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Abstract: Altimetry is probably one of the most powerful tools for ice sheet observation.
Our vision of the Antarctic ice sheet has been deeply transformed since the launch of the
ERS1 satellite in 1991. With the launch of ERS2 and Envisat, the series of altimetric
observations now provides 19 years of continuous and homogeneous observations that allow
monitoring of the shape and volume of ice sheets. The topography deduced from altimetry is
one of the relevant parameters revealing the processes acting on ice sheet. Moreover,
altimeter also provides other parameters such as backscatter and waveform shape that give
information on the surface roughness or snow pack characteristics.
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1. Introduction

Monitoring and understanding the Antarctic ice sheet are of great interest to address key scientific
issues ranging from past climate conditions to potential future sea level rises [1]. Among all the remote
sensing techniques applied to ice sheets, radar altimetry is particularly useful since it provides valuable
information for meteorological studies, ice dynamics constraints and mass balance estimations. The
aim of this paper is to give a review on the major glaciological progresses made thanks to this sensor.
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1.1. The Antarctic Ice Sheet

The Antarctic ice sheet has uneven bedrock, almost entirely covered by ice. Antarctica with a
surface of 14 million km?, and an average ice thickness of 2,200 m, represents 90% of the terrestrial
ice and if melted could lead to an equivalent sea level rise of up to 60 m.

Figure 1. Map of the Antarctic ice sheet with the main places cited in the text. Ice shelf

names are in red.

Antarctic
_ Peninsula

Pine
Island

The Antarctic ice sheet is the coldest, highest, driest and windiest continent on Earth. The surface
temperature decreases from the coast towards the interior from —15 °C to —60 °C. The cold and dense
air of the interior rushes down the slope and can induce strong and persistent katabatic winds.

The altitude can reach up to 4,000 m in the Eastern part. The shape of the ice sheet is like a cap or a
dome, with a very flat central part (the surface slope is less than 1 m/km over thousands of kilometres)
so that the altimetric data are highly accurate. The ice sheet shape is controlled by the equilibrium
between snowfall and ice flow [2]. The snow accumulation rate in Antarctica is less than a few
centimetres per year in the interior and a few tens of centimetres near the coast [3]. That represents
approximately 2,200 Gigatons each year or the equivalent of 6 mm of global sea level rise. A slight
imbalance may then contribute to significant sea level changes.

The snow at the surface is buried by new snowfall and then sinks, turns into ice and flows down
very slowly toward the coasts where it is calved. Ice velocity is extremely low in the centre of the ice
sheets, less than 1 m/yr, and reaches 100 m/yr (or more) near the coast. It takes several hundreds of
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thousands years for the snow falling in the centre to reach the sea. This very long residence time is
valuable for polar records. For instance, the EPICA depth ice core at Dome C allowed the recovery
of 800,000 years of climatic history [4].

The quantity of snowfall and of ice calving or melting is known with large uncertainties
of 20 or 30%, so that mass balance of polar ice caps is poorly known. Because of uncertainties, it is
still very difficult to model these processes or even to determine their sign. First, the space and time
distribution of accumulation rates is poorly known [5,6]. One of the difficulties lies in the distinction
between snow precipitation and snow accumulation: the difference between both is due to erosion,
drift, deposition by the wind or sublimation and all these processes are not very well known. Second,
the physical processes which control the ice deformation or the ice sliding, the effect of the boundary
conditions, or the effect of the longitudinal stress are still unknown. Moreover, precipitation rates or
evaporation change in response to the climatic variations while the dynamic answer of the ice sheet to
climatic changes would occur over a few tens of thousands years. As it is outlined on Figure 2, the
range of the time scales of the different processes acting on an ice sheet is very large [7]. The variation
of the ice sheet volume is due to climate changes over the last 100,000 years. As we will see in more
details later, the Western part gets most of its bedrock under the sea surface and ice flows through a
complex ice stream network, so that questions of instability or collapses arise.

Figure 2. Ice sheet mechanisms and time-scale outline adapted from [7]. Surface melting,
snow precipitation, sublimation, wind-driven sublimation and basal melting or refreezing are
assumed to instantaneously react to climate change. Ice streams, outlet glaciers are assumed
to react quickly (between 1 yr to 10 yr) or slowly as ice-shelf dynamics to climate change
(meaning between 100 and 1,000 yr). On the contrary, ice flow, basal temperature and fusion
isostasy take a very long time to react (time lag is between 10,000 and 100,000 years).
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To understand, model or predict the ice sheet evolution, we then need to know climatic and
dynamic processes which control them. We also need repetitive observations at a global scale to feed
the models.
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1.2. Observations of the Antarctic Ice Sheet

Its size is such that a few observations along traverses cannot render the main characteristics. For
instance, in Antarctica, scientific stations are mostly near the coast, and only a few traverses during
austral summer expeditions provide sparse data on the interior. In this context, remote sensing has
offered during the last few decades a new vision of the polar cryosphere. The first sensor able to
observe the cryosphere properties was the radiometer, acting in the microwave domain and devoted to
atmospheric science. It was launched in the middle of 1970s allowing then a 30-yr record of variability
of Antarctic sea ice [8]. Surface temperatures were not easy to derive from these first measurements
but they allowed the precise delimitation of ice covered sea and the characterization of ice sheet’s
surface. Today, several sensors give a precise idea of albedo, temperature, wind, surface velocity for
continental ice (see Bindschadler [9] or Masson and Lubin [10] for a review of remote sensing of the
Antarctic ice sheet). However, a lot of parameters, such as accumulation rate, ice thickness... are still
poorly retrieved.

In this context, radar or laser altimetry plays a crucial role. Indeed, among parameters, surface
topography is probably the most relevant [11]. From a dynamic point of view, surface topography can
be used to constrain ice flow models, to test or initialize them. Ice physical processes often have a
specific signature on the ice surface. Note that for ice dynamics study, the bed topography is also
crucial. From a balance point of view, monitoring the surface elevation changes inform us about
volume variations, we have now 19 years of continuous measurements at our dispoal. Here we will
focus on radar altimetry because time series are longer and because it also provides subsurface
information. Indeed, due to the penetration of the microwave within the snowpack, radar altimetry has
the peculiarity of giving information not only on surface but also subsurface state that can be related to
meteorological and climatic parameters [12].

The next section (2) is devoted to radar altimetry and will be followed by a section dealing with the
physics of the measurements and on the snowpack properties retrieval. The last two sections (4 and 5)
are devoted to the main purpose of altimetry above ice sheet, e.g., dynamics study derived from
topography and monitoring of volume changes.

2. Radar Altimetry

Altimeter was initially designed to survey oceanic surface and error budget above the ice sheet
should be carefully checked. The general concept can be found in Fu [13,14]. The principle consists in
a radar wave emitted in the nadir direction and received by the sensor after reflection on the surface.
The surface height is derived from the duration of the travel and the precise knowledge of the
satellite orbit.

The sensor records the energy backscattered from the surface and the subsurface versus the arrival
time, so that the total backscattered energy is available as the histogram of the energy with respect to
time, the so-called waveform, in which lots of information lie (see Figure 3).

After correction due to the propagation delays through the atmosphere and ionosphere, instrument
bias, terrestrial and oceanic tides, an altimeter such as the one onboard the Topex-Poseidon mission
reaches a very good precision over oceans: it enables the estimation of global mean sea surface
topography at the centimetric level at the 10-km scale [15] and sea level change with a precision better
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than 0.4 mm/yr [16]. However, when applied to continental surfaces, such as ice sheets, the error
budget is greater and some specific corrections should be applied. Without going into details, let us
summarize just the main specificities of the radar altimeter processing.

The first difference is due to the fact that classical atmospheric propagation corrections cannot be
applied over ice surface. The radiometric or the dual-frequency observations used over oceanic surface
to correct respectively for the wet troposphere and for the ionosphere delays are affected by snow
surface signature and cannot be used to deduce respectively atmospheric wetness and electronic
content as it is the case over oceanic targets.

A second difference is due to the kilometric-scale topographic features and surface slope that induce
several problems. The altimeter measures the range between the antenna and the nearest point of the
surface. This point is at the nadir only when the topography is very flat, otherwise it is shifted in the
upslope direction of the surface. This error, pointed out by Brooks ef al. [17] or Brenner et al. [18]
depends on the square of the surface slope so that, near the coast of Antarctica, the restitution of a
precise topography in such places is complicated. The correction can be done either directly on the
height at the nadir or by relocating the impact point in the upslope direction [18-21]. The limitation is
due to the lack of knowledge of the 2-D surface slope that can be derived from an external base [22] or
by iteration from an a priori DEM obtaining by fitting a bi-quadratic form over the local area [21].
Nevertheless, data processing can be developed to correct for (or minimize) these errors so that
altimeter measurements reach a very good accuracy. However, due to the inaccurate repetitivity of the
orbit, the cross-track slope misknowledge is still one of the greatest limitations for the time series
analysis (see Section 5). The kilometric scale feature also affects the tracking system which
pre-positions the receiving window based on previous measurements and that cannot follow the
irregular surface topography. The on-board estimate is thus inaccurate and a re-estimation, named
retracking is needed. The process has to be applied with the help of the whole waveform [23]. Most of
the existing retracking methods deduce the surface height elevation by seeking the point of the leading
edge corresponding to the average surface [23-25]. Finally, due to the kilometric scale footprint, the
small-scale topographic features also affect the waveform shape that in turns via the retracking affects
the height restitution so that the final precision is limited [26]. The ICE-2 retracking algorithm, now
implemented on the ground segment of the ENVISAT RA-2 altimeter is based on the principle of
fitting the waveform shape using a classical model. It consists in detecting the waveform edge, fitting
an error function to the leading edge and an exponential decrease to the trailing edge [27], so that three
other altimetric parameters are provided in addition to the surface height (see Figure 3).

The third difference with classical ocean processing lies in the penetration of the radar wave within
the snow pack. In Ku-band (13.6 GHz or wavelength of 2.3 cm), the classical altimetric band
penetrates within the dry and cold snowpack so that the reflection comes both from the surface (called
the surface echo) and subsurface layering (volume echo). This was first pointed out by Ridley and
Partington [28] who modeled the waveform shape and detected a distortion due to the volume echo.
The induced error on the height measurement is between a few tens of centimeters and a few meters
and is probably the most critical one even if its effects can be minimized thanks to retracking
techniques. This error is difficult to model because the snow is a very complex and variable medium: it
is thus the major limitation for the time series interpretation.
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The first attempt to use altimetry over ice sheets [18,29] was performed in the early 80s with the
Seasat altimeter that was launched in 1978 with an inclination orbit of 72°, as the following mission of
Geosat (1985-1990). At this time, only the south of the Greenland ice sheet and a part of the Antarctic
ice sheet were observed.

Figure 3. Altimetric waveform shape. Altimetric observations also provide the return
waveform that can be seen as the histogram of the backscattered energy with respect to the
return time. The signal is the sum of a surface echo (in light grey) and of a volume echo (in
dark grey). The altimeter provides then the surface altitude, the waveform shape (with the
parameters such as leading edge width and trailing edge slope) and the total backscattered
energy from the surface.
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Table 1. Altimetric missions with altitude, inclination, repetitivity and wavelength band
(Ku, 13.6 GHz; C, 5.6 GHz; S, 3.2 GHz; Ka, 37 GHz) with respect to launch. Two future
missions planned to be launched in 2010 are also indicated.

Mission Altitude Inclination  Orbit Frequency
{km}) {deg) repetitivity band

Seasat 06/1978 10/1978 800 72 3d,17d Ku
Geosat 03/1985 01/1990 800 72 17d Ku
ERS-1 07/1991 03/2000 785 815 3d,35d,168d Ku
Topex-Poseidon 08/1992 01/2006 1336 66 10d Ku C
ERS-2 08/1995 785 815 35d Ku
GFO 02/1998 11/2008 800 72 17d Ku
Jason-1 12/2001 1336 66 10d Ku C
Envisat 03/2002 800 815 35d Ku §
Jason-2 06/2008 1336 66 10d Ku C
Altika 2010 800 815 35d Ka
Cryosat 2010 717 88 369d Ku

ERS-1, launched by the European Space Agency (ESA) in 1991, was the first polar-orbiting
satellite with an altimeter onboard, it was followed by ERS-2 in 2005. Except for the small areas of the
Greenland and of the Antarctic that have previously been observed with altimeters on-board Seasat,
the ERS-1 observations are the first ones over large polar areas. The nominal ERS-1 orbit has a 35 day
repeat cycle leading to a cross-track sampling of 15 km at latitude 70°S. ERS-1 has also flown with a 3
day repeat cycle and a so called “geodetic” (two 168-day repeat cycles shifted) orbit allowing a very
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dense sampling of the ice sheets (see Section 4.1). The measure is carried out at the 0.05 s frequency
which corresponds to a 350 m spatial resolution along the satellite track.

In order to provide information for the ionospheric corrections above oceanic surfaces, altimeters
have now a lower frequency added to the classical one in Ku band. The first dual-frequency altimeter
(C and Ku-bands) was Topex-Poseidon launched in 1992 which was dedicated to oceanic studies.

The Envisat altimeter, launched in April 2002 is the first dual-frequency altimeter (S and Ku-bands)
devoted to polar observations. It follows the same 35-day orbit as ERS-1 and ERS-2 to ensure a
homogeneous time series.

3. Altimetric Waveform Shape, Surface and Subsurface Parameters

The main purpose of altimetry above ice sheet is the surface topography retrieval for ice dynamics
study and for monitoring surface height variations. On one hand, it is of first importance to well
understand how penetration of the radar wave within the snowpack affects the height measurements.
On the other hand, some surface or snowpack characteristics may be retrieved from the waveform
shape. This section is then devoted to the physics of altimetric measurements and will sum up some
attempts to derive snow parameters from radar altimetry.

3.1. Relation between Waveform Shape and Geophysical Parameters

As already mentioned, the Ku-band wave (13.6 GHz) penetrates within the cold and dry snow
medium, so that the reflection comes both from the surface and from the internal layers. The capacity
of the wave to penetrate within the snowpack depends on snow dielectric properties. The absorption
coefficient mainly depends on snowpack temperature [30] and the scattering coefficient mainly
depends on snow grain size [31]. The surface backscattering depends on snow roughness but also on
snow density [32,33]. The intensity of the internal backscatter depends on internal stratification [34,35]
that in turn depends on snow accumulation rate. Thus altimetric waveform shape is sensitive to
meteorological conditions close to the surface such as winds (through roughness), temperature
(through grain size and density) or snowfall events (stratification and density). The main issue in
altimetric measurements interpretation is to distinguish between all these effects.

The three waveform parameters given by the ICE-2 retracker (Figure 3) are mapped on Figure 4.
The range of variability of the parameters is important. The backscattering coefficient increases
from —3 dB near the coast to more than 15 dB in the Dronning Maud Land area, e.g., it is multiplied by
a factor of 100.

Several studies showed the impact of firn properties on the altimetric waveform [36-38]. They
detailed which part of the waveform is mostly affected by the various surface and subsurface
properties. Hence, the backscattering coefficient is controlled by both surface and volume echoes. Its
amplitude is mostly influenced by surface roughness, snow stratification and extinction of the radar
wave within the snow pack. The leading edge of the waveform is mostly controlled by the first
echoes [39]. It is related to the surface roughness and to the first tens of centimetres of the
subsurface [38]. On the contrary, the trailing edge part is mostly related to the ratio between volume
echo and surface echo as well as the surface geometry. According to Davis and Zwally [39] the echo in
East Antarctica is mostly dominated by volume signal whereas Lacroix et al. [40] pointed out the
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prevailing function of roughness. When surface is smooth compared to altimetric wavelength, volume
signal is insignificant whereas for a rough surface volume signal highly modifies the waveform.

The penetration depth or the importance of volume signal can be empirically deduced from the
altimeter, either by the analysis of the waveform shape [39] or by constraining a waveform model with
the data from the 3-day orbit [41]. The first study [39] is dedicated to spatial changes of the extinction
coefficient at the ice sheet scale. Due to increasing firn temperature from the high interior plateau
toward the coast, grain size increases, and so does the extinction coefficient leading to shallower
penetration depths. In the latter study it is assumed that on a temporal scale of 3 days, only surface
echoes may significantly show variations, so that this study found a penetration depth varying
from 12 m in the interior to 1 m near the coast.

Figure 4. Mean altimetric waveform parameters mapped over Antarctica in Ku-band
from 2003 to 2007. (a) The backscattering coefficient expressed in dB, (b) the leading edge
width expressed in meters, (c) the trailing edge slope expressed in 10 s™".
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Spatial variations of the volume signal are then very large at the ice sheet scale. For the first time,
Davis [42] pointed out that besides these spatial variations, temporal variations of snow surface
conditions could be high enough to alter the waveform and induce bias in the temporal height trends
deduced from altimetric techniques. Temperature time series at the ice sheet scale are now long
enough to constrain snow compaction model over ice sheets [43-45] and account for time variations of
the volume signal. Indeed, firn densification processes [46] and rate of firn compaction have received
increasing attention during the last decades since they are required for correct interpretation of
elevation changes measured by satellite altimetry. Li and Zwally [45] used firn temperature time series
from AVHRR infrared sensor for Antarctica back to 1982 to study height variations due to compaction
from 1993 to 2003 and match their results with altimetric height measurements. They show that
densification depends not only on the present temperature variations, but also on the past ones. Thanks
to their model they manage to explain seasonal height variations of the ice sheet measured by satellite
altimeter that were not consistent with changes due to snowfall. More recently, Helsen et al. [47]
computed firn height variations in response to accumulation rate and temperature variability. They
mentioned that enhanced accumulation obviously leads to firn thickening, but higher accumulation
rates occur when temperature is higher than average, so densification is enhanced too and the total
effect is diminished. Furthermore, Arthern and Wingham [43] modelled the impact of an increase in
accumulation and found a change in density throughout the ice column as an immediate answer to that
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extra load followed later by a weaker rate of densification deeper in the column as if ice were already
dense enough. The changes in height variations due to snowfall induce changes in density which alters
the altimetric height retrieval and make it difficult to convert in ice mass changes. Taking into account
snowfall variability Helsen et al. [47] showed that insignificant trends in accumulation could cause
considerable ice sheet elevation changes, and found it necessary to take accumulation variability into
account to accurately interpret ice sheet elevation changes. One can show that there is more than 10%
chance of measuring an artificial trend greater than 15% of the mean accumulation rate from a 10-year
elevation series and that the trend in mass and in volume can even be inversed [48].

3.2. Dual-Frequency Observations

Obviously, both the direct modelling of the waveform behaviour and the retrieval of snow
parameters from waveform shape are difficult because the problem is under-constrained. The antenna
gain pattern, the roughness sensitivity, the absorption and the extinction parameters are clearly
frequency dependant so that dual-frequency information may improve our understanding of altimetry
above snow.

A first attempt with the Topex-Poseidon altimeter operating in Ku and C-band (5.2 GHz) and
covering the southern part of the Greenland ice sheet has confirmed the impact of the frequency on the
altimetric measurements [49]. The authors showed that height differences are of a few decimeters only,
and pointed out kilometric scale variations in the difference. The induced volume error seems to be
also linked to the waveform deformation by surface topography [38]. The Envisat altimeter has
operated in Ku and S-band (3.2 GHz) up to the end of 2007, unfortunately the S-band is out-of-order
since January 2008. The lower frequency is then 4 times smaller than the Ku-band one. The difference
between both bands is significantly larger than the noise: a few dB for the backscattering coefficient, a
few meters for the leading edge and the height, a few millions 1/s for the trailing edge. Moreover, the
corresponding maps exhibit a coherent signal [50]. Note that the altimeter is pulse limited meaning that
the footprint size only depends on the pulse length (3 ns) and on the altitude, not on the frequency. The
only frequency effect has been found on the height retrieval when surface slope is of the order of the

antenna aperture.

Figure 5. Difference in the altimetric waveform parameters between the Ku-band and the
S-band, from the Envisat altimeter. (a) The backscattering coefficient expressed in dB,
(b) the leading edge width expressed in meters, (c) the trailing edge slope expressed in 10°s .
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These differences in the sensitivity of the two frequencies induce different spatial patterns of the
waveform parameters. The range of variations of these differences is quite important and significant.

The three first reliable ENVISAT cycles were studied in Legresyt? et al. [50]. Spatial variations of
the waveform shape in Ku and S bands are described. Surfaces are seen smoother at longer wavelength
(meaning S band) as if long wavelengths could not see small scale features [40]. Surface signal is then
stronger at longer wavelength. The same observation applies to grain size. This should be saying that
snow grains scatter more strongly the closer they are in size to the radiation wavelength, i.e., Mie
scattering. Therefore the S band signal penetrates deeper beneath the surface than the Ku band one. S
band signal is thus more affected by a highly stratified medium. Another difference pointed by this
study [49] is that due to the larger antenna aperture in S band, the corresponding signal is less affected
by surface slope.

Figure 6. Difference in altimetric height between the Ku-band and the S-band of the
altimeter from [22]. This map illustrates very well the effect of the penetration of the radar
wave within the snow pack because it depends on the wave frequency. This map can also
be used to derive the principal characteristics of the snow pack and of the surface roughness.
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As an example, the difference in height is shown on Figure 6, it can reach up to 2 m in the central
part of the plateau and above ice shelves. It is either attributable to different penetration depths or to
different volume or surface echoes amplitude. This map illustrates very well both the kind of
information offered by the dual-frequency altimeter and the difficulty to well extract the height from a
microwave altimeter due to the penetration of the radar wave within the snow pack. S-band wave
penetrate deeper so that the Ku-S difference is positive. However, the surface roughness is smoother in
S-band and we may expect a greater surface echo. The opposite occurs on the plateau where the
surface is smoother. We think that a larger quantity of internal reflected signal coming from the snow
stratification explains this observation. First results confirmed that dual-frequency altimeter may be
used as sounding radar. Above the large cracks of the Amery ice shelf, Ku-band sees very well the
edge of the crevasses while S-band is sensitive to the snow deposited in the cracks [51]. A radiative
model [40] has been developed to simulate the behaviour of the altimetric waveform with respect to
snow parameters for the two-frequencies. Surface parameters are seen differently depending on the
wavelength used for the survey. This model shows the high sensitivity of the measurements to surface
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roughness, especially in Ku band. In case of a smooth surface only, height measurements are reliable
for mass balance monitoring. In one hand, when the surface is rough, the volume echo becomes too
large and induces error in height retrievals. On the other hand, a high volume echo is interesting for
instance to get information on the layering of the medium which is related to accumulation rate.

3.3. Toward the Restitution of Some Snow Parameters

The capacity of the radar altimeter, a nadir looking angle radar, to measure wave height from the
leading edge [52] and surface roughness from the backscattering coefficient was exploited very early
over oceanic surfaces [53,54]. Both of these information yield to wind speed retrieval over
oceans [55].

As for oceanic surface where wind induces two roughness scales (micro-roughness and waves),
katabatic winds carve the ice sheet surface at the centimetric scale (micro-roughness) and at the metric
scale (sastrugis or erosional snow features) [56] so that they control the microwave emission and
backscatter [57]. As for the oceanic case, the altimetric backscattering coefficient is indeed sensitive to
wind intensity [37]. This study, with the help of the Seasat data, points out the strong relation between
katabatic wind intensity and backscatter variations. Winds are indeed responsible for the presence of
snow features on the surface such as sastrugi, and changes in surface roughness. They obtained a local
relationship that can hardly be extrapolated to the whole ice sheet. Indeed, correlations between wind
variations and selected altimetric waveform parameters can be surprisingly high, but with spatial
pattern which highlight localised interaction between wind and surface state.

The use of not only the backscattering coefficient but also the whole information contained in the
waveform, to retrieve surface and subsurface properties of the snow medium was also performed with
the Seasat altimeter [28,36]. The latter study noticed that some changes in the waveform can have
several causes that could hardly be distinguished. For instance snow grain size and snow density may
produce the same waveform changes. Volume signal and surface topography might have opposite
effect on the leading edge and the analysis of the first part of the waveform only is not sufficient to
detect surface and subsurface properties [50]. Indeed, similar waveforms may be obtained with
different subsurface combination of properties [25]. On the contrary, different waveforms may be
obtained with the same volume contribution but with different local topographies [38].

The study of the space and time variations of the altimetric waveform highlighted strong seasonal
variations of all the three waveform parameters, with the backscatter maximum occurring at the time
of the leading edge width and trailing edge slope minimum, and varying depending on the location on
the ice sheet. Seasonal snow densification processes are probably the best candidates to explain the
observed seasonal cycles in the waveform [51].

Retrieving stratification is a tricky issue. Swift et al. [58] reported that buried layers are a
significant source of additional backscatter. The overall waveform is affected by snow layering, and
the effect is not the same depending on how deep the layer is [59]. Stratification is highly related to
accumulation rates, and the sensitivity of the altimeter to the depth of internal layers, especially in Ku
band for low accumulation area [40] may help to retrieve accumulation pattern on the highly stratified
plateau only.

A tentative to invert the surface properties of ice sheets from satellite microwave data in order to
correct altimetry errors has been performed over the Greenland ice sheet [60]. The objective was to
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assess the impact of interannual variability in accumulation rate on the rate of elevation changes as
measured by the altimeter. This work suggests that such a technique could be applied when a more
extensive validation will be performed. However, the interannual variability in accumulation rate is
less in Antarctica than in Greenland but such a technique may be of interest in the future.

To finish, one of the problems in attempting to retrieve snow parameters is the lack of in situ
measurements at the global scale. Up to snow in situ measurements are obtained either near stations
(mostly in the coastal areas) or along few raids during the austral summer. Besides that, pertinent
parameters for altimetry (surface roughness or snowpack parameters gradient) are up to now very
difficult to measure. A new methodology to measure snow surface roughness with a laser has recently
been tested in Svalbard [61]. Such measurements are actually tested at Dome C in Antarctica so that
validation of the surface roughness retrieval by altimetry will be soon possible. However most of the
attempts to invert electromagnetical models [28,35,39,40,45] find snow parameters in a suitable range.

4. Application of Radar Altimetry for Ice Sheet Dynamics Study
4.1. Construction and Precision of the Derived Topography

Accurate information of the ice sheet topography is crucial both for ice dynamics studies and for the
prediction of the future evolution of ice sheet. From April 1994 to March 1995, ERS-1 was placed on a
geodetic orbit (two shifted cycles of 168-day repeat). The satellite track sampling is 10 times greater
than in the 35-day orbit leading to a cross-track distance of 1.5 km at latitude 70°S. Up to 30 million
waveforms were collected and reprocessed over Antarctica. Data editing and geophysical corrections
were taken from [62]. The small-scale topography signal yielded to a poor on-board tracking of the
ground, that was corrected by using a dedicated retracking algorithm previously developed [25,38].
The Delft Institute precise orbit is used and the altitude is given with respect to the WGS-84 ellipsoid
with a grid size of 1/30°. As shown in Figure 3, this high-resolution topography reveals numerous
details from the kilometric to the global scale that we will comment in the next subsection.

The laser altimeter IceSat launched in 2003 [63] is less sensitive to ice penetration and is less to
surface slope than the radars, it then allows finer analysis to be performed. The bias between Envisat
and IceSat increases from —0.40 m + 0.9 m for surface slope lower than 0.1 degree to 0.05 m + 26 m
near the coast. The mean difference is around 0 because of the effects of penetration and residual slope
error are opposite. Note that the root mean square (r.m.s) strongly increases from inside regions to the
coast [20,64]. The same kind of results are obtained using comparisons with GPS data in some
places [65].

Roemer et al. [19] performed a finer analysis of radar altimetric data in the vicinity of the Vostok
lake. They developed new techniques to correct for topographically induced errors and improved the
gridding procedure. They improved the precision from 1 m with previous techniques to 0.5 m and
pointed out the smoothing of the topography made by radar altimeters that prevents from detecting the
small scale topographic features.
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4.2. Ice Dynamics Information Derived from Topographic Signatures

The main physical processes (climatic and dynamic) that act on an ice sheet induce particular
signatures on its free surface. From the small scales to the larger ones, topography contains important
information on local anomalies or on general trend behaviours [11,62]. Accurate knowledge of the
topography also provides a current initial condition to analyse its future evolution. At the large scale,
the surface is quasi-parabolic and governed by ice viscosity and by flow boundary conditions. The
topography is mostly controlled by the distance to the coast [66,67], except where basal conditions,
such as sliding, affect the topography in the upslope direction [67]. The large scale topography
controls flow direction and its mapping allows calculating balance velocities (see Section 4.3).

At this large scale, networks of anomalies of the surface topography perpendicularly to the greatest
slope direction can be pointed out. They are due to boundary flow conditions of outlet glaciers that are
propagated from the coast up to the dome [68]. It exhibits the drainage pattern, upstream glacier
positions or the flowline directions, but also the role of the outlet flow conditions on the whole shape.

At the 10-km scale, topographic signatures of the flat ice shelf enable to delimit adjacent glaciers
and to visualize lateral stress effects. “En echelon” structures with a tilted orientation of 45° with
respect to the flow direction are found and not yet well explained [62].

In the same way, undulations at the 10 km scale wavelength with a metric scale amplitude seem to
be the main ice sheet surface features. They have been early attributed to ice flow above an irregular
bedrock [69,70]. Up to now, they are modelled as symmetrical dome shaped features. Their spatial
characteristics may allow a better understanding and modelling of these structures: they are found to
be elongated with a frequent orientation of 45° with respect to flow-line directions. The 10 km scale
seems to be a characteristic scale of ice flow processes, as we will see in the next subsection.

Figure 7. High-resolution map of the Antarctic Ice Sheet topography from the ERS-1
geodetic mission [7]. The elevation reaches 4000 m. Note the numerous details: ice shelves
surrounding most of the continent, surface undulations, flat areas reflecting subglacial
lakes, elongated scars due to hydrological networks.
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4.3. Subglacial Lakes and Hydrological Networks

In the early 1950s ice penetrating radio-echo sounding revealed the existence of subglacial lakes in
Antarctica [71,72]. The presence of basal water below the ice induces sliding that in turn induces a flat
and smooth signature on the ice sheet surface. The altimeter is then an efficient tool for detecting
subglacial lakes. Since the launch of ERS-1 that allows the first description of the greatest lake, the
Vostok lake [73], few tens of lakes have been discovered [74-76] so that actually up to 150 lakes are
known and many of them have an activity (drainage/filling). The presence of lakes is now recognized
to be an important factor in ice dynamics and even in some case to play a role in ice streams
behaviour [77-80].

With a precise topography analysis one can observe that these local sliding areas are surrounded by
two symmetrical topographic anomalies. These bumps and troughs on the topography are associated to
abrupt transition, respectively from weak friction (in case of sliding) to strong friction (in case of
deformation) and inversely from strong to weak friction. One can show that these transitions occur on
two steps, longitudinal extension followed by longitudinal compression for a transition between
deformation and sliding, and inversely [62]. The characteristic scale of the longitudinal variations, and
thus of the longitudinal stress, is thus about 10 km.

Thanks to the particular signature of lakes on the surface one can detect local anomalies related to
basal water. A dedicated methodology based on the estimation of the surface curvature allows
enhancing subtle surface features observed in the ice sheet surface topography so that several
elongated networks have been identified and related to subglacial topography in the vicinity of Dome
C [81]. At the ice sheet scale, one can detect hydrological systems which cross the continent over
distances greater than a few hundred of kilometres [82]. Some of these features are connected to the
ice-sheet margin, although the low number of such features means that transportation of subglacial
melt water within these channels does not significantly contribute to ice sheet mass loss at the
continental scale. However their influences on outlet glacier flow will be discussed in Section 5.

4.4. Balance Velocity and Ice Dynamics

The ice flow follows the down-slope direction so that the topography provides the direction of the
ice flow and the convergence or divergence of flow-lines. The summation of the accumulation rate
from the dome to the coast between two flow channels makes it possible to estimate the ice flux, by
stating that the flows coming in and out of an ice column are equal. Velocity is obtained by dividing by
the ice thickness from BEDMAP experiment [83]. To do this, we have to assume that the ice sheet is
in balance, so that this velocity is called the balance velocity [84].

Balance velocity (Figure 9) is lower than 1 m/yr near the dome and reaches 100 m/yr near the
coast [85,86]. It is clear that ice flow divergence and convergence are controlled by the surface
topography that plays a significant role in ice flow. One can observe fast flowlines or ice streams, with
tributaries networks, whose effects are felt until several hundred of kilometres inside the continent.
Indeed, 80% of the continent is found to be drained by only 20% of the coast. It is probably one of the
major discoveries provided by altimetry for Antarctica. Indeed, this irregular flow distribution/ice flow
network gets important consequences concerning ice sheet behaviour regarding to climate change. A
fast glacier will respond more quickly to perturbations than a slower one. Also, a perturbation at the
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coast, for instance a change in the velocity of an outlet glacier, will propagate all along the stream. It
then highlights the most sensitive areas of the ice sheet.

Figure 8. Map of the balance velocity expressed in m/yr from [15]. Note the presence of
numerous ice streams that can be followed far away in the upslope direction. The name and
location of the main outlet glaciers are shown.
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The surface topography also gives indications on the dominant stress that acts on ice deformation,
the so-called basal shear stress related to the surface slope. The deformation velocity depends on the
basal shear stress via the rheological parameters that are the main unknowns of ice sheet
dynamics [87]. The first attempt to use velocity and stress derived from topography to better constrain
the rheological parameters was done by Young et al. [88] with the help of the topography from
Zwally et al. [29]. They found constant values for rheological parameters. By taking into account the
ice temperature, one can show that rheological parameters depend on the velocity range so that the ice
is a fluid with a non linear viscosity [89]. Finally, Testut ef al. [90] showed that too many parameters
were affecting the flow (sliding, anisotropy, longitudinal stress), so that further studies, based on
topography alone, would be unsuccessful for retrieving ice sheet rheological parameters. Recent
studies now use the topography to constrain model and, for instance, to improve ice core
dating [91,92].

Eventually, the balance velocity compared with velocity derived from an independent technique,
may, in theory, help to estimate the ice sheet mass balance. If the observed velocity is larger than the
balance one, the ice sheet wastes mass. Unfortunately, the poor knowledge of the accumulation rate
required to estimate the balance velocity results in a lack of robustness of such a technique at the
global scale. The ice sheet mass balance can only be computed thanks to this technique if the snow
accumulation rate is well known over the drainage basin. For instance, it has been suggested that the
discharge flux over the Mertz basin was too low to compensate for the snow supply through
accumulation (lower than the accumulation rate) so that this sector may be in a positive
imbalance [93]. However, the authors also pointed out that large errors in the accumulation maps
impede reaching a firm conclusion about the Mertz mass balance [93]. Similarly, Fricker et al. [94]
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showed that for the Lambert Glacier and Amery ice shelf system the poor knowledge of accumulation
rate over the drainage basin prevents from applying such a technique.

Nevertheless, mass balance may be estimated directly with topographic survey as we will see in the
next section.

5. Ice Sheet Mass Balance
5.1. Methodology and Error Budget

As mentioned in the Introduction, it is not easy to determine mass balance because of our lack of
knowledge of the physical processes affecting both ice dynamics and polar climate. Even surface mass
balance depends on several different mechanism that are not easy to predict [95]. Recent general
reviews of the different remote sensing techniques to derive ice sheet mass balance can be found in
Bamber and Rivera [96] or in Remy and Frezzotti [7]. Three different ways of estimating mass balance
exist: measuring the difference between input and output, monitoring both the ice fluxes and the
climatic evolution, or directly monitoring the volume shape. Optimal method combining different data
from ice budget or geodetic approach are found to be more efficient [97] but are not frequently used. It
is now clear that time series obtained by radar altimetry are long enough to address the problem with
the third way. Moreover, the spatial resolution of altimetric data compared with other sensors such as
gravimetry allows catching some small-scale feature changes linked with specific processes.

Several attempts to derive ice sheet mass balance with the help of the altimetric time series of
ERS-1, ERS-2 and Envisat have been published [98-101]. The whole details of the data processing can
be found in each of these papers. In order to derive height variation trends, most of the methodology
focuses on the difference at cross-over points in order to minimize long-scale errors and the error due
to the antenna polarization [102]. Only one study [100] uses repeat tracks, leading to larger data sets
with a finer resolution.

However, one has to keep in mind that the error budget is important in space and also in time due to
the penetration error that is highly variable. Despite the different corrections proposed by the authors,
the final error might be important. Also, as already mentioned in Section 3.1, the snow densification is
also a problem that acts both directly on the volume and indirectly because of its impact on the
waveform shape and thus on the height retrieval. It is one of the explanations of the difference between
altimetry (that measures volume) and gravimetry (that measures mass) as we will see in the
next section.

In order to correct for the previously mentioned errors we fit a 12-parameter function to the time
series at each along-track position. Without going into the details, we take into account the surface
slope at the medium scale by fitting a bi-quadratic form (6 parameters), we take into account the effect
of the temporal changes in the snow pack characteristics by fitting a linear relation with the three
waveform shape parameters, we remove the seasonal variability with a sinusoidal function (amplitude
and phase or fit a sine and a cosine) and to derive the trend we add a linear relation with time. The drift
of the tracks being within one kilometre, we consider altimetric data over a radius of one kilometre
along and across the mean track, leading to around three observations for each cycle. The precision of
the fit increases with time series length. With a 4-yr time series the fit is constrained by 120
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measurements, enough to constrain the 12 parameters. One can show that the fit of the stationary
parameters is convergent as soon we own around 40 cycles.

To finish, it should be noted that the inability of altimeter to resolve ice sheet margins is negligible
because of the weak percentage of margins (even weighted by snow accumulation rate) with respect to
the whole ice sheet surface. We will first focus on the regional scales and will finish with surveys at
the global scale.

5.2. Monitoring the Small Scale Features

Due to the inertia of processes acting on ice sheet mass balance (see Figure 1), one may assume that
surface mass balance mechanics are the main factors at the decadal scale. However, altimetry
monitoring points out that some surface changes indubitably linked with dynamics processes, in
particular changes at the scale of tens of kilometres. We do not want to review here all the papers
dealing with small scale features monitoring by altimetry, but just want to highlight some
important discoveries.

One of the most interesting and surprising processes discovered thanks to the radar altimetric time
series is the rapid discharge of subglacial lakes [103]. These authors measure a transfer of 1.8 km® of
water from one subglacial lake toward two other lakes 290 km away. Since then the fact that such
subglacial drainage systems may have impacts on ice flow and on mass balance became more and
more obvious. Indeed, another rapid discharge of 2 km® from one subglacial lake, in the western part,
directly to the ocean have been first observed [78]. Later, in the eastern part, a discharge of
about 1.7 km® of water from a large subglacial lake in the upslope direction of the Byrd glacier has
coincided with an acceleration of the glacier [104]. The influence of subglacial water discharge on ice
flow velocity is now an important issue. It depends on a few parameters such as the volume of the
discharge or the geometry of the emissary basin. The problem is not so much the induced water mass
loss, but the water pressure increase that may enhance the ice flow velocity [105].

Another surprising finding was the detection of rapid change in the volume of several outlet
glaciers. The most famous ones are the space and time evolutions of the glaciers belonging to the
Amundsen Sea drainage systems (Pine Island, Thwaites and Smith Glaciers). With the help of radar
altimetry and interferometry, Shepherd et al. [106,107] showed that the rapid thinning of ice was
detected up to 150 km inland. The three mentioned glaciers thinned by more than 1.6, 2.5 and 4.5 m at
the ground line location between 1992 and 1999, respectively, and while the Thwaites and Smith
glaciers increased by 25 and 45 m between 1991 and 2001, respectively. The signature of this thinning
suggested a dynamical answer of the ice initially due to ocean thermal forcing. Indeed, the thinning
rate decreases with distance to the coast. An outlet perturbation is then clearly propagating in the
upslope direction. The imbalance of this sector is sufficient to raise sea level by more
the 0.2 mm/yr [108]. The latest studies on the Pine Island glacier confirm the inland thinning and its
relation with internal dynamical processes [109]. The grounding line retreat toward the interior is such
that the main part of the glacier might be afloat within the next century [110]. However, in the same
sector, some glaciers are also found to be thickening, as shown on Figure 9.

The same is also observed on several ice shelves that are often found to be thinning. For instance,
altimeter observations from 1992 to 2001 over the Larsen ice shelf suggested a thinning
of 0.27 m/yr [111]. Now, longer time series analysis, for instance over the Amery ice shelf, exhibit
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short-term fluctuations so that one cannot conclude that short time period signal necessarily indicates
ice shelf instability [112].

5.3. Monitoring Antarctic Ice Sheet at the Global Scale

The mass balance for the Antarctic ice sheet at the global scale is mapped on Figure 9 and is
borrowed from this last study. The behaviour of the West and East part are quite different. The West
Antarctic ice sheet is a marine ice sheet, since most of its bedrock is under sea level. Firstly, it is thus
very sensitive to an increase in oceanic temperature. Secondly, it gets a relatively higher geothermal
flux than the Eastern part, meaning that basal temperature is larger [113]. As a consequence most of
the ice lying on the bedrock gets a temperature close to the melting point and the ice slides down at
higher velocity. Thirdly, the west Antarctic dynamics depends on a complex network of fast tributaries
ice stream. These glaciers quickly respond to a climate change. This sector exhibits volume
fluctuations over a large range of timescales. Mass balance observations support the different
behaviour between these two parts.

Figure 9. Enlargement of the changes in height in the west Antarctic ice sheet during the
period 2002-2008. The Pine Island, Thwaites and Smith Glaciers sectors (noted A, B, C)
decrease at a rate greater than —0.15 m/yr while other glaciers (D or E) increase during this
period. D is found to thinning only during the Envisat period, this shows that the upslope
signal is propagated in few years over several hundred kilometres. E corresponds to the
upslope part of the Kamb ice stream that flows out of the Envisat coverage. Its thinning up
to the coast is confirmed with the IceSat data [114].

m/yr
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All attempts to derive mass balance from altimetry agree with a clear thinning of the draining basin
of the Pine Island and Thwaites glaciers, in the western part of the WAIS (see Figure 4). One of the
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authors found a thinning of the whole West Antarctica at a rate of 47 Gt/yr [98] corresponding
to 0.12 mm/yr of sea level rise. Another one detected dynamic responses of the WAIS leading to either
thickening or thinning [99]. Finally, Legrésy et al. [100] used a different methodology to extract the
temporal trend by correcting for the penetration with the help of the backscattering coefficient and the
whole waveform shape. They detected few areas of thickening, in the East part of Wilkins land or in
the Peninsula and few areas of thinning, near the Pine Island sector or near Law Dome. Most changes
in ice surface near the coast are attributed to change in ice dynamics due to perturbation of the outlet
glaciers as previously explained. Most of the studies pointed out a local increase in accumulation rate
in few areas, namely in the Peninsula, Dronning Maud land and East Wilkins part. In average, the
studies found a signal comprised between 0.1 mm/yr and —0.1 mm/yr in term of sea level change. This
signal, for all the different studies, is then found not to be statistically significant. On the contrary, the
Eastern part seems to be more stable. Depending on the kind of corrections made, especially to account
for penetration issues, various authors find this part to be slightly thinning or slightly thickening.

Depending on the technique (altimeter or gravimetry) and on the used methodology the western part
is found to loss mass between —50 to —150 Gt and the Eastern part is found to gain mass
between 0 to 60 Gt [115]. However, the comparison between the mass balance derived from ERS and
Envisat for two different periods (see Figure 10) suggests that the strong temporal variability also
explains a large part of the discrepancy, each study dealing with a different period. Note that we
applied the same corrections to the ERS and Envisat data set to compare. Also the instrumental biases
are removed because we compare directly each trend.

Figure 10. Mass balance of the Antarctic ice sheet (in m/yr) updated from [18], for the
ERS period (1992-2003) and the Envisat period (2002-2006). Note the important thinning
of the West Antarctic ice sheet over a large sector. The Eastern part of the continent
exhibits less impressive signals, but is also shown local fluctuations that depend on
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The amplitude of local fluctuations can be as large as 15 cm/yr (Figure 9) and are attributed to small
temporal changes in precipitation [7]. The difference between both maps gets the same ranges of
variations of the average map, meaning that more than 50% of the signal is not constant in time.
Indeed, one can see the difference of the changes pattern between the ERS and the Envisat period. As
soon as the distance to the coast is greater than 200 km, the amplitude of the variations falls down to a
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few centimetres per year. The centre of the East Antarctic ice sheet is then stationary over a few
thousand kilometres.

However, our classical vision of two different parts in Antarctica in response to climate change is
now altered because of recent observations. For instance, Shepherd and Wingham [116] showed with
the ERS and Envisat time series that only glaciers that seat in submarine basins with no substantial ice
shelf barrier are losing mass today and that such glaciers are situated in both parts of the Antarctica.
Also, no global increase is observed so that the classical and intuitive idea of a gain in mass due to an
enhancement of accumulation rate in a warmer climate seems to not be observed.

To sum up Antarctica happens to be close to equilibrium but strong regional signals suggest that
local dynamical response of ice may accelerate in the future. Glaciers of both the East and West
Antarctica may provide a substantial contribution to global sea level change [116]. Not only the
altimeter is a useful tool to map global trends but it is also able to catch some local imbalance.
However, some discrepancies between studies in some places may be explained by the limitation of
retrieving height variations due to the penetration of the altimetric radar wave in the snow pack. Such
effect has been pointed out in the Amery ice shelf [112]. Densification processes yield also to critical
error because it directly acts on the height surface and indirectly via change in snowpack
characteristics. For some authors, the magnitudes of firn depth changes are comparable to those of
observed ice sheet elevation change [47].

6. Conclusions

The Seasat and Geosat missions have revealed the altimeter to be powerful tool for oceanic
analysis. Whilst only the south of Greenland and a small portion of the Antarctic ice sheet were
covered, (South of 72N and North of 72S), the missions also demonstrated the potential of altimetry
for ice sheet studies. This led to the design of the ERS altimeter, with an orbital inclination and
tracking capability to study ice surfaces. As a consequence satellite radar altimetry has become one of
the most significant tools to enhance our knowledge of ice sheet characteristics. Almost 20 years of
continuous observations, have allowed us to address important questions on ice dynamics, snowpack
characteristics and ice sheet mass balance.

The precise description of the ice sheet surface has led to the determination of basin scale balance
velocities through ice sheet dynamics. This has led to an improved model description of ice sheet
stresses. Numerous subglacial lakes have been discovered along with interlinking hydrological
networks. Thinning, several hundred kilometres upstream of accelerating glaciers has been detected,
spurring the development of new processes in ice sheet models. We have shown that many surface
features, identified in the altimetric waveforms, remain a mystery. For example, what are the
relationships between winds and the surface undulations?

With the exception of the steep marginal zones where the measurement error is high, and the orbital
limit (81.5°), the topography of both ice sheets is now well mapped. Optical stereo sensors have been
used to map the ice sheet margins [117] but their sampling is incomplete due to clouds. In this context,
the new ESA satellite Cryosat-2, dedicated to survey ice [118], will provide valuable data over the
areas currently excluded from observations by radar altimetry.

Twenty years of altimetry have shown that the Antarctic mass balance is near neutral, and
consequently the ice has no impact on global sea level change. However, there is no doubt that
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tidewater glaciers in the WAIS are causing a thinning and regional mass loss. Some regional trends are
highly variable and further investigations are required to understand there changes. It is possible that
these are related to changes in the penetration of the altimeter pulse into the snow pack. A recent
analysis of Thomas et al. [119] over the Greenland ice sheet shows that the surface imbalance as
measured by radar altimeter is more positive than the one measured by laser altimeter. The surface
elevation bias between laser and radar altimetry varies spatially and temporally, the understanding of
which would require independent surveys.

In the absence of such surveys, it may be possible to understand some of the differences through
analysis of the S-band data from the dual-frequency altimeter on Envisat. Dual-frequency altimeters
haves already demonstrated their potential for the lake-ice characteristics [120] and the estimation of
snow pack thickness [121]. Preliminary work using dual-frequency observations over Antarctica
indicate an ability to separate surface and volume signals, and consequently to derive parameters such
as snow grain size and surface roughness.

There is a powerful case for continuity in altimetric observations, for accurate and timely
cross-calibration between different missions and for in-situ validation of the different techniques. The
launch of Cryosat-2 by ESA will increase our understanding of the time evolution of the ice sheets and
extend the topographic map coastwards. Nevertheless, to ensure a perfect continuity of the
observations, an Envisat follow-on mission with exactly the same technical and orbital characteristics
is needed.
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