave is 

represented in the lower left corner; the central ride corre 

sponds to theJiTst imjJact. The a/)paTent riflectance qfthe sur

face is coded in 23 Ne (number qf counts). The), revealed the 

presence qfsmall-scale heterogeneities. The lmge-scale signal 

is princlj)al01 caused by sj)atial variations of sun elevat ion. 

One can see sastrugijie!ds at the tOj), clear spots spread across 

the images, and strong albedo -change area. T he central detail 

is a cloud. 
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dence o r th e backscalLe r ing on th e inc ide nce a ngle, and m ay 

exp la in the great a mplitudc of the a
Q 

a nd FI \ 'a ri ations a t 

t he begin ning of the profile, 

3.3. Cha n ges in b r ightness 

Clea r sp o ts of strong brightness cha nges are a lso obsef\'ed 

on SPOT images, Fo r instance, a \ 'er y clear albedo change 

occurs fro m km 175 to the cnd of th e profile, a nd a lbed o 

cha nges of a f'c\\' kil om eters occur ncar km 160. Loo king a t 

Fig ures 3 b a nd 5, onc can obsc n'C th at thc cn ha nccment of 

a ltime tri c backscalLcri ng cocfIi cicnt clearly co rresponds to 

thc la rgc-sca le cha nge in brightness, Because of th e rad a r 

footp rint sca le, the a brupt change is smoothed O\'e r 10-

20 km (sce Fig, 2), Th e o th er two wayeform-shape para

mete rs, Tr a nd FI, a re not clearly se nsiti\'C to these struc

tures, These dear spots seem to be related to microroug h

ness ch a nges, because, fi rst, only microro ug hness varia tio n s 

may expla in such local a lbedo cha nges (Choudhury and 

C han g, 1981; Bourdell es a nd Fil y, 1993), a nd, second ly, thi s 

signa l a ffec ts only a , without changing the other wa\Tform 

pa rameters, Only roughness changes m ay a ffe ct surfac e + 
\'olume sig na l without aITec ting a,) a, (Equation (5)), Thi s 

is confirmed by in situ m eas ureme nts, which show th at these 

spots do not correspond to ha rd changes in snow properties 

but efTec ti\ 'C ly co rres pond to abrupt ch a nges in surface 

roug hness (persona l communication from F. Canda ud ap 

and ~1. Pil y, 1996), 

3.4. C lear b a nds 

Fi na 11 y, wc obse r\ 'CcI clear b a nds tens o f k 111 long and se\'e ra l 

km wide, The \'a riatiolls o f 1 he appa re nt refl eCla nce (4,-

5 :\'C ) y ield slope \'a ri a tions of' cv 1.2% , which a rc no t in 

accorda nce with a ny surface feature see n by the a ltime te r, 

Thi s facto r 10 of di sco rdance in slope est imation ca nnot b e 

due to erro r either in a ltilll et ri c measurem ent or in Equ a

tion (9). i\ possible exp la n a ti on is th at, a t this time of year 

(Nm'CmbC'r ), th e' eln'ati o n or the sun is so low that surface 

cha rac teri stics sllch as temperature arc \'('ry se nsit i\,(, to SUI'

(;lCC slope \'a ri ati ons of a few per ren t (persona l communi

cat ion from P. Pet re, 1995). 

It is a lso poss ible tha t so me features in Figure 5 resu lt 

from obs trurt ion by thin c irrus clouds a nd cloud shadow, 

but \\'(' ha \'(' 110 indepcnde nt measu rem ents to confirm thi s 

hypothes is, 

Another explana ti o n is th a t real snow optical properties 

(sno\\' g ra in-size, snm\'pack del1sit y or su rface rough ness; 

clp/ p "-' 2 .. ) (X, I a rc clfe cti\'e ly relat ed to undulation features, 

as demonstrated by Seko a nd o thers (199::l). 

4. APPLICATIONS AND DISCUSSION OF ALTI

METRIC MEASUREMENT 

4.1. Local ch an ge in b ack seattering c o efficient, and 

effect on a ltimetric p aram eter s 

Obscl'\'ati o ns suggest th a t sastrugi field s, o r abrupt mic ro

roughness \ 'a ri at iOl1s, o r perhaps snow-property variat ions, 

create loca l backsca tter ing \'ariat ions. H o w do th ese back

sca ttering va ri ations a fIcc t th e wa\'C fo rm shape? 

\ Ye simul ated th e crossing of a ba nd o f different back

scattering by the a ltimete r. The band is 2 km w ide, th e back

sca lte r ing is enh anced by I dB, a nd the angle between 

sa tellite track and th e band is · ~ 5 (sce Fig. 6a), 

L eg r e.~) 1 and R e l7 ~) ' : Allimelrie obsen'aliol7s cif Anlm'e/ ie ice sheel 

(a ) 

00 .. = 1 dl3 
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Fig. 6, ,')'ill1l1laliol7: the ,\{(Iellile [rack aosses Cl band of 
mhallced baekscal/aillg. The t!tree simulated If' {WrjoTII1 

parameter jno[iles are repre.5f1lted. 

As sugges ted by Figure 2, the las t gates o f the wa\'e form 

a rc se nsiti\ ,(, to the band 5 km before th e intersec tion 

betwee n the satellite track a nd the band. Th e tra iling-edge 

slope then beg ins to ri se unt il reaching - 90 x 10 1 !,'olp/gate, 

5 km befo re the intersertio n, a nd decreases to - 150 x 10 1 

l\'p/gate in the middle of th e b a nd (Fi g. 6). The lea d ing edge 

arts simi la rly but at a sma lle r scale with a sm a ll er amplitude 

(0,25 gate). The a is of course e nha nced, but onl y by a facto r 

of 0.3 dB, cO ITe ponding to the weig hting be tween bo th sur

face types in the footprint. 

The effect is g reater on the waveform sha pe than on th e 

tota l rece ived energy. This may pa rtl y explain the strong 

\'a ri ations i 11 F I \ 'alues. Th e h e ig ht m easurem ent is then on ly 

affected by a few ce ntimeters. R id ley and othcrs (19R9) h,, \ '(' 

a lread y shown that th e crossi ng of a r idge in \ \ 'cst Anta rctica 

affeCls the a it ill1e tric \\'a\'Cform , but it is the first time tha t 

such effects h a\ '(' been found to p lay a role in the smooth 

interi or of the continent. 

4.2. Discu ssion on s ubs urface sensitivity 

Figure 7 sho ws the a lt ime tri e para meters' cvo lut ion a long 

the track shown in Figure 3, with res pect to diffe rent volum e 

271 
https://doi.org/10.3189/S002214300000321X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300000321X


J ournal q/Claciolog)1 

3225 

~ 3200 

ff 

3175 

J/ 

~ 10 

'" ~ 
. ~ 9 

~ 5.0 

~ 
~ 

i 2
.
5 

~ 
-0 

~ 00 
-.J 

S. -100 

~ 

i 
_~ -200 

o 

o 

~ 0 

50 

50 

50 

50 

100 150 200 250 

di!Jumce (km) 

100 15U 200 250 

distance (km) 

100 150 200 250 

100 150 200 250 

dis((mce (km) 

f1/g. 7. Simulaled /Jaramelerslor differenl cases. T he sllljace 

sigllal is drawn in solid lille. alld Ihe Ihree cases where Ihe sllb 

sll1jace ]ealllres are added 10 surfoce signal are drawn ill 

dashed. The av / a, coifflcienl is 0.1 for Ihe Ihree cases and 

the exlillction varies /ram 0.210 0.15 down 10 0.1. NolI' thal 

the lIarialiolls in 17' and lrailing edge Iinear~) 1 de/Hnd on Ihe 

volllme signal, but the leading-edge changes are more com/JIi

caled. 

config urat ions (according to scc tio n 2.3, 17,,/as = 0 .1: 

Xc = 0.2,0. 15,0.1). The cffcc t of the subsurfacc sig na l is no t 

thc sam c fo r difTcrent pa ra m ctcrs. Only thc m ea n va luc of 

17° o r FI is a fTce tcd ; no flu c tu a ti on due to th e ini tia l surface 

echo shape is visible. Thus, thc prese nce o f a sm all sp a ti a l

sca le sig na l w ill not compromise the r e tri eval o f geophysical 

qu a ntiti es using a or FI. 

On th e o ther h a nd, th e subsurface e ffec t o n the lea ding 

edge is strongly dep ende nt o n the surface ec ho shape a nd i n

troduces a kil om et r ic-scale sig na l. The a ddition of th e sub

surface p a rt induces a complex cffec t. For instancc, a t km 50 

o r 70, the leading ed ge is li t tl e a ffected by th e \'ari at ion o f 

the subsurface sig na l, whil e a t km 150 o r a round 200, t he 

leading edge is cnh a nced by m ore th a n 2 gates, a nd pro 

duces flu c tu a ti o ns whi ch we re not present before. Except a t 

the beginning of th e p ro fil e, where th e la rge spatia l-sca le 

fea tu re is not recowred , th e whole sig na l is then due to a 

complex co mbi nati on be tween top ography a nd penetra ti o n 

effec ts. Note tha t var y ing 17,. produces compa rable effccts. 

This m eans tha t cven in thi s sm ooth area, few gatcs of va r

ia tio ns in t he leading ed ge can result from thcse com plex 

effec ts a nd ha\'e direct sm a ll-di sta nce-sca le impact o n th e 

heig ht estim ati o n. This is confirmed b y a na lys is of the du a l

freque ncy 10 pex a ltimete r abO\'C G reenl a nd : the h eig ht 

d iffe re nce betwee n th e C a nd Ku ba nds shows a stro ng 
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sm a ll-scale sig nal (R em ), a nd others, in press ). A s a conse

qucnce o f thi s complex crfect, th e ret ri eva l of surface and 

subsurface pa ra meters sho uld not be pe rfo rmed w ith th e 

help o f the b eginning of t he waveform, as is cu r rentl y done 

(D a\' is a nd ~r oo r e, 1993; Yi a nd Bentl ey, 1994-). Fo r insta nce, 

Femeni as a nd o thers (1993) h a\'(' shown th a t it is p ossible to 

have two simila r wa\'efo rms w ith two differe nt volumc con

fi g ura ti o ns. Altern a ti \'C ly, L egresy (1995) shows th at it is 

possibl e to havc \'Cry d i flc ren t 1Va\'Cforms with the sa me 

\'olume c h a racter ist ics, dep ending o n local topography 

(e\ 'e n by a\'eragi ng many wm·efo rm s). 

The combinati on between surface geo m e try a nd sub

surface e ffect depencls o n the altimeter cha rac teristics. 'Vc 

simul a ted the p ro file show n in Fig urc 3, as seen by both th e 

Seasat a nd ERS-l a ltime ters. The \'o lu me sig n a l is cha rac

tcri zed b y :1'" = 0.15 m I a nd a,-! a, = 0. 1. E\ 'ell with th e 

weak difTe re nces bet\\'('e n Lhe two m iss io ns (a nte nna width 

of lm f'o r Seasat a nd 1.2 111. for El~ S -I , a nd a ltitudes of 

800 km for Seasat a nd 780 km fo r ERS-I ), a n a \ 'e rage height 

difference o f 6.3 cm \\'ith a rms of 11.+ cm is fo un d (Fig. 8). 

This effect is sim il a r if o the r re tracking d a ta such as WAP 

ones a rc uscd (L egresy, 1995). The effec t is sm a ll in thi s case, 

but parti c ul a r care sho uld b e t a ken for o th er a ltimetri c mi s

sions a nd other regions. 

In su m m a r y, th erefore, a t a 50 km sca le, th e a \'c raged aO 

or FI \ 'a lues seem to be charac te ri st ic of the geophysica l pro

cesses, whe reas th e lead ing -ed ge signa l shovvs a no n-lin ea r 

respo nse w hich is more d ifTi c ult to int erpre t. 

"00 

,~,oo -.--- - ----- ----- --------------------- ----.-----

·/).00 

~5 00 

o :!O 40 60 80 100 (ZO N O 16fJ JiJO l OO 210 uo 

distance (km ) 

Fig. 8. Height difference q/lhe same /mifile seen by Seasat and 

ERS -1 altimeters. The difference betweenlhe two salellites is 

20 km in aLtilude and 20 cm in anlenna diameln T he simul

alion is performed wilh a volume signaL dzararterized ~Y 

a v /l7, = 0.1 alld X,, = 0.15m l /n this smooth region, the 

simulated difference reaches 6.3 cm wilh a nns q/ 11.4 cm. 

5. CONTINENTAL-SCALE BEHAVIOR OF ALTI

METRIC SIGNAL 

Foll owing these resu lts at D o m e C, la rge-scale m aps of these 

p a ra m eLers we re construc ted (Fig. 9) by averaging th e pa ra

meter \ 'alucs O\'er 50 km x 50 km using data fro m th e 35 d 

cyc le No. 87 of ERS-l in ocean m ode. T he leading-edge m ap 

has a lso b een incl uded (Fig. 9b); e\'C n if thi s p a ra meter is 

qu anti ta tively uncertain a t th e small-spa ti a l scale, it g i\ 'es 

good qu a litat i\ 'C inform atio n. In fact, th e leading-edge 

m ap shows importa nt sp at ia l va ri at io ns O\'er Anta rctica, 

g reater th an p ossible varia ti ons due to its sm a ll-sca le com

plexit y ( to p ographY/\ 'olume ec ho). Thc three m a ps show 

importan t a nd co herent sig n a ls. 

A p ri ncipa l compone nt a na lys is has b een conducted , 
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Fig 9. Contilleuta/ lIIaps qf t/if a/tillletric u'(f1'ejimll /)(rra 

meLas. n,ilh ( a) the bac/.-s[{fttaillg cotjJicient ( (J ), ( b) 

tlte /eading -edge width ( 71). alld (c) the tm ilill/; -edge 

logarithmic s/o/Je ( F/). 

Legrh)I and Ren9'" AILime tric obsen'atiOlls if AlltaTctic ice slteet 

based o n these three m apped pa rameters, The a\-e rage 

",li ues o f the pa ra meters a r e g i\'(' n in Table I, and th e co rre

lati on m a trix inla ble 2, The first compone nt res ulting from 

the a na lysis r epresents 89%, o f th e "'Iri a nce o f the three 

pa ra mete rs, It indica tes th a t w hen (J diminishcs, Tr a nd FI 

increase_ Thi s a na lys is indica tes tha t one princ ipa l mec ha n

ism cO lllro ls the a ltimetric resp o nse of th e surface. 

Trrble I. . Vleall ll(r/fles and rills qf the l1.'(Jl'fforlll IJammeters 

our the fl nLarctie {olltillmt 

.Itean nI/.l 

(]' rdB 8.52 3.5 , 

' 11- gal{:~ 4-_28 W 

FI 10 I ;\Ip/g-O lCj lOG Ti_J.) 

Table 2_ Cone/atiollll/atri \" bf'/l('eellthe three wal'iforl17 /Jara 

II/e/en and the Ihree eigflll'ectors qf Ihe prilleil){" (O m/lollmt 

alla~l'si.\ Il,ith their sigllificallce 

(]' 7i 1-'1 

(J 0_ 16 n. 19 

' Ii- n. ,G I ILi_) 

FI O_I~ 0_.).') I 
) -1 0511 OSl 0 .. )9 R9°u 

l2 0.81 0 .. )1 O,21i 6.6° " 

)" 11.1:' OJ):j 0.711 I. l n
u 

The prim a r y stu dy shows th at FI is co ntro ll ed by th e 

ra ti o be twcc n \ 'o lu llle a nd s urf ~lC'e signa l iL ,\ -craged o\ 'Cr a 

50 kill sca le, while (J is contro ll ed by the summa ti o n of' both 

tcrm s a t th e sa Ill C sca le_ 

At thi s sca le, Fl is a lso de p c ndent on th c surfacc slo pe 

a nd CUI,\,a turc, ",hile (J is little a ffected by undul atio ns 

a nd slop e_ In thi s \\'ay. a decrease in th e \ 'olulll c!surfacc ra ti o 

assoc iated w ith a n increase o f th eir sum ca n o nl y be ex

pla ined by a n increase in sLII-face backsca tterin g, 1\'o te th at 

a co ntrol o r the to ta l backsca lte ri ng I]V th l' ex ti IIc ti o n coelTi

cient as is c urre ntl y admitted ( Dm'is a nd Z\\'a ll y, 1993) 

wo uld en ha ncc (J a nd Fltoge ther. 

Genera ll y, in hi gh-acc ul1lul a ti on zones (e_g_ coasta l 

zones or E as t Al1la rctica a ndth c eastern part o f\Vest Ant

a rn ica ), (J is wea k a nd 11' and FI a rc hig h, O \'er thcse 

regions, the impo rta nt surface microroug hness caused by 

strong \\-i nd lea d s to 10\\-su r f'ace bac kscalle ri ng, 

Indeed , R e lll ), a nd oth c rs (1990) showed , with Seasa t 

da ta, in th c regio n 90- 1.50 E, 66- 72 S, th a t th e w ind influ

ences th l' surface mi croroug hn css, a nd (,o llcluded th a t bac k

sca tt lTing is ill\ 'C rsely pro po rti o na l to \\'ind inte nsit y_ The 

snow pack is rcl a ti\-e ly hom ogenco us (acc umul a ti o n, wind , 

temperature ) O\'C' r thi s regio n, so \-ar ia ti o ns in back

sca ttering a rc due to \-a ri a ti o ns in surface mic ro rou ghness 

represe nta ti ve o f' wind int e ns it y. The leading ed ge is high, 

pa rtl y because o r th e impo rta l1l Ill acroro ug hn ess (sno\\' 

d unes resulting from wind; sce Figs 3 a nd 5) a nd pa rtl y 

beca use it is e nh a nced by \-o lume ec ho ( Fi g, 7), The lra iling 

edge is pa rtic ul a rl y ra ised, p a rtl y by th e surface slo pe (Le-
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gresy, 1995), and partl y by the importa nce of volume echo/ 

surface echo. 

For insta nce, at 120° E, from coast to interior, acc umul a

tion vari e· from 50 to 5 cm year 1 lV. e. The wind is parti cu

la rly high along the coas t (> 18 m s- I), while it is less tha n 

6 m s 1 in the interior. Thus, surface ro ughness (micro a nd 

mac ro) is ver y importa11l toward the ma rgin and it is low 

at high a ltitudes. The importance of the surface signal com

pared to the subsurface onc, and the dec reasing surface 

slope bring the trailing edge down to its reference value. At 

higher la titudes the backscattering becomes very high, the 

leading edge is short a nd the trailing-edge slope becomes 

lower than its reference va lue. This ca n be explained by a 

pa rticula r surface echo process that co uld be described as 

intermediate between rough surface echoes obsen ·ed abO\·e 

ice caps a nd specular surface echoes observed above sea ice. 

It is not possible here to conclude whether it is caused by a 

pa rti cula r di str ibution function of surface roughness slope, 

or by pa rticula r effects of nea r-surface stratificati on in thi s 

low-acc umulati on zone. In the latter region, Rott and others 

(1994) reported a high backscattering coeffi cient with ERS

I scatterometer data in C-band (5.2 GHz) a t 35° incidence 

a ngle. They explained this high backscattering by impor

tant stra tificati on. H owever, the penetra tion depth (related 

to frequency) is more important for the scatterometer, whil e 

surface backsca ttering sensitivity (re la ted to incidence a n

gle) is more important fo r the a ltimeter. The scatteromete r 

signa l is thus la rgely controll ed by subsurface characteri s

tics. 

By contrast, in Dronning Maud La nd (a round 0° long

itude) ERS-I scatterometer data (Rott a nd others, 1994) 

show low back ·cattering, whil e ERS-I altimeter data show 

\·ery hig h (l0 and low Ft. Indeed, such a ltimetric behavior 

can only be expl ained by a surface crust that can be tra ns

parent for scatterometer mcasurcments. 

In the ' Vest Anta rctic ice cap, nea r 230 0 E, there is a n

othcr region of high backscattcring and low trailing cdge, 

but in thi s case the leading edge remain high. 

CONCLUSION 

The aim of th is paper was to stud y the spatia l characteri s

tics of the altimeter above the ice sheet. To do this, we first 

develop ed a waveform simu lator which for the first time 

takes into acco unt the convolution between antenna-pa t

tern gain, ice-topography geometry and surface and subsur

face signal pa rts, a nd a lso the real track profi le. This 

simul ato r is able to reproduce pa rt of the true cha racteri stics 

of ER S-I data above Anta rctica. Wc showed that, even a t 

Dome C, where the topography is among the continent 's 

smooth est, \"Cr y gentle undulations strongly a ffect the wave

form ( ldBin(l 0 , 1 ~ 2 ga t es inTr ,o r 5 0 - IOO x 10 + Np/gate in 

FI ). The addition of subsurface scattering creates a large

sca le signal in energy or trailing edge, but it a lso creates a 

strong non-linea r and sma ll-sca le signa l on the leading 

edge, wh ich directly a ffec ts the estimation of the a ltime tri c 

heig ht with classical retracking techniques. The intensity of 

the subsurface signa l cannot be easil y de tec ted or removed 

with the help of the beginning of the waveform, because it 

does not dcpend on a clea r topographic signa l, slope or cur

vature. 

In order to look fo r the spati al va riability of the a lti

metric signa l cha racteri sti cs not directl y related to the topo-
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graphy, we compared these ERS-I data with SPOT images. 

These im agcs clearly showed heterogeneiti es in albedo 

which seem to be related to a brupt changes in microrough

ness. (l0 m ay be enhanced by 3 dB in these places. They also 

show smooth changes in a lbedo related to undul ati ons 

whose ampl i tudes a re not in acco rdance with surface slope 

amplitude a nd seem to be rcla tedto snO\\·-prope rl y cha nges. 

Sastrugis o f I mfl OO m, a rc a lso obse rved: they lcng then the 

leading edge by up to 2 gates. 

Finally, a ltimetric pa ra m cters averaged over .'i0 km 

scale a nd m apped on the whole continent sho\\' a \·cry 

coherent patte rn. Pr incipa l component ana lysis poin ts out 

that up to 90 % of the a ltime tric obsen ·atio n m ay be ex

plained by o ne unique mech a nism. Indeed, la rge-sca le alti

metric behavior is mostly cont roll ed by \·a ri ati ons in surfacc 

(or near-subsurface) bac ksca ttering. Regions where alti

meter waveform characteristi cs clea rly ex hibit a dominant 

subsurface sig nal a re regions where the surface sca ttering is 

a ffec ted b y ka tabatic-wind induced features. On the other 

hand , regions where th e a ltimetric signa l is clea rl y domi

nated by surface signa l ex hibit a strong backscallering 

caused eithe r by smooth surface or by the surface cr ust. 

The comiJination of altime ter and rad iom eter data, both 

affec ted by surface cha rac te ri stics (Remy ancll\Iinster, 1991), 

tS \'ery promtslllg. 
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