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ABSTRACT. The problem of measuring surface height a nd . nowpack cha rac teri stics 
from satellite rada r a ltimeter echoes is inves tigated. In thi s paper, we perform an a na lys is 
of the ERSI a lti meter datase t acquired during a 3 d ay repeat orbit. The analysis revea ls 
that there are temporal va ri ati ons in shapes o f the rada r altimeter echo and th a t these 
va ri a ti ons a re linked to meteo ro logica l phenom e na . The time- a nd space-sca les O\'e r 
which these vari a tions apply a re a few to tens of d ays and a few hundred kil ometres, re­
spectively. This phe nomenon, ifno t accounted fo r, can create error in the height measure­
m ent. A nume ri cal echo mode l is used to recover snowpac k cha rac teri stics by ta king 
advantage of th e temporal varia ti ons of the rada r echoes. A map of penetration depth of 
the rada r waves in the Ku band ove r the Anta rctic continent is obta ined and sugge ts tha t 
g ra in-size produces the dominant effect on rada r ex tinction in the snowpac k at thi s fre­
quency. Finall y, a procedure is proposed to correc t the height meas urement within the 
context of ice-shee t mass-ba lance sun·ey. 

INTRODUCTION 

The estimation of ice-shee t \'olume \'ari ati ons is one of the 
goa ls of satellite rada r altimetry. H owever. the maj o r obsta­
cle to the correc t interpretati on of a ltimetric data li es in the 
complex and va ria ble nature of the reOecting snowpack. In­
deed, the penetra ti on of rada r waves into the snowpack de­
p ends on the cha rac teri stic of the medium that exhibit both 
spati al a nd tempora l \·ari ability. The lack of knowledge of 
p e netration depth then directly enters into the a ltimetric 
height-error budget. Microwave p enetrati on within the 
snowpac k has a lready been empirica ll y (Ridley a nd Pa r­
ting ton, 1988 ; D avis and Zwally, 1993) a nd theo reti ca ll y 
(H ofer a nd M a tzler, 1980; Ulaby a nd others, 1986) es timated 
fo r a few spec ific case. To our kn owl edge, thi s qua ntity has 
no t been mapped a t the continenta l scale. The same state­
ment applies to the tempora l vari a bility of the microwa\'C 
obse rvations, which has alread y been pointed out by Ridley 
a nd Bamber (1995) and Rott a nd o ther. (1993a, b). 

The a ims of this paper a re to a na lyse temporal micro­
wave \'a ri ations a t short time-scal es a nd to map the penetra­
tion depth at g lobal scales. The a na lysis is based on th e study 
of short time-sca le ( ~ I month ) vari a ti ons of the rad a r-echo 
pa ra meters (back-scattering, leading-edge width and trail­
ing-edge slope of the altimetri c wave form ), taking adva n­
tage of the ERSI da ta acquired during phase B. This ERSI 
phase B was cha racteri zed by a 3 d o rbit repeat cycle when 
the satellite operatcd in "ocean mode". The corresponding 
di stance betwee n adj acent g round tracks was 380 km at 
66 0 latitude and 145 km at 81 0 la titude. Despite th e short 
durati on (2 months) a nd poor coverage (la rge gaps be tween 
trac ks), the orbit provides a good compromise between spa­
ti a l a nd tempora l-sca le sampling using a single satellite.ro r 

AnuHcti c co\'eragc, the spati al density of the measurem ent 
is good south 0[75 0 S a nd deteri ora tes throughout the no rth 
of the continent. 

Such an orbit a ll ows us to assess correctl y changes in 
rad a r a ltimetric signa l events of dura tion between 6 days 
a nd 1 month with sizes of more than a few tens of kil ome tres 
a long-track to more th a n a few hund red kil ometres over the 
Anta rctic continent. 

The determinati o n of acc urate surface topography a nd 
geophysica l cha rac teri stics of the snowpack from a ltimetric 
rad a r wave form is a n underdetel'mined problem fo r two 
reasons. First, the to pography (heig ht a nd roughness ) i 
not homogeneous a t th e rada r foo tprint scale (which is not 
consistent with Brown's (1977) ass umpti o n. This has been 
di sc ussed by Legrcsy and Remy (1997). The presence of un­
dula tio ns at the foo tprint sca le affec ts the \,\'hole altime tric 
wave form and makes the im'ersion of th e wave-form d a ta 
for o ther geophys ica l pa rameters diffi cult. The second 
problem is linked to the '\ 'olume effec t" a nd has l wo as pec ts. 
The first aspec t is the non-linea rity o f th e superpos ition of 
volume signal to the deform ati on of the echo by the surface 
topography at sma ll scales (e.g. 1- 10 km ). The second asp ect 
is tha t the inve rsion depends on a ntenna a nd orbit cha rac­
teri stics which va ri es from one satellite miss ion to another. 

A fully reali sti c wa\ 'C-form model should of course ta ke 
into acco unt cffects desc ribed pervio usly, which would m a ke 
the inversion probl em ve ry complex a nd ce rta inly computa­
tiona ll y prohibitive ",\' ith respect to simpler conw ntio na l 
modcl s. In any case, because the simultaneous estim a tion 
of to pographic and sn owpack cha racte ri tics from wave­
form inversion is cumbersome, a two-step mcthod can be 
formulated. The first step wo uld classicall y consist of es ti-
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mating the pertinent pa ramete rs desc ribing the a ltimetric 

response. These a re the back-scattering coefficient (aD), the 

width of the leading edge (Tr ) a nd the logarithmic slope of 

the trailing edge (F i ), following L egresy and Remy (1997). 

The second step would then consist of using the a ltimetric 

pa rameters to recover the geophysical characteristics of the 

snowpack. The main original aspect presented here is that 

our inversion uses the tempora l va ri ations of a ll the pa ra­

meters to remove one degree offreedom from the initia l "to­

pography + snow pack characteri stics" inve rsion p roblem. 
In the fi rst pa rt of this paper, wc shall es tablish the tem­

poral var ia tions of the radar echo. The observed temporal 
va ri ati ons can be caused either by the non-reproducibility 
of the a ltimetrie measurement o r by tempora l va ri ability of 
the snow pack at the surface of ice sheets (Legresy, 1995). 
These variations a re due to m e teorological phenomena af­
fccting thc ~ urface micro-roughness. Changes in micro­
roughness a rTect the rati o be tween surface and volume 
signal in the echo a nd also distort the a ltimetric wave form. 
Consequently, there is an a rtificia l vari ability in the wave­
form descriptive pa rameters a nd in the height measure­
ment. In the second part of thi s paper, we will ta ke advan­
tage of thi s va ri ability to add more info rm ation to the 
p roblem of the a ltimetric signa l inversion and we will then 
invert a wave-form model. 

l. TEMPORAL VARIATIONS OF THE ALTIMETRIC 
SIGNAL: A ONE-TRACK CASE STUDY 

We have used data [rom the 22 3 d repeat cyeles [rom the 
ERSl phase B orbit config ura tion (janua r y- Februa ry 
1992). Each cyele contains 43 tracks (see Fig. I). 10 derive 
tempora l va ri ability of a ltime tric pa rameters, the classica l 
way is to build fi rs t a reference mean profile for each pa ra­
meter and then to look at the a nomali es with respec t to the 
mean. This will now be desc ribed . 

The studied track (Fig. 1) is 1050 km long and includes 
3000 individua l repeat measurem ents. In [act, only 13 re-
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Fig. 1. M ap cif Antarctica. Contour interval is 100 In. The 
tracks cif the ERSI 3 d repeat cycle are marked as small dots 
and the 1050 km track used in this pa/JeT is plaited in bold. 

peat tracks have been used, owing to gaps in the d a tase t 
a nd to erroneous data that ha\'e been remO\"Cd. 

l.l. Description of a mean track 

Fig ure 2 presents the mean a ltimetric pa ra meters 
(H , aD, TT and F i averaged o\"er the 13 repeat measure­
m ents) along the trac k. In the first ha lf of the track (0-
500 km), the back-scattering coefficient has low values, 
while the leading-edge width a nd the tra iling-edge slope 
have high values. This is the signatu re of a volume echo 
(L egresy and Remy 1997). In the second half of the track, 
the presence o[ a volume echo is no t m arked. Indeed , the 
back-scattering coclTicient is higher tha n in the fi rst ha lf of 
the profil e, whereas the leading-edge width and the tra iling­
edge slope have lower values. Notice tha t this is a first-o rder 
ap proach that should be considered with caution, because of 
the high noise level on the leading-edge width and the trail­
ing-edge slope pa rameters. The m ain difficulty in building 
the mean profil es is due to non-exact repeatability of the 
g ro und track, i.e. the ground-trac k band width is about 
± I km with res pect to a reference (R osengren, 1992). In fac t, 
a t high latitudes, the shift be twee n the two tracks reaches a 
m ax imum of 3j100° in longitude a nd 3/1000° in latitude. 

In thi s case, one may conside r that wave-form pa ra­
me ters a re not a rTected by the geographical displacement if 
they arc smoothed over more tha n 10 km. (Legresy and 
R emy, 1997). Anothe r source of error in the mean profil e in­
terp retation is the slope error. In the case of a 0 2.5%0 slope 
ra te (at the scale of the rada r foo tprint) that is obse rved 
a long the track, the induced error on individua l height 
ranges from 0 to 2.5 m which is no t acceptabl e. To correct 
fo r this error, wc computed the across-track topography 
over a 2 km band applying a to ta l inversion technique to 

the ERSI geodetic cycles data as expla ined in BI-isset a nd 
R em y (1996): 743 tracks in the across directi on of the 
1000 km observed track were used , leadi ng to a 1.4 km aver­
age d istance be tween each track to be processed th w ugh the 
inversion. The height measurement is then co rrected fo r this 
displacement by subtracting the geodetic topography pre­
c isely interpola ted a t each point. Finall y, the height meas­
urement is also perturbed by orbit errors. The QI-bit-error 
sp ectrum shows dominant peaks a t very long wavelengths 
(> several tens of thousands of kilometres ) (Minster and 
others, 1992). This orbit error is therefore assumed as onl y a 
constant bias on the 1000 km tracks. 

l.2. Temporal variations along a single track 

The next step in the process ing consists of computing the 
tempora l anoma lies of the altime tric parameters (Fig. 3) 
abo ut their mean va lues. To reduce short-sca le noise of the 
a ltimetric para meters, the da ta have been smoothed spa­
ti a ll y a long the track (using a n ave rage sliding window of 
10 km width ) a nd in time (using a 9 day window) because 
of d ata gaps either due to lost a ltimeter tracks or to data 
editing. 

One then find s th at the radar back-scattering coefficient 
shows coherent va ri ati ons by ± I dB at about 15 d time­
scales. At the same time, anti-correlated vari ations occur 
on the leading edge width ( ± 0.5 m or I gate). The tra iling­
edge slope does no t present a ver y coherent signal. The sig­
nificant variations occur particula rl y on the first ha lf of the 
track, whilc the second half does no t present the same level 
of sensitivity. Note that the heig ht pa rameter, ex tracted 
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Fig. 2. A Ieall /n"rifiles rifthe 1050 km lrack displa.Jled in Figure 1. The height ( a) rangesJrom 3000 10 3300 m. The back-scal/ning 
coifficient ( b) vanes ~Y '"' dB, being lower at/he beginning riftlze prrifile. The leadillg-edge width ( c) rangesJrom 2 to 5allimetric 
gales (e.g. -17 (111 eqllivalent in heighl ), being higher at the beginning rifthe prrifile. The trailing-edge slo/Je ( d) is highfy variable 
and j;resents a Imge-scale decrease rif 50 x 10 -I Hp gate I belween theJirst and second half rifthe profile. 

from thc wave-fo rm leading cdge is a lso affected. Figure 4 
di splays the tempora l anomaly of the parameters averaged 
over thc first 500 km ofthc track and illustrates the phenom­
enon. In thi s fi g ure, the tcmpora l va ri ations ave raged ove r 
the las t 500 km havc been removed (region di splay ing very 
low \·ariability ). Th is a llows thc remova l of the orbit bias 
error on the height and revea ls the d ifference of signa l 
between thc beginning and the cnd of the track. 

Figure 4 a lso shows that there a rc 70- 80 cm height var­
iat ions with in a short period of time. While this signa l is thc 
average of 1400 ind i\' idua l measuremcnts at each d ate, thc 
confidence in the obscn 'cd \'ariations is a t the 3 cm level in 
h cight. This is, of course, an unreali sti c magnitude g iven the 
low acc umulation in the rcgion a nd thc short time-scales in­
volved. We will now il1\·estigatc some reasons [or this a ni-

fact. Several possible bac k-scattering variation mechani sm s 
may be im·cstigated. Fir t, potenti al causcs can lie in the 
topog raphic undulations across track (L egresyand Re m y, 
1997). H owever, the geode tic topography does not present 
u nd ul ations across-track w i th su ffi cicnt ampl i tudes to mod­
iCy the back-scatter ing as obsen 'Cd. A second cause may 
a ri sc from natura l geographical \'a ria tions in back-sca ttc r­
ing in the ac ross-track d irect ion, other th an those due to un­
dul a tions, with amplitudes comparable to the observed I dB. 
Such a reOeeting a rea (for example, a high reOecting bu t 
sma ll a rea ) is spread ove r ~1O km sca les on the altimc lric 
back-sca ttering (Leg rcsy and Remy, 1997) a nd is thus geo­
metricall y imposs ibl e here (50 dB in amplitude, a few metres 
wide a nd 500 km long is not rea li stic). Also, neither mis­
pointing nor 0'0 instrumenta l drift can be invokcd bccause 
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Fig. 3. Temporal anomalies if the waveform parameters. (a ) 
The back-scattering coifficient (in dB), ( b) the leading­
edge width (in gates), (c) the trailing -edge slope (in 10 1 

Np gate ) about the mean shown in Figure 2. 

the ER Sl platform is stablc a t 0.01 0 and there is no (lD drift 
observed a t this time-scale. The last potentia l cause may 
arise from the volume-echo contribu tion to the radar reOec­
tion. As a lready mentioned, the area that exhibits strong 
temporal van atIons is affected by volume echo. The 
observed va riations (anti-correlation between (lo and 
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Tr , F t) suggest a variation of the surface signa l. Indeed, a 
decrease of the surface back-scattering diminishes the total 
back-scattering a nd increases the rela tive weight of the 
volume part of the signal. As a consequence, the leading 
edge and the trailing edge are increased. On the other hand, 
a n increase of the surface back-scattering will emphasize 
the surface cha racteristics of a wave form which will then 
display a narrower leading edge a nd a more sloping trailing 
edge. 

T hus, it is clear that the identified artificial varia tions in 
height are highly correlated with variations in back-scatter­
ing (and anti-correlated with variations in leading-edge 
wid th). 

This artifact is li mi ted by "Iow-retracking" techniq ues 
(Ba mber, 1994; L egresy, 1995). T hese techniques consider 
the beginning of the leading edge (for example 25% of the 
total amplitude). In th is case, the observed signal red uces to 

50- 60 cm in amplitude, because it is less sensitive to volume 
echo which acts principally at the end of the wave form. 
H owever, the artificial signal is still present at a significant 
level with resp ect to the height-accuracy requirements for 
glaciological measuremenLs, and the interpretation of the 
measurement becomes biased. This means that a ny wave­
form retracking method, not including the volume-echo 
contribution, m ay create artificia l height variations that 
should not be interpreted in geophys ical terms. 

2. TEMPORAL VARIATIONS OVER THE ANTARC­
TIC CONTINENT 

After the analysis of a 1000 km track case study, it is of inter­
est to extend the study over the whole continent. Even if the 
spatial coverage is sparse (Fig. I), it is sufficient to continue a 
conclusive prospective work. To thi s end, we computed the 
data from 22 repeat cycles over the whole continent. 
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Fig. 4. Average anomaly qfthe parameters over thefirst half if the track. 
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2.1. rIllS variability 

Nlcan values of each para meter were computed over a 20 

longitude by 0.50 latitude g rid and mean values a re effec­
ti vely computed in locations where at least 50 data and I I 
repeat measurements a re avail able in order to perform sig­
nificant sta ti stical ana lyses. Each track is computed inde­
pendently in order to minimize poor geographi al 
rcpcatability of the measuremellls (in the case of multiple 
tracks within a grid clement ), and to avoid problems of re­
peatabilit y be twee n asce nd ing and descending observations 
(Brisse t, 1996). Figure 5 shows maps of the temporal varia­
bility in th e various pa ra meters in terms of rms. The vari a­
bility m ay reach 0.5 m for the lead ing edge width, I dB for 
the back-scattering and 25 units for the tra iling-edge slope. 
The possible vari ability caused by thermal noise, speckle 
and ret racking is less than 10% of what is observed here. 
This vari ability leads to a "potenti a l vari abilit y" of 0.5 m 
rms in the height measurement at 2 months scale. Unlike 
the retracking error, therm al or speckl e no ise that a re ran­
dom has spatia l correlat ion over a few hundred kilometres. 
T his er ror m ade on the height measurement therefore seems 
to domina te over other known sources a nd occurs a ll ove r 
the continent. It is hence necessary to understand well the 
origin and cha rac ter of thi s error. 

2.2. Physical p rocesses of var iation 

Var iations in the volume part of the signa l due to vari ations 
in the snowpack temperature, for instance, o r to vari ati ons 
in absorpti on, would no t act simi larl y (an increase in 
volume part wo uld be assoc iated with a n increase both in 
back-scattering and in leading edge and with a dec rease in 
height). Possible tempera ture effects will now be examined. 
The Dom e C temperature record (near the single track 
studied in sec tion I) does no t di splay the same behaviour as 
the a lrime tric observation, neither in phase nor in ampli­
tude, even if wc take into acco ulll the propagation delay 
with in the snowpack. The same conclusion is valid for 
bri ghtness temperatures deri ved from the ERSl radiometer 
and there are no correlat ions. In fact, du ring J an uary and 
I~bru a r y, the evoluti on of the temperature is dominated by 
a continuo us decrease on which second-order a nomali es a re 
super imposed. No simi la r trend is observed in the a ltimetri c 
data . Fin a ll y, as obsen 'ed by Brisse t (1996), the difference 
between one summer and one win ter 35 d cycle of ERSI 
does not di sp lay any maj o r signa l, while the temperature 
difference is ",40 K . Hence, the temperature does not dom­
inate the va ri ations of the volume part of the rada r echo 
observed here. 

In addition to analysing the rms vari ability of the echo 
pa ramete rs, it is a lso poss ible to map their tempora l anoma­
lies. The observed anomalies a re signifi cant a nd their pa­
ti a l and tempora l characteristics are simi la r to those of the 
meteorological perturbation, that is a few hundred s of kilo­
metres a nd a few to tens of days (Seko a nd o thers, \991). It 
should be noted that satelli te undersampling does not allow 
adeq uate obse rvati on of meteorological di splacement. 

The obse rved correla tio n allows us to suggest that a rea­
li stic mecha nism for varying the relati ve volume cont ribu-

Fig. 5. A1aps of/he nns variability rifthe various parameters 
over the Antarctic ice sheet. (a) The back-scattering coiffi­
[ien / (in dB ), (b) the leading-edge width (in gates), (c) 
the tmiling-edge slope (in 10 4 Nj) gate ). 

0.0 0.2 0.4 0.6 0.8 / .0 

(a): R.M.S. Baekseattering (dB) 
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(e): R.M.S. Trailing edge (10-4 Np/gate) 
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tion to the altimetric echo is tha t meteorological events 
change the wind pattern and thus the surface micro-rough­
ness. Because surface back-scattering is very sensitive to sur­
face micro-roughness (Remy and others, 1990), this may 
create Ouctuations in surface back-scattering. The wind 
effect is complex. Kobayashi (1979) reported modification 
of the surface micro-roughness induced by cyclonic wind 
above the katabatic wind-formed patterns. However, we do 
not have sufficient elements to ma ke more precise conclu­
sions about the wind processes. A nother pos ibility is tha t 
the hoar-frost growth and grain recrystalli zati on, con­
trolled by the rate of temperature change, alter the relative 
propor tion of surface and sub-surface signals .. This possibi­
lity must be con idered with care. The observed phenomena 
have to be reversible. The observed temperature record at 
Dome C does not show rates of temperature change corre­
lated with the back-scatter changes. The better candidate for 
creating this signa l remains wind processes. 

2.3. Geographical s ignature of the phenoITlena 

A lthough the la rge-scale vari ations show a common pattern 
for the three wave-form parameters, the effect of variation 
in back-scattering on both wave-form shape parameters 
produces a geographical signal. The high varia tions of 
back-scattering in West Antarctica at longitude 2700 or 
225 0 E induce high responses in leading-edge width at 
2700 E. The same effect is less impressive at longitude 
225 0 E. T his geographical behaviour of wave-form shape 
with respect to cha nge in back-scattering is shown in Fig ure 
6. Both maps show a coherent signal a nd are decorrela ted 
with each other. ' '''hile the leading edge is very sensitive to 
changes in 0"0 near Tallos dome (155 0 E), the trailing edge 
shows less sensitivity. Conversely, near 135 0 E and 800 S, the 
leading edge is not very sensitive while the trailing edge is 
more sensitive. It is clear that this sensitivity is rela ted to 
snowpack characteristics. These characteristic could there­
fore be deduced from an analysis of both maps using a wave­
form model to perform an inversion. 

3. INVERSION OF THE SIGNAL 

3.1. Methodology 

T he retrieval of penetration-depth and volume-echo contri­
bu tions to back-scattering will be performed following a 
two-step methodology. The first step will consist of estab­
lishing a theoretical model of leading-edge width a nd trail­
ing-edge slope va riations with respect to surface back­
scattering changes by considering the volume-echo contri­
bution to back-scattering. T he second step will use the de­
rived model to invert ERSl data, as shown in Figure 6, to 
recover penetra tio n-depth and volume-echo contributions 
to back-scattering over Antarctica. 

T he numerical echo model as developed in Legresy and 
Remy (1997) is used . T his echo model allows us to simulate 
wave forms from a finely digiti zed topography in order to 
have as realistic wave forms as possible, taking into account 
satellite characteristics (e.g. altitude a nd antenna patterns) 
a nd surface back-scattering (O"s). Volume echo is included in 
the simulation using a simple model controlled by the con­
tr ibution of a "one-gate equivalent layer" to back-scattering 
(O"v), resul ting from stratification a nd ice-grain scattering, 
and by the ex tinction through the snowpack (xe) - or 
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-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 

(a): dTr/dsigmaO 

-60.00 -40.00 -20.00 0.00 

(b) : dFVdSigmaO 

Fig. 6. Maps qf the regression between ( a) the back-scattering 
coifficient and the leading-edge width tempoml variations 
(in gates dB- j, (b) the back-scattering coifficient and the 
tmiling-edge slope temporal variations ( in 10-4 Np gate- ] 
dB- ) 

equivalently the penetration depth (dp ) - rcsulting from 
absorption and ice-grain scattering. The output of thi s 
model includes wave forms, which are retracked in the same 
manner as data analysed in the previous sections. All the 
wave-form parameters a re then recovered : 0"0, leading-edge 
width and trailing-edge slope. 

3.2. Modeling variations of wave-fortn paraITleters 

Theoretical values of dTr / dO"° and dFI / dO"° are computed 
by varying 0"5 between 0.5 and 1.5 times the reference value 
(O"ref ), a nd by keeping the volume echo constant with respect 
to this reference value. The variable O"ref is the surface back­
scattering correspondi ng to the roughness configuration 
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preseJ1l from the internal laye rs. Fi ft y real topograph.ic 
situations with roughness and sub-footprint topography 
have been averaged for each configurati on (a s, an xe); this 
makes the result more relevant to the mapped da ta . \ Vhen Us 

is equa l to Uref, the same configurati on of roughness and 
micro-roug hness is considered at the surface and at the 
internal interfaces. The relations T T( uO) and Fl( uO) are ver­
ified as being linear. The pa rameters a re then processed for 
50 differeJ1l real topographic patterns a nd for couples 
(U,.jUrcf ; dp ) ranging as (0- 0.5; 0- 20 m). The resulting dia­
grams a re shown in Figure 7 where the to ta l volume part 
increases from the lower leftha nd corner (no penetration 
and no volume scattering) up to the upper ri ghthand corner 
(strong penetration and strong volume scattering). Both the 
trailing-edge slope and leading-edge width decrease (nega­
tive deri vatives ) while surface scatteri ng inc reases. Surface­
scattering fluctuations g reatl y a ffec t the tra iling-edge slope 
when the volume part is importa nt but have less effect when 
the volu me part is weak. Surface-scatteri ng fl uctuations 
have a strong effect on the leading-edge width. The flu ctua­
ti on of bo th leading edge and trailing edge due to change in 
surface back-scattering exhibit a different behaviour with 
respec t to vo lume-signal cha rac teri stics. This difference 
a llows inver ion of Figure 6a a nd b and the recovery of both 
volume-scattering and penetration depth. 

3.3. Volume-scattering and penetration depth over 
Antarctica 

A linea r im·erse process, using a classica l leas t-squa res mini­
mizati on technique, produces the first g lobal maps of 
u ,./Urcf a nd dp (Fig. 8). Offse ts between obse rved ERSI data 
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a nd the model a re weighted by the sta ndard deviation of the 
pa ra meters in the datase t. 

The penetration-depth va lues vary from 7 m within the 
continent to 13 m at a lower a ltitude. These values a re in 
good agreement with some of the previous estimates. Ulaby 
a nd others (1986) listed penetration depths of about 10 m at 
13 GHz into dry snow, with an 0.24 M g m 3 density and an 
0.5 mm ice grain-size, while Hofe r a nd Matzler (1980) pre­
dicted penetra tion depths of 7 m a t 13 GHz. With the hel p of 
Seasat altimeter wave-form ana lysis, Ridley and Parting ton 
(1988) found a p enetration depth of 8 m in a small area. 
Using Geosa t a ltimeter data, Da\"i s a nd Zwally (1993) found 
penetrati on depths va rying from 5 to 10 m in a sm all a rea, 
north of 72° S in Wilkes Land. Both studies relied on wave­
fo rm analysis but were not performed on a globa l scale. 
These estimates are limited by the wave-form averaging 
procedure and by limitation to fl a t regions. The error of pe­
netrati on-depth estimation associa ted with the present 
method has been evaluated by two mea ns: first, the error 
in regress ion calculation inferred by noi e has been ca l­
cul ated. The correla tion between this error of inputs and 
output is 2.7 x 10 2, indicating th a t there is no relation 
be tween this error on the inputs a nd the output of the inve r­
sion. Secondly, the initial va lues have been perturbed by a 
M onte-Carlo method. The map o f the maximum error 
g ive n by the Monte-Carlo method o n the penetration depth 
(not displayed here) presents a n hom ogeneous signal of the 
o rder of 3 m tha t can be as. ociated with the inversion. 
Although the o rder of magnitude of the extinction ca l­
cul ated here is in accordance with the previous values, the 
result should be discussed as ther·e a re disagreements in the 
pa ti al di stribution and interpre ta tion. 
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Fig. 7. T heoretical regressions: (a) the back-scattering coefficient and the leading-edge width ( in gates dB ~, ( b) the back­
scattering cowicient and the trailing-edge slojJe ( in 10 ., Np gate 'dB ') obtained by v(1)1ing the surface back-scatteringfor each 
qf the volume-echo configurations. 
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6.()()() 8.()()() lO.(J()() 12.()()() 14.000 

(a) : penetration depth (m) 

0.0 0.0 0.1 0.1 0.2 0.2 0.3 0.3 0.4 

(b): sigmav/sigmarej 

Fig. 8. Maps of ( a) the penetration depth ( m) of Ku radar 
waves inside the snowpack; ( b) the volume contribution 
( back-scattering of one ",30 cm layer/ mean surface back­
scattering). 

4. DISCUSSION 

4.1. Pen etration depth a nd ice g rain-size 

The extinction coefficient is due to losses by absorption and 
scattering (ke = ka + ks). Absorption is mostly controlled 
by the temperature (Matzler, 1987) and decreases from the 
coast to the dome. According to M atzler (1987), the uncer­
tainty about the actual behaviour of the imaginary part of 
the dielectric constant of dry snow with respect to temper­
ature is serious and limits the interpretation of the micro­
wave signature. In any case, as the temperature decreases 
from the coast to the interior of the continent, the absorp­
tion should behave simila rl y. 

Scattering is mostly controlled by g rai n-size. Gow (1969) 
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discussed the depth- time- temperature relationships of ice­
crystal g rowth. The behaviour with depth of crystal growth 
can be expressed as 

D2 - Do2 = ko exp (- E/ RT) zjacc 

where D and Do are the equivalent size of the crys tal a t a 
depth z and at the surface, respectively, E is the activation 
energy (of the order of 45 J mole '), R is the gas constant, ko 
is a consta nt, ace the accumul ati on rate a nd T is the temp­
erature of the snowpack. It is the grain-size in the first few 
metres offirn that plays a significant role on the radar obser­
vation. H ence, there are two principal physical phenomena 
which have opposite effects. Higher temperatures cause the 
snow g rains to grow quickly, whereas higher accumulation 
rate cause them to grow slowly. There a re many other phy­
sical phenomena acting on the grain-size. For example, the 
wind may crush the snow grains (Colbeck, 1980) and create 
sma ller g rains in low-accumulation regions. Using ground­
traverse data from Mirny (66°33' S, 93°01 ' E) to Vostok 
(78°28' S, 106°49' E ), Surdyk and Fily (1993) showed that 
the grain-size increases from the coast to the dome. At such 
a scale, it can therefore be concluded that the accumulation 
ra te is the dominant controlling factor of grain-size (and a 
fortiori the scattering coeffi cient ), with a lower effect from 
temperature. The large-scale behaviour shown in Figure 8 
suggests that geographica l vari ati ons of the ex tinction coef­
fi cient are predominantly controll ed by grain-size. 

Following Comiso a nd others (1982), a constant absorp­
tion coefficient of 0.04 m 1 is ass umed. The penetration­
depth distribution gives a scattering coeffi cient varying 
from 0.03 to 0.16 m 1. Assuming a cubic dependence law 
between scattering coeffi cient and grain-size (Zwally, 1977), 
the equivalent diameter of snow grains is found to vary from 
0.6 mm in the plateau region to 0.34 mm at lower altitudes. 
In compa rison, Surdyk a nd Fily (1993) reported grain-sizes 
ranging from 0.2 to 3 mm using a la rge datase t of observed 
values. In addition, they pointed out that the gradient ratio 
of brightness temperatures between two frequencies is 
linked to snow grain-size. The gradient-ratio map is 
obtained (see Fig. 9) from the ERSI radiom eter data which 
give brightness temperatures at the vertical incidence of 23.8 
and 36.5 GHz. The lower the ratio, the greater the grain-size 
and, consequently, the greater the scattering and the lower 
the penetration depth. Thi s map is consistent with the pene­
tra tion-depth map in E ast Antarctica. This confirms tha t 
the extinction is mostly controlled by scattering through 
grain-size. However, this has not been verified in West Ant­
arctica, where the higher temperature perturbs the gradi­
ent-ratio significance (Surdyk and Fily, 1993). In fact, 
higher temperature implies a higher temperature gradient 
in the snowpack that influences the gradient-ratio measure­
ment. 

Finally, the large-scale signal of the penetration depth of 
rada r waves (in the Ku band ) wi thin the snowpack seems to 
be more controlled by accumulation rate than by temper­
ature, as was assumed by Davis and Z wally (1993). 

4.2. VolUIne cont ribut ion 

The volume-contribution (back-scattering of one ",30 cm 
layer/m ean surface back-scattering) m ap di splays val ues 
from 0.05 to 0.4. The volume signal may be due to scattering 
by ice grains (Rid ley a nd Partington, 1988), yet internal 
stratification is found empirically to be the dominant effect 
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Grrulknt ratio (J6.5-22.8 GH:.) 

Fig. 9. Map qf the "gradient ratio" (in 1/1000) qf brightness 
temperatures at 23.8 and 36.5 CHz obtained with the ERS1 
radiomete1: Th is ratio is empiricalry found to be linked to the 
snow grain -size by Surdyk and r1.ry (1993). 

acting on the altimetric wave forms (Remy and others, 
1995). In thi s case, volume contribution depends both on 
the internal stra tification intensity and on the number of 
strata. The number of strata per depth unit is important 
when the accumulation rate is low. The weak stratifica iton 
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found in Wilkes Land (Goodwin, 1988) is due to the high 
accumulation rate in this region (Bromwich, 1988), while 
the higher stratification near domes is due to the low accu­
mulation rate (Surdyk and Fily, 1993). 

Internal stratification intensity is representative of the 
density contrast from one layer to another and shows con­
siderable variations from one region to another. Various 
phenomena play a role in the firn stratification such as snow­
drift (Takahashi and others, 1988) or wind crusts (Goodwin, 
1991). 

Rott and others (1992a, b) reported internal density var­
iations of 0.1 and 0.05 gem - 2 rm s, respectively, each 5 cm in 
East Anta rctica for two sites less than 100 km apart, showing 
the spatial variability of the stratification. The geographical 
signal of volume contribution, in general, does not show any 
coheren t pattern, except in some areas. The fact that snow­
pack characteri stics dep end on various climatic processes 
such as accumulation, temperature variations and snow­
drifting may explain the poor geographical signature of this 
pa rameter. 

4.3. L o n g-t enn ice-s h eet volUIne s u rvey 

The strong tempora l vari ability ex hibited here has a n 
importa nt consequence on ice-sheet volume surveyed from 
temporal altimetric series. First, the short-scale signal must 
be corrected. It is possible to do this using the wave-form 
model, the snowpack characteristics and the measured lead­
ing-edge width . Figure 10 shows the e rror on the height 
measurement as derived here, for a mean 2.3 gates "surface" 
leading-edge width. Assuming a residu a l error of 10%, thi s 
yields a raw noise estimate of 10 cm. For a minimal required 
precision of 2 cm year I, a nd for good sampling of seasonal 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

sigmaV/sigmaRe! 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

dH/dsigmaO (m/dB) 

Fig. lO. Diagram qf the height-variation artifact induced by sll1face-scattering variations zn the presence qf volume echo (in m dB- ). 
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effects, abo ut 25 measurements per yea r a re required , lead­
ing to a short repeatability of a round 15 d, which is of the 
order of ocean ic requirements. The future missions, being 
planned to haye a larger repetition time, wi ll make this 
problem criticaL Secondly, climatic change will probably 
produce long-term changes both in the acc umulation rate 
and wind regime. These changes probably a lso ha\'e a seas­
ona l signature as suggested by Van derVeen a ndJezek (1993). 
The cha llenge will be to discriminate between real changes 
in ice volume and obsen 'ation noi se, The climatic survey of 
ice sheets must then be done with the help of time series of 
both a ltimetric height and a ltimetric parameters (e.g. back­
scattering, lead ing-edge width and trailing-edge slope). 

CONCLUSION 

\Ve have presented here some important variations in the 
altimetric wave-form shape at short time-scales (a few 
days), There is strong circumstanti al evidence that these 
vari at ions are associatcd with meteo rological events and 
that they create an artifact on the height m easuremen t. 
These variations a llows us to estimate snow pack character­
istics, such as the penetration depth and yolume back-scat­
tering contribution from an inversion of a radar-echo 
modeL The resulting map of penetration depth shows a 
strong coherent signal. The extinction of radar wa\'es within 
the snow pack is found to be mostly linked with snow grain­
size and temperature is a second-order effecL The survey of 
ice-sheet volume is therefore perturbed by this artifact. 
Given the rms variability measured on the 2 months long 
record (Fig. 5), the snowpack characteristics (deduced in 
Fig. 8) and the impact on height (Fig. 10), the resulting error 
that can be potentially reduced li es within 1 m in the western 
part of the ice sheet and more frequently a round 40 cm in 
the eastern part. The su rvey of the altimetric wave-form 
shape will a ll ow estimation of both ice-sheet mass balance 
and ice-sheet surface climate. 
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