Journal of Glaciology, Vil 43, No. 144, 1997
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ABSTRACT. The aim of this paper is to investigate the geophysical characteristics of
the Antarctic ice sheet using radar altimetric observations. To do this, we use an altimetric
wavelorm simulator, in situ observations, ERS-1 ( European remote-sensing satellite) data
and SPOT (Satellite pour Tobservation de la terre) images. The small-scale study takes
place at Dome C, Terre Adélie, which is a relatively flat region with gentle undulations
and low wind speed. Despite this, the altimetric waveform parameters (height, energy,
leading edge and trailing edge) are highly noisy. The effect of undulations on the wave-
form parameters is found to be dominant. The combination of a subsurface signal and a
rough surface produces a linear effect on the altimetric backscattering or on the trailing
edge of the waveform, but a strongly non-linear effect on the leading edge of the waveform
or height estimation. As a consequence, the height measurement is very sensitive to the
altimeter technical or orbital characteristics and is not reproducible from one mission to
another. Observations show sastrugi fields that enhance the leading edge and affect the
whole waveform. Observed local backscattering changes, probably due to local variations
msurface microroughness, enhance the backscattered energy and may artificially create a
topographic signal. The continental-scale study shows coherent patterns. Even if both
surface and subsurface components affect the altimetric observation, the large-scale
signal is mostly controlled by surface backscattering variations. The surface or near-sub-
surface characteristics of the snowpack may then be reached by altimetric observations.
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Considering the altimeter as a radar instrument, one
can show, for example, that the intensity of radar back-
scattering is controlled by surface microroughness, which is
related to katabatic-wind intensity (Rémy and others, 1990),
or that the waveform shape is affected by subsurface quanti-
ties such as grain-size, snow temperature, snow density
(Ridley and Partington, 1988; Partington and others, 1989)
or internal stratification (Rott and others, 1993; Rémy and
others, 1995). Moreover, small-scale features. such as sastru-
gi or snow dunes, and medium-scale features such as undu-
lations, play a role in the altimetric return waveforms,
because they induce variations both on the illuminated
radar footprint (of the order of 10km % 10 km) and on the
surface height distribution inside this footprint. These topo-
graphic effects are probably the cause of the strongest signal
in altimetric waveform shape and intensity at a ~10 km
scale (Martin and others, 1983; Feménias and others, 1993:
Wingham, 1995h).

The recovery of geophysical parameters is thus not tri-
vial, because not only is the snowpack a very complex di-
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recovery? Is the induced altimetric signal reproducible from
one mission to another? What kind of geophysical informa-
tion may the continental-scale signal provide?

In order to minimize the large-scale features and topo-
graphic effects. the study was performed at Dome C, Terre
Adélie, where the high ice thickness leads to a flat region
with attenuated undulations (see Fig. 1). The Dome C region
is also characterized by low winds ( Petré, 1993),

ERS-1 (European remote-sensing satellite) data were
analyzed along a 250 km track. We developed and used a
wavelorm simulator in order to understand the different
physical mechanisms. We also used four consecutive SPOT
(Satellite pour l'observation de la terre) images as terrain
truth, in order to detect sastrugi fields or change in snow-
pack nature and to compare these visual observations with
the altimetric signal. This comparison helps us to better un-
derstand the influence of the observed surface features on
radar echoes. After this verification at Dome C, a larger
area was investigated to study the continental-scale beha-
vior of the ERS-1 altimetric signal.
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Fig. L Topographic map of the Dome C region, Terre Adélie,
Antaretica. The map was constructed by inverse method,
using ERS-1 35 d repeat-cyele retracked data. Isolines are
each meter, and bold isolines are each 10 m. The frame of the
SPOT images and an ERS-I track ave superimposed.

1. ALTIMETRIC OBSERVATIONS
1.1. Situation

For the first time, the ERS-1 altimeter provides observations
at high-latitude regions (827). Figure | shows the topo-
graphic map of the Dome C region from ERS-1 data. Our
analyzed satellite track and the region of SPOTcoverage are
superimposed. We used the WAP  (waveform altimeter
product) data of the 35 d repeat orbit delivered by the UK-
PAY (United Kingdom Processing and Archiving Facility).

The altimetric height is deduced from a retracking techni-
que (fitting process), as explained in Feménias and others
(1993) and Legrésy
Deutsch Processing and Archiving Facilities is used. In

(1995). The precise orbit from the

order to reduce the residual height errors (retracking, orbit
and propagation of the radar wave in the atmosphere), we
used a total inversion technique (see Rémy and others,
1989; Brisset and Rémy, 1996) in which the signal and errors
are separated using their covariance properties. The a pos-
teriori precision of the topography is within 1 m.

1.2. Waveform description

The retracking technique allows us to estimate four para-
meters, as shown in Figure 2:

Thc ton[ ene rury return, rclam,d to the incquam‘rinq coetti-

form, Lhn, represents the (.m‘:g_\ receiy e(l from the [:mr]n nt
(e.g. a 5-10 km scale; see Fig. 2). The total energy returned is
corrected for the shift of the waveform inside the temporal-
acquisition window due to tracking error (Rémy and others,
1990).

The half leading-edge width, named Tr (expressed in alti-
metric gates, c.g. 47 cm for ocean mode), which is obtained
by fitting the error function (erf). This corresponds to the
first part of the impact of the radar wave on the ground sur-
face (e.g. L km scale).

The trailing-edge slope, named Fl (expressed in 10 4 Np/
gate), which is obtained by a lincar regression of the end of
the waveform on a logarithmic scale (from the maximum
amplitude gate (o the 63rd gate). This corresponds to whole
altimeter footprint scale.

"Tiwo different heights are extracted: the first one is given by
the position of the middle of the leading edge, and the sec-
ond onc by the position of the first echo (by adding the half
leading-edge width to the first height).
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Fig. 2. Waveform parameters description. o° is the backscattering coefficient related lo the waveform integral ( in dB ). Tr is the
half leading width, expressed in gates. Fl is the trailing-edge slope in a logarithmic scale (in Np/gate ). ty is the altimetric impact
measurement expressed in gales (1 gate = 3123 ns or 47 cm in height ). The corvesponding kilometer scale of the temporal  footprint

evolution is also given.
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1.3. ERS-1 data profile

The height profile along track 5056 (marked in Figure 1) is
displayed in Figure 3. Panel a shows the height profile,
superimposed on the two topography residuals (obtained
by subtracting a large-scale polynomial form); panels b—d
show the three waveform parameters, @, Tr and FI, respec-
tively. The two residual topographies in Figure 3a cor-
respond to the two different heights delined before, The
“first impact” topography has larger amplitude than the
“first echo”, and is noisier, In general, looking for the middle
of the leading edge smooths the topography at the impact
footprint scale, so some small-scale features may disappear.
Note, however, that some small features which were not visi-
ble on the *first echo” topography remain on this topogra-
phy (see km 130 or 205). The rms of the topographic
residuals is I m. Despite this very smooth topography, the
three waveform parameters shown in Figure 3b-d are
highly noisy at a 10 km scale. As suggested by the compari-
son between the three profiles, most of the medium-scale
features vary together: see km 50, 70, 85, where local maxi-
ma in o correspond to minima in Fl and Ti.

However, this remark does not apply to other locations,
for example, the beginning of the profile, where there is
higher noise level. A more detailed analysis can be made
by comparing real and simulated profiles, as in section 2.4
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Fig. 5. Different parameters’ profiles along the track: (a) the
hewght profile and two types of residues. one corresponding lo
the half~leading-edge impact ( solid line), the other corres-
ponding to the “first impact echo” (dashed line); (h) the
backscaltering coefficient profile;: (¢ ) the leading-edge para-
meter; (d) the bailing-edge slope expressed in 10" Npj/gate,
all with local mean values ( dashed ).
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age value of Tr is 3.7 gates, with a rms of 1.9
gates. The average value of Fl is —63.5 x 10 * Np/gate, and
the rms is 108 % 10 Np/gate.

A large-scale signal is also observed in Figure 3; the
mean leading-edge value for the first 80 km i1s 1-1.5 gates
greater than that for the end of the track, while o shows a
large-scale trend, with an increase of 1.5 dB from the begin-
ning to the end ol the track. The rms of the residual signal is
0.5dB. Note that the trailing edge shows no significant
large-scale variation.

1.4. Mechanisms acting on waveform shape

At the scales studied here, most of the waveform shape and
intensity variations are probably caused by small- and med-
ium-scale topographic signals. Several mechanisms may
affect the radar echo.

First, the radar waveform shape is very sensitive to the
local surface slope, because of the slope error: the impact of
the radar wave does not occur at the nadir where the anten-
na gain is maximal, but is shilted to an upslope point, near-
est to the satellite, where the energy emitted and then
received by the antenna is diminished. If the surface slope
is «, the impact occurs at a distance ha (Brenner and
others, 1983; Rémy and others, 1989), where h is the satellite
height, and the energy received from the surface will be
diminished by a factor exp(—G sin® «) (Brown, 1977) where
(7 is the antenna gain (G = 11280 for ERS-1). This will then
affect the shape and intensity of the waveform.

Secondly, wavelorm shape is also very sensitive to the
curvature of the surface due to the presence of undulations
because of the change in the temporal evolution of the sur-
face illuminated by cach individual echo. The signal is
[ocused when the impact occurs in a positive (concave) cur-
vature, while it is dispersed on a negative (convex) curva-
ture. This effect appears at the same wavelengths for both
the topography and the waveform parameters.

Finally, there is also evidence of the presence of a volume
ccho signal. The mean value of the trailing-edge parameter is
higher, and the leading edge is lengthened, in comparison to
the reference values (121 x 10 IN]J,’g'«llt‘ for Fl, including
sarth curvature, and 1-2 gates for’lr) in this smooth region
where sastrugis are reported to be 30 em high (Vincent, 1994).

2. WAVEFORM SIMULATION AND ALTIMETRIC
SIGNAL

2.1. Altimeter simulation

We used a waveform simulation to investigate the phenom-
ena acting on the altimetric signal and to test their effect on
the waveform shape.

The waveform simulator is a simplified version of the
one developed by Feménias and others (1993); the surface is
digitized ona 15 m x 15 m regular grid, larger than the foot-
print of the whole waveform in order to avoid ambiguity at
the boundary conditions (in the presence of slope, the foot-
print is displaced upslope of the nadir and it is expanded in
the presence of macroroughness). The time of arrival of the
backscattered signal from each illuminated point is cal-
culated along with the distance of this point to the satellite,
taking into account its position inside the footprint and
local topography. Earth curvature, large-scale topography,
undulations or sastrugis can thus be taken into account.
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Each point contribution is weighted by the antenna gain
It is also possible to
simulate volume echo, by adding attenuated echoes, shifted

pattern or local incidence angle.
in time.

2.2. Topography effects

In order to model the effect of the actual topography on the
backscattered signal, we introduced the observed along-

track altimetric profile, while the across-track direction
topographic signal was extrapolated from the topographic
map. Because of the slope error, the profile as seen by the
satellite is not the true one, Three methods of correcting for
this effect are found in the literature. It is possible to correct
the altitude at the nadir, by removing ha?/2 from the topo-
graphy seen by the altimeter (the so-called direct method;
Brenner and others, 1983) or to correct both the position of
the impact point (shifted of her) and the height (by adding
]1('&2/2, the relocation method; Brenner and others, 1983),
One can also demonstrate that between the nadir and
impact points, an intermediate point exists where the meas-
ured height is the true one (intermediate method; Rémy
and others, 1989). A good recovery of the leading edge needs
a very precise modeling of the interaction between radar
wave and topography at the impact (Féménias and others,
1993). As a consequence, the best method of correcting for
slope error, in the present case, is the relocation method,
because it conserves the small-wavelength topographic fea-
tures near the impact point. Finally, we used a linear inter-
polation function in order to get correct position and height
on a regularly spaced grid (as suggested by Brenner and
others, 1983). Wavetorm simulation is also affected by slope
error, so we can directly compare the observed altimetric
profiles and the simulated one.

2.3. Surface and subsurface signals

2.5.1. Geophysical paramelers estimalion

The radar echo is constituted by reflection from the air/
snow interface and also by internal reflection [rom sub-
surface layer interfaces. Inside the smnwpar'k, the subsurtace
signal can be attenuated by losses by absorption, by scatter-
ing by ice grains, and by multiple reflections inside the
snowpack. The subsurface signal consists either in scattering
by ice grains (Ridley and Partington, 1988) or in internal
reflection by the subsurface snow layering due to density
variations (Rott and others, 1993; Rémy and others, 1995).
Using the Seasat scatterometer data above Antarctica,
Ledroit and others (1993) showed that the contribution of
volume scattering by ice grains to the re-emitted signal can
be neglected compared to surface and internal interface
backscattering when the incidence angle is less than 107, in
the case of alumetry (note, however, that volume scattering
by ice grains contributes to the extinction . Moreover, Rémy
and others (1995) showed that the internal layering effect is
the dominant subsurface signal for any incidence angle in
the case of altimetry.

Jezek and Alley (1988) :'eporlcd internal density varia-
tions of the order of 0.05 gem * each 5 em at Dome C. They
also reported penetration depth of the radar waves in the
snowpack of 53-10m for the present frequency (see also
Ulaby and others, 1986), leading to an extinction coefhicient
of 0.1-02m
scattering and the internal interface backscatter must be

Thus, the losses by absorption or ice-grain

taken into account in our analysis.
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At the surface, it has been demonstrated that the varia-
tions of the surface backscattering coefficient on a rough
surface can be expressed (Fung and Eom, 1982) by:

s =R} f(s) (1)

1s the Tresnel coefficient at the air/snow interface
and f(s) is linked to the surface slope distribution.

9
where R~

e B -~ - ) .

I'he Fresnel coefficient = at an interface between two
different media is given by:
\/ — R
VE1 T (/€2

The snow dielectric constant € depends only on the snow-
pack density p (Tiuri and others, 1984):

R = : (2)

e=1+LTp+0.7p". (3)

This yields to € = 1.68 for a snow density of 0.35 g cm  and

= 1792 for a snow density of 0.4 gem . The surface
Fresnel coefficient is then B2 = 00166 (¢ = 1, & = 1.68),
leading to a o, of 0.0166 f(s).

The subsurface signal may be modeled as the contribu-
tion of cach layer shified in time and attenuated by both
absorption and scattering by ice grains. The reflections
occur at each interface and can also be modeled by Equa-
tion (1) where R.* should be replaced by R, correspond-
ing to the internal density variations. The internal reflection
coefficient is then Ry’ = 2367 x 10 ' cach Hem.
Assuming that internal layers have the same microrough-
ness characteristics as the surface (sce Alley, 1988), cach
layer (¢) will contribute as:

5= I(ann f("’)(l = R.,‘z)j(l — L\.)gi([ = H_U”‘B)Er
5 (171’{\12)2 s
] I Rin “flg —_— Ledby 4
P 0471 f(':)(l B Rim')'( (4)

Here, 1 is the incident flux, £, is linked to losses by absorp-
tion and scattering by ice grains, .. 1s the extinction coeffi-
cient linked to all listed effects (2(ky 4+ Ri?)), and 8; =
Hem.

Each altimetric gate corresponds to /7 = 30 cm inside
the snowpack (7= 3 ns, and inside a snowpack of density
0.35gcm 3 the light speed is ¢ = ne where n is the refrac-
tion index inside the snowpack), covering six of the
observed layers. The integration gives a A; contribution for
layer (j) of 62 = 30 cm thickness:

-
Ay w2 Igop e 1™

1— R>2)?
(—‘_)).,(i.() (
(1 — Rint™)
where o, is the equivalent backscattering of a 30 em layer.
oy is then 000147 f(s) for each 30 cm layer. o, /0y is then
equal to 0.09, i.e. mostly sensitive to internal density varia-

o

Hinlzf("")

with Ty =

)

tions. Note that the contribution of extinction is found to be
negligible in the integration.

Values of o, /oy ~ 0.1 and z, ~ 0.1 to 0.2 m
very sensitive to surface and subsurface snow properties,

seem to be

principally to the number of internal layers per meter. How-
ever, these values remain representative of a realistic case
and will be used hereafier.

2.3.2. Computation
One can also take account of the scattering distribution
function, due to surface macroroughness, such as sastrugis
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(named pdl by Brown (1977)), by convolution of the smooth
surface response (£)) and of the pdf given by:
n
P(k) =0, P(k —i)pdf(i) (6)
t=—n
where P is the surface response to the incident radar im-
pulse, 7 is the limit of definition of the pdf, o, is the surface
backscattering coeflicient, k is the arrival gate, and P is the
Hat-surface impulse response,

The subsurface signal can be seen as the addition of
shifted and attenuated echoes (Jezek and Alley, 1988). The
total energy emitted by snowpack heterogeneities is propor-
tional to the illuminated volume, which is proportional to
the illuminated surface (the maximum incidence angle
between the radar wave and the surface is very small, ~17),
The received energy is also weighted by the antenna gain
which acts similarly on the surface part or volume part,
The calculation scheme is then:

: (T g A
P(k) =3 —e ™" Pk — i) (7)

= et
where P, is the volume signal, .. is the extinetion coeflicient
of the medium, and o, /o, is the proportion of energy either
scattered or reflected by one layer of 0.3 m thickness. This
caleulation scheme corresponds to a convolution. In fact,
the whole signal can be seen as a convolution between the
surface echo and a volume function as:

A=F ® f (8)
for k< 0
for k=10
for k>0

fo=0
fv=ov/aoce

—aukee! T

24. Simulation along a track

The three simulated waveform parameters are superim-
posed on the observed ones in Figure 4, for the track shown
on Figure 1.

The simulated leading-cdge variations are in very good
agreement, in both phase and amplitude, with the observed
one (see km 10, 90, 110140, 160 to the end of the profile).
However, the ~50 km scale amplitude variations of (his
parameter are not reproduced in the simulation.

The backscattering coeflicient is in good agreement, ex-
cept for the large-scale signal at the end of the track, which
is clearly not due to wpographic features. Most of the
observed variations are cffectively reproduced (e.g. km
150). However, at the beginning of the profile, the simul-
ation does not restore the whole amplitude on a 20 km dis-
tance scale.,

The trailing-edge slope is not really in good agreement.
Only a few peaks are well scaled (km 30 or 160), some are
out of phase (km 210) and most have a diminished ampli-
llldl'.

There are several reasons for the poor recovery of hoth
the ¢ and I'l amplitude variations. First, the across-track
signal is poorly known, and thus information is missing for
the simulation. Furthermore, the backscattering coellicient
depends on the incidence angle. This dependence is very
difficult to model because it is sensitive to the microrough-
ness distribution (Ulaby and others, 1986) which is no
known. This microroughness effect on o and Fl enhances
the surface curvature effect (the average incidence angle is
diminished in a hollow where a7 is maximum and is conver-
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Fig. 4. The simulated parameters, taking account of lopo-
graphic effects and volume echo (o /oy =01 and x. =
0.015m " (dashed line ) and the observed ones (solid line ).
Note that for o the simulation reproduces most of the peaks,
but not the large-scale evolution. The leading edge is very well
reproduced; there is also a laige-scale signal not reproduced.
The trailing-edge variations are not well reproduced in either
amplitude or position.

sely increased on a bump where ¢ is small). Finally, snow
properties may exhibit small-scale variations linked with
undulations: for instance, Scko and others (1993) showed
that the accumulation rate is greater in hollows than in
bumps. The trailing-cdge calculation is also highly noisy
because the waveforms are noisy. As a reference, we com-
puted a 300km ocean track and found a mean of
~124 x 10 * Np/gate with a rms of 95 x 10 Np/gate, which
is similar to the present observations above the ice sheet,

3. VISIBLE OBSERVATIONS AND ALTIMETRIC
SIGNAL

The altimetric data show a strong signal (typically 1dB in
p . 12 : e

o, several gates in leading edge and several 10 * Np/gate

in trailing edge) at small spatial scales (from several to

20 km). This provides a good opportunity to use “visible”

observation such as SPOT images or in situ observations of

this region and to compare it to the altimetric signal,

3.1. SPOT images

The four consecutive SPOT images of this area (Fig. 3) show
heterogeneities on the radar footprint scale, such as sastrugis,
and medium- to large-scale apparent reflectance changes.
The radar footprint is shown on the SPOT images at the
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corresponding scale. The altimeter track is superimposed
with the distance scale.

We used the following system of equations to interpret
the SPOT images:

The intensity of the apparent reflection is coded on a lincar
scale of numerical counts (NC), linearly linked with the ir-
radiance of the satellite ( Lg,) which is given by:

Ly = % Ej cos 8; (9)

where 6 is the solar incidence angle on the surface, pupp is
the apparent reflectance of the surface, Ej is the incident so-
lar radiation at the top of the atmosphere, and D the losses
throughout the atmosphere.

The ohserved variations are then relative (Bourdelles and
Fily, 1993), and are given by:
dNC  dLsu _ dpapp
NC B Ligat B Papp

Variations of observed NC are then due either to local inci-
dence angle or to albedo changes. One NC variation yields a
0.5% change in albedo at 192 NC, which is the mean value of
the images (values vary from 182 to 203), while a 1 NC var-
iation yields a 0.67° change in local slope (or incidence an-
gle) at 24°, which is approximately the sun elevation at the
snapshot time.

— tand; df; . (10)

Note that the images are not corrected for the spatial
variation of sun clevation throughout the images, which is
the principal signal (10NC) . Nor are they corrected for
problems in the data that make four stripes in four sections.
However, these processed SPOT images reveal three differ-
ent types of observed structures that can be analyzed in
relation to our altimetric signal.

3.2. Roughness

One can observe ficlds of sastrugis which are irregularly
spread, particularly at the top of the image (km 25-80).
Assuming a constant reflection coefficient and a “factory
roof” structure, we caleulated that they correspond to a
slope of 1% on 10 pixels. This is equivalent to a structure
1 m high, 100 m wide and about 2 km long. These structures,
which are not visible in situ, have already been observed by
aerial observations (Bromwich and others, 1990).

The altimetric waveform leading-edge parameter shows
great variability and a | gate increase in this region (sce km
2080, especially in the first 10 km, around km 40 and km
60-80 (Figs 3¢ and 5)), which effectively corresponds to the
mean increase due to sastrugi fields. It also corresponds to
the small values of &”, poorly recovered by the simulation.
Finally, these sastrugi fields probably enhance the depen-

Fig. 5. SPOT image of the region, constructed with four con-
secutive images. The ERS-I studied track is represented with
a kilometric scale. The footprint of the altimeter radar wave ts
represented in the lower lefl comer; the central cirle corre-
sponds to the first impact. The apparent reflectance of the sur-
face is coded in 23 NC ( number of counts ). They revealed the
presence of small-scale heterogeneities. The large-scale signal
is principally caused by spatial variations of sun elevation.
One can see sastrugi fields al the top, clear spols spread across
the images. and strong albedo-change area. The central detail
is a cloud.
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dence of the backscattering on the incidence angle, and may
explain the great amplitude of the ¢ and Fl variations at
the beginning of the profile.

3.3. Changes in brightness

Clear spots of strong brightness changes are also observed
on SPO'T images. For instance, a very clear albedo change
oceurs from km 175 to the end of the profile, and albedo
changes of a [ew kilometers occur near km 160. Looking at

Figures 3b and 3, one can observe that the enhancement of

alimetric backscattering coefficient clearly corresponds to
the large-scale change in brightness. Because of the radar
footprint scale, the abrupt change is smoothed over 10—
20km (sec Fig. 2). The other two waveform-shape para-
meters, Tr and Fl, are not clearly sensitive to these struc-
tures. These clear spots seem 10 be related to microrough-
ness changes, because, first, only microroughness variations
may explain such local albedo changes (Choudhury and
Chang, 198l; Bourdelles and Fily, 1993), and, secondly, this
signal affects only o, without changing the other waveform
parameters. Only roughness changes may affect surface +
volume signal without affecting o /o, (Equation (5)). This
is confirmed by in situ measurements, which show that these
spots do not correspond to hard changes in snow properties
but effectively correspond to abrupt changes in surface
roughness (personal communication from F. Candaudap
and M. Fily, 1996).

3.4. Clear bands

Finally, we observed clear bands tens of km long and several
km wide. The variations of the apparent reflectance (4—
dNC) vield slope variations of ~12%, which are not in
accordance with any surface feature seen by the altimeter.
This factor 10 of discordance in slope estimation cannot be
due 1o error cither in altimetric measurement or in Equa-
tion (9). A possible explanation is that, at this time of year
(November), the clevation of the sun is so low that surface
characteristics such as temperature are very sensitive (o sur-
face slope variations ol a few per cent (personal communi-
cation from P. Petre, 1995).

[t is also possible that some features in Figure 5 result
from obstruction by thin cirrus clouds and cloud shadows,
but we have no independent measurements to confirm this
hypothesis.

Another explanation is that real snow optical properties
(snow grain-size, snowpack density or surface roughness;
dp/p ~25% are effectively related to undulation features,
as demonstrated by Seko and others (1993).

4. APPLICATIONS AND DISCUSSION OF ALTI-
METRIC MEASUREMENT

4.1. Local change in backscattering coefficient, and
effect on altimetric parameters

Observations suggest that sastrugi fields, or abrupt micro-
roughness variations, or perhaps snow-property variations,
create local backscattering variations. How do these back-
scattering variations affect the waveform shape?

We simulated the crossing of a band of different back-
scattering by the altimeter. The band is 2 km wide, the back-
scattering is enhanced by 1dB, and the angle between
satellite track and the band is 457 (sce Fig. 6a).
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Fig. 6. Simulation: the satellite track crosses a band of
enhanced backscaitering. The three simulated waveform
parameter profiles are represented.

As suggested by Figure 2, the last gates of the waveform
are sensitive 1o the band 5 km before the intersection
between the satellite track and the band. The trailing-edge
slope then begins to rise until reaching 90 x 10 ' Np/gate,
5km before the intersection, and decreases to —150 x 10
Np/gate in the middle of the band (Fig. 6). The leading edge
acts similarly but at a smaller scale with a smaller amplitude
(0.25 gate). The 0" is of course enhanced, but only by a factor
of 0.3 dB, corresponding to the weighting between both sur-
face types in the footprint.

The effect is greater on the waveform shape than on the
total received energy. This may partly explain the strong
variations in Fl values. The height measurement is then only
affected by a few centimeters. Ridley and others (1989) have
alrcady shown that the crossing of a ridge inWest Antarctica
affects the altimetric waveform, but it is the first time that
such effects have been found to play a role in the smooth
interior of the continent,

4.2. Discussion on subsurface sensitivity

Figure 7 shows the altimetric parameters’ evolution along
the track shown in Figure 3, with respect to different volume
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the extinction varies from 0.2 to 0.15 down to 0.1. Nole that
the variations in @ and tratling edge linearly depend on the
volume signal, but the leading-edge changes are more compli-
cated.

configurations (according to section 23, oy/a, = 0.1
. = 02, 015, 0.1). The effect of the subsurface signal is not
the same for different parameters. Only the mean value of
a” or Fl is alfected; no fluctuation due to the initial surface
echo shape is visible. Thus, the presence of a small spatial-
scale signal will not compromise the retrieval of geophysical
quantities using @ or I'L

On the other hand, the subsurface effect on the leading
edge is strongly dependent on the surface echo shape and in-
troduces a kilometric-scale signal. The addition of the sub-
surface part induces a complex effect. For instance, at km 50
or 70, the leading edge is little affected by the variation of
the subsurface signal, while at km 150 or around 200, the
leading edge is enhanced by more than 2 gates, and pro-
duces fluctuations which were not present before. Except at
the beginning of the prolfile, where the large spatial-scale
feature is not recovered, the whole signal is then due to a
complex combination between topography and penetration
effects. Note that varying o, produces comparable effects.
This means that even in this smooth area, few gates of var-
iations in the leading edge can result from these complex
elfects and have direct small-distance-scale impact on the
height estimation. This is confirmed by analysis of the dual-
frequency Topex altimeter above Greenland: the height
difference between the C and Ku bands shows a strong

l)'?()
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small-scale signal (Rémy and others, in press). As a conse-
quence of this complex effect, the retrieval of surface and
subsurface parameters should not be performed with the
help of the beginning of the waveform, as is currently done
(Davis and Moore, 1993; Yi and Bentley, 1994). For instance,
Femeénias and others (1993) have shown that it is possible to
have two similar waveforms with two ditferent volume con-
figurations. Alternatively, Legrésy (1995) shows that it is
possible to have very different waveforms with the same
volume characteristics, depending on local topography
(even by averaging many waveforms).

The combination between surface geometry and sub-
surface effect depends on the altimeter characteristics. We
simulated the profile shown in Figure 3, as seen by both the
Seasat and ERS-1 altimeters. The volume signal is charac-
terized by .= 013m * and a,/o. = 0.1. Even with the
weak differences between the two missions (antenna width
of Im for Seasat and 1.2 m for ERS-1, and altitudes of
800 km for Seasat and 780 km for ERS-1), an average height
difference of 6.3 cm with a rms of 114 em is found (Fig. 8).
This effect is similar if other retracking data such as WAP
ones are used (Legresy, 1995). The eftect 1s small in this case,
but particular care should be taken for other altimetric mis-

sions and other regions.

In summary, therefore, at a 50 km scale, the averaged o
or Fl values seem to be characteristic of the geophysical pro-
cesses, whereas the leading-edge signal shows a non-linear
response which is more difficult to interpret.

2500

R \
el

A

dh ERS{-Seasar fcm)

S

00 I

0 20 0 a0 50 100 20 140 fo0 180 200 20 M0

distance (km)

Fig. 8 Height difference of the same profile seen by Seasal and
ERS-1 altimeters. The difference between the two satelliles is
20 km in altitude and 20 em in antenna diameter. The simul-
ation is performed with a volume signal characterized by
ov/os = 0dand x, = 0.15m " In this smaoth region, the
stmulated difference reaches 6.3 cm with a rms of 114 cm.

5. CONTINENTAL-SCALE BEHAVIOR OF ALTI-
METRIC SIGNAL

Following these results at Dome C, large-scale maps of these
parameters were constructed (Fig.9) by averaging the para-
meter values over 50 km x 50 km using data from the 35d
cycle No. 87 of ERS-1 in ocean mode. The leading-edge map
has also been included (Fig. 9b); even if this parameter is
quantitatively uncertain at the small-spatial scale, it gives
good qualitative information. In fact, the leading-edge
map shows important spatial variations over Antarctica,
greater than possible variations due to its small-scale com-
plexity (topography/volume echo). The three maps show
important and coherent signals.

A principal component analysis has been conducted,
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based on these three mapped parameters. The average
calues of the parameters are given in'lable 1, and the corre-
lation matrix in'Table 2, The first component resulting from
the analysis represents 89% of the variance of the three
parameters. It indicates that when ¢ diminishes, Tr and Tl
increase. This analysis indicates that one principal mechan-
ism controls the altimetric response of the surface.

Table 1. Mean values and rms of the waveform parameters
aver the Antarclic continent

Mean rmy

o (dB) 8.52 354

I (gates) 128 LIS

FI (10 ' Np/gate) 106 7345

Table 2. Correlation matrix between the thee waveform para-
melers and the three eigenvectors of the principal component
analysis with their significance

a T Fl
a | 046 0449
il 046 | 0.55
Fl 049 (.55 |
Y (.56 (.58 (.39 89%
Y, 0.81 0.51 0.26 66",
¥ 015 0,63 0.76 44%,

The primary study shows that Fl is controlled by the
ratio between volume and surface signal il averaged over a
30 km scale, while o is controlled by the summation of both
terms at the same scale.

At this scale, Il is also dependent on the surface slope
and curvature, while o” is little affected by undulations
and slope. In this way, a decrease in the volume/surface ratio
associated with an increase of their sum can only be ex-
plained by an increase in surface backscattering. Note that
acontrol of the total backscattering by the extinction coeffi-
cient as is currently admitted (Davis and Zwally, 1993)
would enhance o and I'l together.

Generally, in high-accumulation zones (e.g. coastal
zones of East Antarctica and the castern part of West Ant-
arctica), o is weak and 'Ir and Fl are high. Over these
regions, the important surface microroughness caused by
strong wind leads to low surface backscattering,

Indeed, Rémy and others (1990) showed, with Seasat
data, in the region 90-150" E, 66-72° 8. that the wind influ-
ences the surface microroughness, and concluded that hack-
scattering is inversely proportional to wind intensity. The
snowpack is relatively homogenecous (accumulation, wind,
temperature) over this region, so variations in back-
scattering are due to variations in surface microroughness
representative of wind intensity. The leading edge is high,
partly because of the important macroroughness (snow
dunes resulting from wind; see Figs 3 and 5) and partly
because it is enhanced by volume echo (Fig. 7). The trailing
edge is particularly raised, partly by the surface slope (Le-
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grésy, 1995), and partly by the importance of volume echo/
surface echo.

For instance, at 120° E, from coast to interior, accumula-
"w.e. The wind is particu-
larly high along the coast (>18m s, while it is less than

tion varies from 30 to 5 cm year
6ms ' in the interior. Thus, surface roughness (micro and
macro) is very important toward the margin and it is low
at high altitudes. The importance of the surface signal com-
pared to the subsurface one, and the decreasing surface
slope bring the trailing edge down to its reference value. At
higher latitudes the backscattering becomes very high, the
leading edge is short and the trailing-edge slope becomes
lower than its reference value. This can be explained by a
particular surface echo process that could be described as
intermediate between rough surface echoes observed above
ice caps and specular surface echoes observed above sea ice.
It is not possible here to conclude whether it is caused by a
particular distribution function of surface roughness slope,
or by particular effects of near-surface stratification in this
low-accumulation zone, In the latter region, Rott and others
(1994) reported a high backscattering coefficient with ERS-
| scatterometer data in C-band (3.2 GHz) at 35" incidence
angle. They explained this high backscattering by impor-
tant stratification. However, the penetration depth (related
to frequency) is more important for the scatterometer, while
surface backscattering sensitivity (related to incidence an-
gle) is more important for the altimeter. The scatterometer
signal is thus largely controlled by subsurface characteris-
ties.

By contrast, in Dronning Maud Land (around 0" long-
itude) ERS-l scatterometer data (Rott and others, 1994)
show low backscattering, while ERS-1 altimeter data show
very high ¢ and low FL. Indeed. such altimetric behavior
can only be explained by a surface crust that can be trans-
parent for scatterometer measurements,

In the West Antarctic ice cap, near 2307 E, there is an-
other region of high backscattering and low trailing edge,
but in this case the leading edge remain high.

CONCLUSION

The aim of this paper was to study the spatial characteris-
tics of the altimeter above the ice sheet. To do this. we first
developed a waveform simulator which for the first time
takes into account the convolution between antenna-pat-
tern gain, ice-topography geometry and surface and subsur-
face signal parts, and also the real track profile. This
simulator is able to reproduce part of the true characteristics
of ERS-1 data above Antarctica. We showed that, even at
Dome C, where the topography is among the continent’s
smoothest, very gentle undulations strongly affect the wave-
form (1dBin ¢°,1-2 gates inTr, or 50-100 x 10 * Np/gate in
Fl). The addition of subsurface scattering creates a large-
scale signal in energy or trailing edge, but it also creates a
strong non-linear and small-scale signal on the leading
edge, which directly affects the estimation of the altimetric
height with classical retracking techniques. The intensity of
the subsurface signal cannot be casily detected or removed
with the help of the beginning of the waveform, because it
does not depend on a clear topographic signal, slope or cur-
vature,

In order to look for the spatial variability of the alti-
metric signal characteristics not directly related to the topo-
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graphy, we compared these ERS-1 data with SPOT images.
These images clearly showed heterogeneities in albedo
which seem to be related to abrupt changes in microrough-
ness. ” may be enhanced by 3 dB in these places. They also
show smooth changes in albedo related to undulations
whose amplitudes are not in accordance with surface slope
amplitude and seem to be related to snow-property changes.
Sastrugis of 1m/100m, are also observed: they lengthen the
leading edge by up to 2 gates.

Finally, altimetric parameters averaged over 50km
scale and mapped on the whole continent show a very
coherent pattern. Principal component analysis points out
that up to 90% of the altimetric observation may be ex-
plained by one unique mechanism. Indeed, large-scale alti-
metric behavior is mostly controlled by variations in surface
(or near-subsurface) backscattering. Regions where alti-
meter waveform characteristics clearly exhibit a dominant
subsurface signal are regions where the surface scattering is
affected by katabatic-wind induced features. On the other
hand, regions where the altimetric signal is clearly domi-
nated by surface signal exhibit a strong backscattering
caused either by smooth surface or by the surface crust.

The combination of altimeter and radiometer data, both
affected by surface characteristics (Rémy and Minster, 1991),
is very promising.
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