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Abstract. In this paper we develop a CryoSat-2 algorithm to
retrieve the surface elevation of the air–snow interface over
Antarctic sea ice. This algorithm utilizes a two-layer phys-
ical model that accounts for scattering from a snow layer
atop sea ice as well as scattering from below the snow sur-
face. The model produces waveforms that are fit to CryoSat-
2 level 1B data through a bounded trust region least-squares
fitting process. These fit waveforms are then used to track
the air–snow interface and retrieve the surface elevation at
each point along the CryoSat-2 ground track, from which the
snow freeboard is computed. To validate this algorithm, we
compare retrieved surface elevation measurements and snow
surface radar return power levels with those from Operation
IceBridge, which flew along a contemporaneous CryoSat-2
orbit in October 2011 and November 2012. Average eleva-
tion differences (standard deviations) along the flight lines
(IceBridge Airborne Topographic Mapper, ATM – CryoSat-
2) are found to be 0.016 cm (29.24 cm) in 2011 and 2.58 cm
(26.65 cm) in 2012. The spatial distribution of monthly av-
erage pan-Antarctic snow freeboard found using this method
is similar to what was observed from NASA’s Ice, Cloud,
and land Elevation Satellite (ICESat), where the difference
(standard deviation) between October 2011–2017 CryoSat-2
mean snow freeboard and spring 2003–2007 mean freeboard
from ICESat is 1.92 cm (9.23 cm). While our results suggest
that this physical model and waveform fitting method can
be used to retrieve snow freeboard from CryoSat-2, allowing
for the potential to join laser and radar altimetry data records
in the Antarctic, larger (∼ 30 cm) regional differences from
ICESat and along-track differences from ATM do exist, sug-
gesting the need for future improvements to the method.

Snow–ice interface elevation retrieval is also explored as a
potential to obtain snow depth measurements. However, it is
found that this retrieval method often tracks a strong scatter-
ing layer within the snow layer instead of the actual snow–ice
interface, leading to an overestimation of ice freeboard and
an underestimation of snow depth in much of the Southern
Ocean but with promising results in areas such as the East
Antarctic sector.

1 Introduction

Antarctic sea ice plays a complex yet important role in the
earth system processes of the Southern Hemisphere. As the
ice extent grows and shrinks over the course of a year, it can
influence atmospheric circulations and temperatures (Cava-
lieri and Parkinson, 1981; Comiso et al., 2017), modify ver-
tical and horizontal salinity profiles in the Southern Ocean
(Aagaard and Carmack, 1989; Haumann et al., 2016), and
even affect the biota of the south polar latitudes (Garrison,
1991; Legendre et al., 1992; Meiners et al., 2017). Perhaps
most notably, the high albedo of snow-covered Antarctic sea
ice means it reflects roughly 80 % of the incoming solar ra-
diation back to space (Allison et al., 1993; Massom et al.,
2001; Brandt et al., 2005; Zatko and Warren, 2015), help-
ing to regulate the temperature of the south polar region
and moderate the earth’s energy budget. Unlike the Arctic
Ocean, the Southern Ocean is unbounded by continents, re-
sulting in geographically unlimited sea ice growth and vast
areal extent. The average maximum extent of Antarctic sea
ice is about 18.5 million km2, occurring in September each
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year (Parkinson and Cavalieri, 2012). Despite a loss of sea
ice extent in the Arctic since the late 1970s (Cavalieri and
Parkinson, 2012), passive satellite remote sensing records of
Antarctic sea ice have shown a slight increase in areal ex-
tent over the same period at a rate of about 17 100 km2 yr−1

(Parkinson and Cavalieri, 2012). Over the past few years,
passive satellite observations have shown considerable vari-
ability in Antarctic sea ice extent. A record maximum ex-
tent of 19.58 million km2 was reached on 30 September 2013
(Reid et al., 2015), only to be topped in September 2014
when the extent reached 20.11 million km2 (Comiso et al.,
2017). Less than 3 years later, in March 2017, sea ice cover
in the Antarctic dropped to just 2 million km2, a record low in
the satellite era (Turner and Comiso, 2017). This minimum
followed an unparalleled retreat of Antarctic sea ice cover in
2016 (Turner et al., 2017).

In addition to ice extent, sea ice thickness is important for
gauging the state of sea ice in the polar regions. Beginning in
the mid-to-late 20th century, ship-based in situ measurements
provided the only thickness data available in the Southern
Ocean (Worby et al., 2008). More recently, satellite altimetry
instruments and techniques have proven valuable in collect-
ing sea ice thickness information. In order to calculate thick-
ness from altimetry, the freeboard must first be computed.
Freeboard is defined as either the height of the air–snow in-
terface above the sea surface, termed the “snow freeboard”
or “total freeboard”, or as the height of the snow–ice inter-
face above the sea surface, known as the “ice freeboard”.
Both types of freeboard can be used to compute thickness.
Typically, altimeter-based sea ice thickness is derived by as-
suming a hydrostatic balance and combining the freeboard
measurements with a measure of the snow depth atop sea ice
as well as approximations for the densities of the snow, sea
ice, and sea water. In the Antarctic, snow freeboard is used
most often in this calculation (Li et al., 2018), which is usu-
ally obtained using measurements from a laser altimeter.

Zwally et al. (2008) made the first estimates of satellite
laser altimeter-based Antarctic sea ice thickness by utiliz-
ing data from NASA’s Ice, Cloud, and land Elevation Satel-
lite (ICESat) taken over the Weddell Sea. They computed
the snow freeboard and combined it with snow depth data
taken from the Advanced Microwave Scanning Radiometer
for the Earth Observing System (AMSR-E). After Zwally
et al. (2008), several studies retrieved pan-Antarctic sea ice
thickness from ICESat, each using slightly different meth-
ods. Kurtz and Markus (2012) combined ICESat freeboards
with in situ density measurements and made the “zero ice
freeboard” assumption that the snow depth was equal to the
snow freeboard, and thus no independent snow depth mea-
surements were required. Kern et al. (2016) compared multi-
ple methods of computing thickness using ICESat freeboard
data by calculating snow depths from both AMSR-E and a
static but seasonally varying snow-depth-to-thickness ratio.
A new one-layer method was developed by Li et al. (2018)
to compute thickness using ICESat data that built on the

static ratio used by Kern et al. (2016) and incorporated a dy-
namic snow depth-to-thickness ratio for every data point. As
these studies show, a large limitation to calculating Antarc-
tic sea ice thickness from laser altimetry, regardless of the
method used, is the uncertainty in the snow depth distribu-
tion on sea ice.

In addition to using laser altimetry to calculate sea ice
thickness in the Antarctic, radar altimetry has also been used
in recent years. Most radar altimeters operate in the Ku band
at around 13.6 GHz, a frequency that has been shown to pro-
duce a dominant backscatter from the snow–ice interface
(Beaven et al., 1995). The retrieved freeboard from radar al-
timetry, therefore, is generally assumed to be the ice free-
board especially when the snow is relatively dry and thin. Ku-
band retrievals of ice freeboard have been employed in the
Arctic (Laxon et al., 2003, 2013; Giles et al., 2008), where
thinner and drier snow conditions tend to exist (Webster et
al., 2018). In the Antarctic, radar freeboard calculations (and
subsequent thickness calculations) are complicated substan-
tially by the depth and variable vertical structure of the snow
on top of the sea ice (Willatt et al., 2010; Price et al., 2015;
Kwok, 2014). Due to the wealth of available moisture from
the surrounding ocean, Antarctic sea ice experiences more
frequent precipitation – and therefore greater snow depths –
than that of the Arctic (Massom et al., 2001; Maksym et al.,
2012). The deep snow can be heavy enough to depress the sea
ice surface down near or even below the sea surface, leading
to flooding and wicking of the seawater within the snowpack
(Massom et al., 2001; Willatt et al., 2010) that can act to
obscure returns from radar altimeters. Additionally, dense,
warm, and/or moist snow can cause the dominant scattering
surface to be located within the snowpack at a level that is
higher than the snow–ice interface (Giles et al., 2008; Willatt
et al., 2010, 2011).

Freeboard retrievals that neglect range corrections for
radar propagation through a snow layer are referred to as
“radar freeboards”. Radar freeboard was calculated in the
Antarctic by Schwegmann et al. (2016), who used data from
CryoSat-2 and Envisat to retrieve freeboard with the eventual
aim to create a joined Envisat–CryoSat-2 sea ice thickness
record. To counteract the effects of the snow layer on elec-
tromagnetic wave propagation, Paul et al. (2018) included
a snow layer range correction to radar freeboards computed
using CryoSat-2 and Envisat to retrieve ice freeboard over
both Arctic and Antarctic sea ice. While the method put forth
by Paul et al. (2018) demonstrates usefulness in reconciling
thickness between Envisat and CryoSat-2, there still exist un-
certainties in the sea ice thickness retrievals brought on by
the validity of the snow depth climatology used in the cor-
rections.

When using Ku-band altimetry for retrievals of freeboard
and thickness, the largest source of uncertainty comes from
the snow on sea ice. Uncertainty in the depth, salinity, and
vertical structure can impact ranging and freeboard calcula-
tion (Armitage and Ridout, 2015; Ricker et al., 2015; Nandan
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et al., 2017). In order to counteract this uncertainty and im-
prove the knowledge of the scattering effects of a snow layer
on sea ice, our work aims to utilize Ku-band altimetry from
CryoSat-2 to retrieve the elevation of the air–snow interface
and subsequently the snow freeboard. While it is true that
Ku-band radar pulses generally penetrate the snow surface
on sea ice and have a dominant scattering layer beneath, what
is often not included in freeboard retrieval algorithms, espe-
cially those depending on an empirical waveform evaluation,
is the fact that there are physical and dielectric differences
between air and snow (Hallikainen and Winebrenner, 1992;
Stiles and Ulaby, 1980) that results in scattering – albeit com-
paratively weaker – from the air–snow interface (discussed in
Sect. 3). Though this scattering is not typically the dominant
return from radar pulses, it has been shown that it can be de-
tected from airborne as well as ground-based sensors (Kurtz
et al., 2013; Willatt et al., 2010). Satellite radar returns of
the air–snow interface elevation would be important in the
Antarctic where snow–ice interface returns are complex and
uncertain, and provide the possibility for snow depth estima-
tions from radar altimetry. Knowledge of the snow depth in
the Antarctic would enable more accurate sea ice thickness
calculations, given that recent studies of Antarctic sea ice
thickness rely on passive microwave snow depth data (Kern
et al., 2016), assumptions of snow depth being equal to snow
freeboard (Kurtz and Markus, 2012), parameterizations of
snow depth from both snow freeboard (Li et al., 2018) and
multiyear ice fraction (Hendricks et al., 2018), or even treat-
ment of the snow and ice layers as a single layer with a mod-
ified density (Kern et al., 2016).

Typically, CryoSat-2 pulses are limited by the receive
bandwidth (320 MHz, corresponding to a vertical resolution
of 0.234 m) and therefore not able to resolve the air–snow
interface explicitly (Kwok, 2014). We show that through
the use of a two-layer physical model that accounts for the
scattering effects of a snow layer on top of sea ice, we are
able to retrack the air–snow interface from CryoSat-2 radar
waveforms, compute the surface elevation, and then calculate
snow freeboard. Our two-layer model builds on the single-
layer method developed by Kurtz et al. (2014). This study
begins by explaining the datasets that are used (Sect. 2), dis-
cusses the physical rationale (Sect. 3) and method (Sect. 4)
of retrieving snow freeboard from CryoSat-2, and shows an
initial validation of the approach (Sect. 5). Then, the free-
board calculations, results, and comparisons are discussed
in Sect. 6. Finally, a discussion on the application to snow
depth retrievals and possibility for future work is provided in
Sects. 7 and 8.

2 Datasets

Data for this study primarily come from ESA’s CryoSat-2
satellite, launched in 2010. The principle payload aboard
CryoSat-2 is SIRAL, a synthetic aperture interferometric

radar altimeter, which has a frequency in the Ku band at
13.575 GHz and a receive bandwidth of 320 MHz (Wing-
ham et al., 2006). SIRAL operates in one of three modes:
“low resolution” mode (LRM), “synthetic aperture” (SAR)
mode, or “synthetic aperture interferometric” (SARin) mode.
In the Southern Hemisphere, LRM is used over the Antarc-
tic continent and areas of open ocean and therefore is not
considered in this study (Wingham et al., 2006). SAR and
SARin data, which are taken over the sea ice zone and the
Antarctic coastal regions, respectively, are both utilized in
this work. Specifically, level 1B data from both of these op-
erating modes are used. SAR level 1B data consist of 256
samples per echo while SARin data contain 512 samples per
echo (Wingham et al., 2006). In order to maintain consis-
tency between the two modes both SAR and SARin data are
here truncated to 128 samples per echo.

CryoSat-2 level 1B data utilize “multilooking” to provide
an average echo waveform for each point along the ground
track. These multilooked echoes correspond to an approxi-
mate footprint of 380 m along track and 1.5 km across track
(Wingham et al., 2006). Within the level 1B data, the one-
way travel time from the center range gate to the satellite
center of mass is provided. This information is used to re-
trieve elevation above the WGS84 ellipsoid. To do so, we
first multiply the one-way travel time by the speed of light
in a vacuum. Then, geophysical and retracking corrections
are applied following Kurtz et al. (2014). Geophysical cor-
rections are applied by using the CryoSat-2 data products,
which include the ionospheric delay, dry and wet tropo-
spheric delay, oscillator drift, dynamic atmosphere correction
(which includes the inverse barometer effect), pole tide, load
tide, solid earth tide, ocean equilibrium tide, and long-period
ocean tide. The retracking corrections are obtained through
the waveform fitting method, discussed in Sect. 4. Adding
the corrections to the raw range data provides the surface el-
evation.

For this work, CryoSat-2 data from October 2011 to 2017
are utilized. October was chosen so that a substantial sea ice
extent is present in each year of data and also so there is over-
lap with the spring ICESat campaigns, which ran roughly
from October to November 2003–2009. Seven years of data
allows for a longer-term average to be computed and facili-
tates better comparison with the ICESat spring seasonal av-
erage (Sect. 6.2).

Data from NASA’s Operation IceBridge airborne cam-
paign are used in multiple capacities throughout this study.
First, IceBridge 2–8 GHz snow radar (denoted “snow radar”
in figures; Leuschen, 2014) and 13–17 GHz Ku-band radar
altimeter (Leuschen et al., 2014) data are used to confirm
the presence of scattering of the radar beam from the air–
snow interface (Sect. 3). These data are taken from flights
over the Weddell Sea on 13 October 2011 and 7 Novem-
ber 2012, which correspond to planned underflights of a con-
temporaneous CryoSat-2 orbit. This flight line is known as
the “Sea Ice – Endurance” mission and is shown in Fig. 1.
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Figure 1. Maps of the Operation IceBridge 13 October 2011 (a) and
7 November 2012 (b) Sea Ice Endurance campaign flight paths (in
black) along with the contemporaneous CryoSat-2 ground track (in
green). Flight paths are overlaid on hourly average sea ice surface
temperatures from MERRA-2 at the midpoint time of the IceBridge
flight (MERRA-2 data from GMAO, 2015).

Second, these coincident observations are used in Sect. 5 for
direct comparisons of elevations found between IceBridge
and CryoSat-2 in order to validate this CryoSat-2 algorithm.
Specifically, ATM elevation data (Studinger, 2014) are used
and compared against that of CryoSat-2.

Sea ice freeboard data taken from ICESat between 2003
and 2007 (Kurtz and Markus, 2012) are used primarily as a
comparative measure in this work. This product is gridded to
25 km and uses a distance-weighted Gaussian function to fill
gaps in the gridded data. Specifically, seasonal average free-
board values from the various ICESat campaigns are com-
pared with CryoSat-2 monthly average freeboard data ob-
tained using this algorithm. The austral spring ICESat free-
board dataset consists of measurements made from October
and November 2003–2007 (Fig. 2). These ICESat freeboard
and thickness data are publicly available online at https:
//neptune.gsfc.nasa.gov/csb/index.php?section=272 (last ac-
cess: December 2018).

Lastly, sea ice concentration data are used to filter out
grid boxes that are largely uncovered with ice. We utilize the
Comiso Bootstrap monthly average product, version 3, that
provides sea ice concentration on a 25 km polar stereographic
grid, and remove grid boxes with monthly average concen-
trations less than 50 %. This product is derived using bright-
ness temperatures from Nimbus-7 Scanning Multichannel
Microwave Radiometer (SMMR) and the Defense Meteo-
rological Satellite Program (DMSP) SSM/I-SSMIS passive
microwave data (Comiso, 2017).

Figure 2. ICESat austral spring mean freeboard, consisting of mea-
surements taken in October and November 2003–2007.

3 Observed Ku-band scattering of radar from
Antarctic sea ice

While more recent studies have shown the effects that a snow
layer can have on Ku-band ranging and freeboard retrievals
(Armitage and Ridout, 2015; Ricker et al., 2015; Nandan et
al., 2017), past works that utilize Ku-band altimetry for ice
freeboard retrieval tend to neglect scattering that occurs from
the snow surface and volume, and assume that the domi-
nant return occurs from the snow–ice interface (Beaven et
at., 1995; Laxon et al., 2013; Kurtz et al., 2014). For most
cases, especially in the Arctic where the snow cover is rela-
tively thin and dry, this assumption is generally valid (Willatt
et al., 2011; Armitage and Ridout, 2015). However, the phys-
ical differences between air and snow indicate that scattering
can occur from the air–snow interface as well (Hallikainen
and Winebrenner, 1992). This air–snow interface scattering
is the fundamental basis for measuring snow freeboard us-
ing radar altimetry. Kwok (2014) used Operation IceBridge
data to find that scattering from the air–snow interface does
contribute to the return at Ku-band frequencies. To further
prove this fact, we use Operation IceBridge echogram data
from the Ku-band and snow radars (Fig. 3) that provide a
vertical profile of the radar backscatter along the flight path
displayed in Fig. 1. These echograms come from the Novem-
ber 2012 campaign. Comparing the lower-frequency snow
radar, which is known to detect the air-snow interface (Kurtz
and Farrell, 2011), with the higher-frequency Ku-band radar
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altimeter, one can see the difference in scattering between the
snow-covered floe points and the leads in both radar profiles.

In this study, a simple “peak picking” algorithm is em-
ployed to mark the vertical locations of both the maximum
backscatter and the first point that rises 10 dB above the noise
level for each horizontal point along the flight line. While
not explicitly extracting layers from the IceBridge data, these
points are used as initial guesses of the air–snow and snow–
ice interfaces for the model (Sect. 4). These initial guesses
are not exactly the expected backscatter coefficients from
the two layers, but instead a rough approximation from their
peak powers. The peak-picked air–snow interface power is
compared to that of the maximum (assumed snow–ice in-
terface) power, as displayed in Fig. 4. This frequency dis-
tribution shows that for the 2012 IceBridge campaign over
Antarctic sea ice, the difference of the air–snow interface
power from the maximum power is smaller for the snow
radar, with a mean of 12.94 dB, than for the Ku-band altime-
ter, which has a mean difference of 14.00 dB. This result is
expected, as it means that the scattering power from the air–
snow interface is closer in magnitude to that of the snow–ice
interface in snow radar returns. However, the curves have a
similar distribution and mean, indicating that the Ku-band
radar return likely consists of scattering from the air–snow
interface as well. Overall, a comparison of the IceBridge
radars provides further evidence that scattering of Ku-band
radar pulses can occur at the air–snow interface. The follow-
ing sections use this notion to retrieve snow freeboard from
CryoSat-2 returns.

4 Surface elevation retrieval methodology

In this section, we introduce a new two-layer retrieval
method that expands on the single-layer method employed by
Kurtz et al. (2014). Following that work, this study retrieves
surface elevation from CryoSat-2 data by first using a physi-
cal model to simulate return waveforms from sea ice. Then, a
least-squares fitting routine is used to fit the simulated wave-
form to the CryoSat-2 level 1B data. Sea ice parameters, in-
cluding the surface elevation, can then be computed from the
fit waveform. The following section describes this process.
For a more detailed derivation of the theoretical basis sur-
rounding the physical model and waveform fitting routine,
see Kurtz et al. (2014).

4.1 Physical waveform model

When assuming a uniformly backscattering surface, Kurtz et
al. (2014) expressed the received radar echo, 9(τ), as

9 (τ)= Pt (τ )⊗ I (τ )⊗p(τ), (1)

where τ is the echo delay time relative to the time of scat-
tering from the mean scattering surface and ⊗ represents
a convolution of the compressed transmit pulse, Pt(τ ); the

rough surface impulse response, I (τ ); and the surface height
probability density function, p(τ) (Brown, 1977; Kurtz et al.,
2014). The terms are defined as

Pt (τ )= p0 sinc2 (Bwτ) , (2)

where p0 is the peak power of the pulse and Bw is the re-
ceived bandwidth;
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where the variables (average values, when applicable, fol-
lowing Kurtz et al., 2014) for CryoSat-2 are as follows: λ
(0.0221 m) is the center wavelength, G0 (42 dB) is the one-
way antenna gain, D0 (30.6 dB) is the one-way gain of the
synthetic beam, c (299 792 485 m s−1) is the speed of light in
vacuo, σ 0 (0◦) is the nadir backscatter coefficient, h (725 km)
is the satellite altitude, η (1.113) is a geometric factor, Nb
(64) is the number of synthetic beams, τ is the echo delay
time, ξk is the look angle of the synthetic beam k from nadir,
H is a Heaviside step function, γ1 (6767.6) is the elliptical
antenna pattern term 1, γ2 (664.06) is the elliptical antenna
pattern term 2, α is the angular backscattering efficiency, k0
(284.307 m−1) is the carrier wave number, υs (7435 m s−1)
is the satellite velocity, σ is the standard deviation of surface
height, and Bw (320 MHz) is the received bandwidth.

Under the assumption that only surface scattering is
present and occurs from the snow–ice interface alone (i.e., no
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Figure 3. Example echograms from Operation IceBridge snow radar (a) and Ku-band radar (b) taken from the November 2012 Sea Ice
Endurance campaign. Black points denote locations of maximum power and red points denote the first location where the power rises 10 dB
above the noise level, both found from the peak-picking algorithm discussed in the text. The length of the transect covered in this echogram
is 3.02 km. The mean (standard deviation) noise level for the snow radar is found to be −29.1 dB (1.39 dB) while the signal level at the
air–snow interface is found to be −16.8 dB (1.47 dB). For the Ku-band altimeter, the noise level is found to be −30.3 dB (1.32 dB) while the
air–snow interface signal level is found to be −17.9 db (2.09 dB), showing the surface return is well above the noise for both instruments.

Figure 4. Frequency distributions of the difference in air–snow
interface power from snow–ice interface power taken from the
November 2012 IceBridge Sea Ice Endurance campaign. The blue
curve represents the snow radar, while the black curve represents the
Ku-band radar. Note that the locations of the air–snow and snow–
ice interfaces are approximations found from the peak-picking al-
gorithm (Fig. 3) and are not exactly the expected backscatter coef-
ficients from the two layers.

surface scattering from the air–snow interface nor volume
scattering from within the snow or ice layers), Eq. (1) is able
to accurately model a received CryoSat-2 echo over the Arc-
tic (Kurtz et al., 2014). However, due to thicker snow depths
on Antarctic sea ice as compared to the Arctic, scattering ef-
fects from the snow layer cannot be neglected when retriev-
ing surface elevation. Therefore, Eq. (1) is here modified to
become

9 (τ)= Pt (τ )⊗ I (τ )⊗p(τ)⊗ ν(τ), (5)

where ν(τ) is the scattering cross section per unit volume
as a function of echo delay time (Kurtz et al., 2014). Fol-
lowing Arthern et al. (2001) and Kurtz et al. (2014), ν(τ)
is defined in terms of physical parameters including the sur-
face backscatter coefficients of snow and ice, σ 0

surf-snow and
σ 0

surf-ice, respectively, and the integrated volume backscatter
of snow and ice, σ 0

vol-snow and σ 0
vol-ice, respectively. Together,

the total backscatter can be written as

σ 0
= σ 0

surf-snow+ σ
0
vol-snow+ σ

0
surf-ice+ σ

0
vol-ice. (6)
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For snow on sea ice, ν(τ) becomes
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
which accounts for signal attenuation in the snow and ice
layers and loss of power at the air–snow and snow–ice inter-
faces. Equation (7) comes from Kurtz et al. (2014) and uses
the form of τ = 0 at the snow–ice interface. In Eq. (7),

σ 0
vol-snow =

σvol-snowk
2
t-snow

ke-snow
, (8)

σ 0
vol-ice =

σvol-icek
2
t-snowk

2
t-ice

ke-ice
. (9)

Static parameters in Eqs. (7)–(9) are given values to model
a snow layer on sea ice. We assign the two-way extinction
coefficients of snow, ke-snow, and sea ice, ke-ice, to be 0.1 and
5 m−1, respectively, following Ulaby et al. (1986). The speed
of light through snow and ice are csnow and cice, respectively,
where csnow =

c
nsnow

and cice =
c
nice

. Here, nsnow = 1.281 and
nice = 1.732, where nsnow corresponds to a snow layer with
a density of 320 kg m−3 (Tiuri et al., 1984; Ulaby et al.,
1986). A density of 320 kg m−3 was chosen as an assump-
tion to best represent pan-Antarctic snow on sea ice follow-
ing results from several in situ surveys (Massom et al., 2001;
Willatt et al., 2010; Lewis et al., 2011). Finally, kt-snow and
kt-ice are the transmission coefficients between the air–snow
and snow–ice interfaces, respectively. Both transmission co-
efficients are generally close to one (Onstott, 1992); we use
values of kt-snow = 0.9849 and kt-ice = 0.9775 as calculated
from the Fresnel reflection coefficient using the values of
nsnow and nice. The snow depth, hs, is computed from the
echo delay shift of the air–snow and snow–ice interfaces, free
parameters tsnow and t , respectively, which are discussed in
Sect. 4.3. The remaining free parameters are given as inputs
to the model and are defined in the following section.

The main assumption in this approach is that scattering
is expected to come from two defined layers (i.e., the air–
snow and snow–ice interfaces) and uniformly throughout the
volume. Antarctic sea ice can exhibit complex layer struc-
tures that could obscure this simple two-layer method; how-
ever, no pan-Antarctic understanding of snow-covered sea

ice composition currently exists. Therefore, this two-layer
assumption is used as an approximation of the broad-scale
sea ice cover.

4.2 Waveform fitting routine

To fit the modeled waveform to CryoSat-2 data, a bounded
trust region Newton least-squares fitting routine (MATLAB
function lsqcurvefit) is employed. This routine fits the model
to the data by iteratively adjusting model input parame-
ters and calculating the difference between the modeled and
CryoSat-2 level 1B waveform data, until a minimum solu-
tion – or the established maximum number of iterations – is
reached. Building off of Kurtz et al. (2014), this process can
be shown with the equations

Pm = AfL(τ,α,σ ) ⊗p(τ,σ )⊗

ν
(
τ, tsnow,σ

0
surf-snow,σ

0
surf-ice,σ

0
vol-snow,σ

0
vol-ice

)
(10)

and

min
128∑
i=1

[Pm (τi)−Pr (τi + t)]2, (11)

where L is a lookup table of Pt(τ )⊗I (τ ) as defined in Kurtz
et al. (2014), Pm is the modeled waveform, Pr is the observed
echo waveform, and τi is the observed echo power at point i
on the waveform. These equations result in nine free parame-
ters: the amplitude scale factor,Af; the echo delay shift factor
at the air–snow and snow–ice interfaces tsnow and t , respec-
tively; the angular backscattering efficiency, α; the standard
deviation of surface height, σ ; and the terms that together
make up the total backscatter, σ 0

surf-snow, σ 0
surf-ice, σ 0

vol-snow,
and σ 0

vol-ice. These parameters are adjusted with each iteration
of the fitting routine and are explained further in Sects. 4.3.1
and 4.3.2. An initial guess for each of the free parameters –
in addition to upper and lower bounds – is provided to the fit-
ting routine. Doing so ensures that the solution reached will
closely resemble that of the physical system. Approaches for
determining the initial guesses for both lead and floe charac-
terized echoes are outlined in the following section.

This algorithm uses the squared norm of the residual
(“resnorm”) as a metric for goodness of fit. Modeled wave-
forms with a resnorm less than or equal to 0.3 are consid-
ered to be good fits and have the output parameters used
in the retracking correction calculation and surface eleva-
tion retrieval. Waveforms with greater fitting error are run
again using a different initial guess for α. If the resnorm is
still high, the CryoSat-2 echo is not used in the retrieval pro-
cess. Figure 5 shows a spatial distribution of the mean Octo-
ber resnorm values for 2011–2017. The largest residuals are
consistently located around the ice edge and near to the con-
tinent, while the smallest are collocated with areas of high
lead-type fraction (Fig. 5), such as the Ross Sea. Since the
specular lead waveforms are easily fit with little residual, the
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overall average distribution shown here is consistently un-
der 0.3 (total mean of 0.13). However, many floe-type points
have values closer to the 0.3 threshold. Although we have
observed that a resnorm threshold of 0.3 results in reason-
ably representative modeled waveforms, we understand that
the use of a single metric can oversimplify the goodness of
fit and leaves room for errors in the shape of the modeled
waveform. Future work will look into incorporating a more
comprehensive metric for goodness of fit.

4.3 Lead/floe classification

Prior to constructing a physical model and fitting it to the
data, each CryoSat-2 echo is first characterized as either a
lead or a floe based on parameters derived from the individual
waveform. Specifically, the pulse peakiness (PP) and stack
standard deviation (SSD) parameters are used to distinguish
between the two surface types, following Laxon et al. (2013).
PP is defined as

PP=max(Pr)

128∑
i=1

1
Pr(i)

(12)

from Armitage and Davidson (2014). SSD comes from the
CryoSat-2 level 1B data product and is due to the variation
in the backscatter as a function of incidence angle (Wingham
et al., 2006). Figure 5 shows average detection rates for lead
and floe points using this method, discussed in the follow-
ing sections.

4.3.1 Leads

CryoSat-2 echoes are categorized as leads if the return wave-
form has a PP> 0.18 and a SSD< 4 (Laxon et al., 2013).
Since by definition leads have no snow cover, it is assumed
that all scattering of the radar pulse originates from one sur-
face. In this case, that surface is either refrozen new ice or
open water. It is also assumed that no volume scattering oc-
curs from leads. Therefore, the volume scattering term in
Eq. (10) goes to a delta function at τ = 0, resulting in four
free parameters: the amplitude scale factor, Af; the echo de-
lay shift factor, t ; the angular backscattering efficiency, α;
and the standard deviation of surface height, σ . The initial
guess for Af is set equal to the waveform peak power, with
the bounds set to ±50 % of the peak power. The echo delay
shift, t , is given an initial guess equal to the point of maxi-
mum power, denoted with ti . The σ is first estimated to be
0.01 for lead points, with bounds taken to be 0≤ σ ≤ 0.05.
The initial guess for α, denoted as α0, is calculated as the
ratio of tail-to-peak power and uses a mean of 10 ns fol-
lowing the location of peak power. The bounds of α are
α0
100 ≤ α0 ≤ 100α0. Using the above initial guesses in the fit-
ting routine leads to a modeled waveform that well repre-
sents the CryoSat-2 data over leads (Kurtz et al., 2014). The
echo delay factor, t , provides the location of the surface as
a function of radar return time, which is used in the surface

elevation retrieval of each lead-classified echo. The largest
fraction of lead-classified points occurs in the Ross Sea, con-
sistent with the location of the Ross Sea Polynya (Fig. 5).
However, it is also a region known for new-ice formation that
could return specular lead-type waveforms, and potentially
lead to an overestimation of the sea-surface height (discussed
in Sect. 6).

4.3.2 Floes

Radar echoes with a PP< 0.09 and a SSD> 4 are classi-
fied as sea ice floes (Laxon et al., 2013). Due to the pres-
ence of a snow layer on top of the sea ice, all nine free pa-
rameters (introduced in Sect. 4.2) are employed. These in-
clude the four mentioned in the previous section, as well
as tsnow – the echo delay shift factor of the air–snow inter-
face – σ 0

surf-snow, σ 0
vol-snow, σ 0

surf-ice, and σ 0
vol-ice. The initial

guess and bounds for Af are taken to be the same as used
for lead points, while the remaining eight differ from leads.
For tsnow, the initial guess (ti−snow) comes from the ICESat
datasets of the seasonal average total freeboard. We use the
“zero ice freeboard” assumption (Kurtz et al., 2012) that the
snow–ice interface is depressed to the sea surface, meaning
the ICESat freeboard would be approximately equal to the
snow depth. Though this assumption is generally thought to
be valid in the Antarctic, it may not hold true in all regions of
the Antarctic (Adolphs, 1998; Weissling and Ackley, 2011;
Xie et al., 2011; Kwok and Maksym, 2014). Therefore, this
fitting routine attempts to adapt and move away from the zero
ice freeboard assumption, with the results being explored in
later sections. The ICESat freeboard height at the location of
each CryoSat-2 radar pulse is taken and converted in terms
of radar return time, which provides a suitable initial guess
of the air–snow interface. Bounds of ti−snow are taken to be
±5 ns. The initial guess for t (ti) is taken to be the first point
where the waveform power reaches 70 % of the power of the
first peak, following Laxon et al. (2013). This is a commonly
used threshold retracking method to detect the snow–ice in-
terface from CryoSat-2. Bounds are taken to be±6 ns. The σ
is first estimated to be 0.15 for floe points, with bounds set to
0≤ σ ≤ 1. The initial guess for α is similar to that in the lead
characterization, with the exception that the mean power of
points between 90 and 120 ns is used in the ratio of tail-to-
peak power. Bounds for α0 are set as α0

100 ≤ α0 ≤ 100α0.
The remaining surface backscatter coefficients and inte-

grated volume backscatter of snow and ice are initially esti-
mated using values taken from Operation IceBridge Ku-band
radar echograms from the Weddell Sea flights. Estimation of
the surface backscatter comes from an average of all valid
peaks chosen from the echogram peak-picker method for the
air–snow and snow–ice interfaces of both flights. The snow
and ice volume backscatter values are parameterized using
average layer backscatter values between the two interfaces
and 10 range bins beyond the snow–ice interface, respec-
tively. The initial guesses (bounds) are set to be as follows:
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Figure 5. October 2011–2017 average maps of lead-type waveform fraction (a), floe-type waveform fraction (b), valid waveform fraction
(c), and resnorm value (d).

σ 0
surf-snow =−15 dB (±5 dB), σ 0

vol-snow =−11 dB (±5 dB),
σ 0

surf-ice =−1 dB (±10 dB), and σ 0
vol-ice =−8 dB (±10 dB).

The largest fraction of floe-type points are found in the Wed-
dell Sea and along the ice edge, where older and rougher ice
is generally found (Fig. 5). These distributions compare qual-
itatively to that found in Paul et al. (2018), with the exception
that this method finds a larger region of lead-type dominant
waveforms in the Ross Sea than Paul et al. (2018).

The modeled waveform (examples shown in Fig. 6) is sen-
sitive to the initial guess provided, and therefore care was
taken to ensure the initial guesses come from physically re-
alistic values. A change in the initial guesses results in dif-
ferent final fits, and subsequently a different freeboard dis-
tribution. Figure 6 shows a waveform sensitivity study look-
ing at a variety of modeled waveforms that differ only in the
initial guess for the standard deviation of surface height (σ ,
Fig. 6a, b, c) and the total backscatter coefficient (σ 0, Fig. 6d,
e, f). The range of σ was taken to be between 0.01 (very
smooth surface) to 0.4 (rough surface), while σ 0 was varied
between three different parameterizations: values from Kurtz
et al. (2014), values taken from the IceBridge snow radar
data, and from the Ku-band data (above). The resulting free-
board distributions found using an initial guess of σ = 0.35

and σ 0 taken from Kurtz et al. (2014) are shown as a dif-
ference from the values chosen in this study (σ = 0.15, σ 0

taken from Ku-band radar data) in Fig. 6c and f. In this case,
the effect of altering the backscatter parameterization had a
larger effect on freeboard than altering σ . It is evident that
physically inconsistent initial guesses can result in altered
freeboard distributions, with the magnitude of the impact po-
tentially being large (broad-scale difference of ∼ 25 cm in
Fig. 6c). While this uncertainty surely adds to that of the
overall results, the use of physically consistent first guesses
acts to reduce the uncertainty as much as possible. Thus, a
future area of study will be to determine better empirical first
guess choices for the static free parameters currently used in
the model.

5 Initial validation

To evaluate the performance of this algorithm, the returned
surface elevation is compared to independent measurements
of surface elevation from Operation IceBridge. Specifi-
cally, ATM data taken from the IceBridge underflight of
the CryoSat-2 orbit (Fig. 1) are compared with retracked
CryoSat-2 elevation data derived using this algorithm. The
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Figure 6. A sensitivity study of two initial guess parameters: the standard deviation of surface height, σ , and the total backscatter, σ 0.
(a) Modeled waveform (before fitting) varying the initial guess value of σ between 0.01 (very smooth surface) and 0.4 (rough surface).
(b) Waveforms fit to CryoSat-2 data varying the initial guess value of σ between 0.01 and 0.4. (c) October 2016 average freeboard difference:
σ = 0.35 as the initial guess – σ = 0.15 as the initial guess. Panel (d) as in (a) using three different backscatter parameterizations taken
from the OIB Ku-band radar profile, snow radar profile, and Kurtz et al. (2014). Panel (e) as in (b) with the three different backscatter
parameterizations. Panel (f) as in (c) showing Kurtz et al. (2014) backscatter as the initial guess – Ku-Band backscatter as the initial guess.
Inlaid plots are zoomed in on the waveform peaks. The methodology for freeboard calculations is explained in Sect. 6.1.

comparison is done between surface elevation measurements
before any freeboard calculations are made, ensuring that
differences observed are a factor of the retrieval alone. In
order to facilitate a direct comparison, ATM level 2 Icessn
elevation data are averaged to the same ground footprint
size as a CryoSat-2 echo. Additionally, equivalent geophys-
ical corrections are computed and applied (following Yi et
al., 2018) to both the CryoSat-2 and ATM datasets, ensur-
ing that both measurements are in the same frame of ref-
erence. These geophysical corrections include effects from
tides, which are computed using the TPXO8-Atlas model
(Egbert and Erofeeva, 2002); the mean sea-surface height,
which are computed using the Technical University of Den-
mark DTU15MSS dataset (Anderson et al., 2016); and the
dynamic atmosphere, which are computed using correction
data from the Mog2G model (Carrère and Lyard, 2003).

Surface temperatures from MERRA-2 (GMAO, 2015) at
the midpoint time of both IceBridge flights are found in
Fig. 1. The 2011 flight had a large (about 20 ◦C) north–south
temperature gradient that could result in different snow and
ice properties along the flight line, and thus could explain
differences observed along the line. In 2012, there was al-
most no temperature gradient along the flight line. Addition-
ally, surface temperatures remained below freezing for the
2 weeks prior to both flights, with light snowfall of around
5 mm day−1 occurring 3 (4) days prior to the flight in 2011

(2012) but stopping 2 (3) days before the flight. The time dif-
ference between the IceBridge flight and CryoSat-2 overpass
was between 0 and 3.1 h in 2011 and between 0 and 2.2 h
in 2012.

Figure 7a and b show ATM and CryoSat-2 surface eleva-
tion profiles from both the 2011 and 2012 IceBridge under-
flights. In these cases, the initial guess for the air–snow in-
terface location in the CryoSat-2 fitting routine comes from
the ICESat seasonal average dataset. Overall, the CryoSat-2
retracked elevation profiles capture the general trends found
in the ATM profiles. The mean difference in elevation of
CryoSat-2 from ATM for the entire flight line is 0.016 cm
in 2011 and 2.58 cm in 2012. A frequency distribution of this
difference is shown in Fig. 7c and d. Both years display a
Gaussian-like distribution centered near zero (i.e., no differ-
ence) with standard deviations of 0.29 m in 2011 and 0.27 m
in 2012. It is likely that some of the differences are due to ini-
tial temporal and spatial discrepancies between the IceBridge
and CryoSat-2 data collections. Correlations coefficients are
0.44 in 2011 and 0.40 in 2012, which, although in the low-
to-mid range, is likely brought on by the inherent noise in
the data at the shot-to-shot level and non-overlapping foot-
prints of the two sensors (Yi et al., 2018). Although mean
resnorm values from the CryoSat-2 flight lines are 0.1124
in 2011 and 0.0990 in 2012, signifying good fits, it is still
possible that errors in air–snow interface elevation could
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have arisen from errors in fits that were below the single-
metric resnorm threshold but not representative of the actual
CryoSat-2 waveform. This resnorm threshold is likely the
cause of the “jumps” seen in the CryoSat-2 data, as testing
a higher resnorm threshold led to more jumps, while test-
ing a lower resnorm threshold led to fewer jumps, but worse
agreement to ATM. There also appears to be a slight underes-
timation of ATM by CryoSat-2 in both profiles, which could
be brought on by the original footprint sizes, as the smaller
ATM footprint is more sensitive to small-scale peaks/ridges
than CryoSat-2.

Overall, this initial validation shows the potential of our
CryoSat-2 algorithm to retrieve reasonable surface elevation
measurements over Antarctic sea ice. This promising result
warrants further exploration into freeboard retrieval using
this method, discussed in the next section.

6 Snow freeboard retrieval

6.1 Freeboard calculation

The retrieved elevation of the air–snow interface from this
method is used to calculate the snow freeboard of Antarc-
tic sea ice. First, CryoSat-2 data are processed 1 month at a
time and the outlying data points are filtered out to reduce
the inherent noise of the data. The filtering is done by re-
moving any point that has an output parameter more than
3 standard deviations away from the mean of the respective
parameter. These output parameters include quantities such
as the surface elevation, retracking correction, PP, SSD, and
τ . Additionally, points with a τ value less than−100 ns were
found to produce anomalous surface elevations and therefore
are filtered out. Then, surface elevation data consisting only
of echo points characterized as leads are gridded to a 25 km
polar stereographic grid and averaged over the month. Grid
boxes with fewer than five points and/or monthly concentra-
tions less than 50 % are ignored. This grid is effectively the
mean sea-surface elevation. Snow freeboard is calculated by
taking each surface elevation point along the CryoSat-2 orbit
and subtracting the corresponding mean sea-surface eleva-
tion value. Any snow freeboard points less than −0.1 m and
greater than 2.1 m are filtered out. Between the initial filter-
ing and this freeboard filtering, 41.68 % of the total wave-
forms are filtered out, leaving 58.32 % as valid waveforms.
This process is done from the entire month of data, and the
remaining freeboard values are gridded to 25 km to produce a
map of the monthly mean snow freeboard. To study multiyear
means for a given month, each monthly snow freeboard grid
is averaged over a range of years. In this case, grid boxes with
data from fewer than two years are ignored. Both the monthly
and multiyear mean snow freeboard grids are smoothed by
taking the average of all grid boxes within two grid boxes in
all directions, which reduces the spatial resolution to 125 km.

Smoothing is applied to reduce noise in the CryoSat-2 data
and also to fill gaps in the data.

Figure 8 shows maps of October monthly averaged snow
freeboard values from 2011–2017 as well as the mean of
all 7 years. The freeboard distribution corresponds well to
what is expected in the Antarctic: the largest values occur in
the Weddell and Amundsen seas – where ice production and
heavy snow falls are typically prevalent – as well as along the
coast of East Antarctica – where snowfall accumulation is
also typically large. The smallest values tend to be found off
the coast of East Antarctica between 0 and 90◦ E. Addition-
ally, the region of low freeboard shown in the Ross Sea each
year is consistent with the presence of young ice from the
Ross Sea Polynya, but could be biased lower due to the large
region of lead-type waveforms classified in the area, leading
to a higher sea-surface height and lower freeboard. While the
overall pattern remains similar in each map, there is clear in-
terannual variability. For example, the Amundsen Sea region
along the Antarctic coastline exhibits a widespread area of
very large (over 50 cm) freeboard in 2011, while the same
coastal region between 100 and 150◦W shows values be-
tween 20 and 35 cm in 2016. Thicker snow freeboard can
be found adjacent to the ice extent edge in each of the years,
with the average map clearly showing greater freeboard val-
ues along the ice edge in the western Pacific Ocean (about
90 to 180◦ E). This thick freeboard at the ice edge is consis-
tent with the older and thicker ice that has been previously
found in the Antarctic frontal ice zone (Nghiem et al., 2016),
but could also be due to surface waves penetrating the ice
cover, resulting in an altered floe size distribution (Fox and
Haskell, 2001) and also a high freeboard bias. Additionally,
the high freeboard found here could be a product of the lower
CryoSat-2 data density further from the pole as well as the
variety of different ice types found in the frontal ice zone.

A time series of mean October snow freeboard from 2011
to 2017 found using this method is shown in Fig. 9, with to-
tal sea ice area plotted for reference (Fetterer et al., 2017).
Apart from slight increases in freeboard from 2012 to 2013
and 2016 to 2017, there is an overall decrease found between
2011 and 2017 of 0.5 cm yr−1. The smallest measured free-
board occurred in 2016 (25.8 cm), which is collocated with
a minimum in sea ice area that occurred in the same year.
The total average snow freeboard in October from 2011 to
2017 is found to be 27.6 cm with a standard deviation of
13.0 cm. Interestingly, the sea ice area and snow freeboard
time series appear highly correlated between 2011 and 2017
(r = 0.77) alluding to a potential relationship between free-
board/thickness and area in the Antarctic. This relationship,
however, is beyond the scope of this paper and will be ex-
plored in future work.

6.2 Pan-Antarctic freeboard comparisons

To assess the performance of this algorithm on a pan-
Antarctic scale, monthly averaged freeboard values from
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Figure 7. Surface (air–snow interface) elevation profiles of Operation IceBridge ATM (blue) and CryoSat-2 (orange) from the October 2011
(a) and November 2012 (b) campaigns. Frequency distributions of the elevation difference (ATM – CryoSat-2) along the 2011 (c) and 2012
(d) profiles are also shown. The mode of the differences is 0.025 m in 2011 and −0.24 m in 2012. The 2011 profile contains measurements
from (lat, long) -63.99, -45.11 to -75.04, -49.33 while the 2012 profile contains measurements from -66.14, -43.31 to -74.25, -46.46.

Figure 8. October monthly average snow freeboard from 2011 to 2017, as well as the mean of all years, found using this retrieval method.

CryoSat-2 are compared with seasonal average freeboard
from ICESat. Figure 10 shows a difference map between
CryoSat-2 and ICESat total freeboard, where positive (neg-
ative) values indicate regions where CryoSat-2 measures
greater (lesser) freeboard as compared to ICESat. The most
notable difference occurs in the Weddell Sea off of the
Antarctic Peninsula, where CryoSat-2 records a freeboard
value much lower (around 30 cm) than ICESat. A similar re-

gion can be found in the Amundsen Sea, where CryoSat-2
measurements are again less than ICESat. CryoSat-2 mea-
sures a larger freeboard along most of the sea ice edge, as
well as along the Antarctic coast from about 20◦W to 60◦ E.
Apart from these areas of noticeable differences between the
two datasets, the remainder of the sea ice zone is fairly com-
parable among both. The total mean difference is only 2.9 cm
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Figure 9. October monthly average Antarctic snow freeboard
(black) and total sea ice area (blue) for reference. Sea ice area data
are gathered from the NSIDC (Fetterer et al., 2017) and can be
found at https://nsidc.org/data/G02135/versions/3.

with a standard deviation of just under 10 cm and a mode dif-
ference of 0.8 cm (Fig. 10).

Though this compatibility is encouraging, it is important
to note that comparison is indirect in nature. The CryoSat-
2 dataset covers October 2011–2017, 7 years of data, while
this ICESat dataset covers October–November 2003–2007,
5 years of data. These non-overlapping time periods have
different lengths, and the ICESat dataset contains data from
October and November in some of the campaigns. Therefore,
this comparison shows that our algorithm can produce results
similar to the average values found with ICESat, but requires
temporally coincident data – such as those forthcoming from
ICESat-2 – to best assess the accuracy of the retrieval ap-
proach.

Qualitatively, the snow freeboard distribution found in
Fig. 8 is comparable to that shown in Schwegmann et
al. (2016) and Paul et al. (2018). In all studies, the largest
freeboard is found along the coast in the Amundsen Sea, East
Antarctica, and in the Weddell Sea, while the smallest free-
board is found in the Ross Sea and off East Antarctica be-
tween 0 and 90◦ E. Similar to what was found in the compar-
ison with ICESat, both Schwegmann et al. (2016) and Paul et
al. (2018) find a higher freeboard immediately off the Antarc-
tic Peninsula near the Larson Ice Shelf than is found with this
method, which could signal a regional difficulty to retrieve
snow freeboard using this algorithm or a complication with
the thicker and/or rougher ice that tends to be found in this
region. However, these comparisons are still rather indirect,
given that the prior works retrieve radar freeboard (Schweg-
mann et al., 2016) and ice freeboard (Paul et al., 2018) while
this method retrieves snow freeboard. Once again, coincident
measurements of snow freeboard from ICESat-2 will be in-
valuable as a comparative tool.

7 Application to snow depth retrievals

Given that this algorithm outputs the location of both the air–
snow and snow–ice interfaces as a function of radar return
time, it seems logical that snow depth could be extracted
from these data. It is likely, however, that the complexities
of Antarctic sea ice inhibit this method in tracking the cor-
rect snow–ice interface, resulting in a lower-than-expected
snow depth distribution (judging from passive microwave
measurements; Markus and Cavalieri, 1998; and in situ sur-
veys; Massom et al., 2001). Figure 11 shows a map of the
average October 2011–2017 snow depth on sea ice, calcu-
lated by subtracting the snow–ice interface elevation from
the air–snow interface elevation. It can be seen that for a
majority of the Antarctic, a snow depth of around 0.1 m is
present. This algorithm appears to be tracking the dominant
sub-surface return as a layer within the snowpack as opposed
to the ice interface itself, as has been seen in previous studies
(e.g., Giles et al., 2008; Willatt et al., 2010). A potential ex-
planation is that the complex snow stratigraphy found during
in situ surveys of the Antarctic sea ice pack (Massom et al.,
2001; Willatt et al., 2010; Lewis et al., 2011) and attenua-
tion due to seawater flooding and wicking could be prevalent
throughout the Antarctic, and that layers of ice and/or brine
could be responsible for an interface return that is higher than
the actual snow–ice interface.

A similar result is found when comparing retrieved
CryoSat-2 snow depths in the Weddell Sea to that from Op-
eration IceBridge. Using the peak-picking algorithm on Ice-
Bridge data from the 13 October 2011 flight line, we calcu-
late an approximate mean snow depth of 0.26 m. This value
is close to the snow depth that was calculated by Kwok and
Maksym (2014, Table 2 S2–S4) for the same flight line (ap-
proximately 0.29 m). From CryoSat-2, the mean snow depth
along the flight line is found to be 0.15 m, which is lower than
the measured values potentially due to the much larger foot-
print size and more limited bandwidth from the satellite data.

Despite the widespread small snow depth values, the re-
gion off the coast of East Antarctica in Fig. 11 (between 90
and 60◦ E) exhibits values closer to what is expected. Here,
there is a greater snow depth of around 0.3 m. This region
is known to have positive ice freeboard values (Worby et
al., 1998; Maksym and Markus, 2008; Markus et al., 2011)
meaning that flooding and saltwater intrusion would play
less of a role than in other areas. The near-realistic snow
depth measurements here provide evidence that our algo-
rithm could be effective in retrieving snow depth under cer-
tain snow conditions, seasons, or locations, but speaks to the
inherent complexity and uncertainty associated with Antarc-
tic sea ice. Furthermore, the fact that these snow depth mea-
surements are not higher over other areas of known positive
ice freeboard, such as the western Weddell Sea, could signal
regional issues with the algorithm to retrieve the snow–ice in-
terface. More work is needed in evaluating the tracking of the
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Figure 10. Snow freeboard differences showing (a) CryoSat-2 October 2011–2017 average minus ICESat spring 2003–2007 average and
(b) ICESat spring 2006 average minus ICESat spring 2003–2007 average. The year 2006 is included as an example year to highlight the
interannual variability in the freeboard distribution.

snow–ice interface using this method to use it together with
the air–snow interface for snow depth on sea ice estimation.

8 Conclusions and future work

In this work, a method for retrieving snow freeboard from
CryoSat-2 data is developed. It is based on the fundamen-
tal idea that scattering of Ku-band radar pulses can originate
from the air–snow interface of snow on sea ice. We incorpo-
rate this scattering into a physical waveform model and use
a least-squares fitting routine to fit the model to CryoSat-2
level 1B waveforms. The returned fit waveform and associ-
ated parameters includes, among others, the location of the
air–snow interface as a function of radar return time. We are
able to use that location to retrack the snow surface elevation,
and from this, calculate snow freeboard. Through a compar-
ison of this method with independent measurements, we are
able to evaluate the performance of our retrieval. Specifically,
surface elevation measurements from Operation IceBridge
ATM, taken in October 2011 and November 2012 along a
coincident flight line, help to provide an initial confirma-
tion that the retrieval results were comparable to other data
sources. Mean (standard deviation) elevation differences be-
tween ATM and CryoSat-2 were found to be just 0.016 cm
(29.24 cm) in 2011 and 2.6 cm (26.65 cm) in 2012. Seasonal
averaged freeboard data from ICESat allowed for the com-
parison of the pan-Antarctic freeboard. Though the CryoSat-
2 and ICESat freeboard data come from non-overlapping
time periods of different lengths and months, there was still
general agreement with the freeboard distribution. The mean

(standard deviation) difference between CryoSat-2 and ICE-
Sat freeboard is 2.94 cm (9.23 cm). The fact that the largest
differences between CryoSat-2 and ICESat occur in regions
of known thick snow depths could signal a difficulty of the
algorithm over the thickest snow, suggesting an area for fu-
ture improvements to the model. In general, this retrieval al-
gorithm shows promise that snow freeboard can be measured
from CryoSat-2 alone.

Though the retrieved air–snow interface elevation and
snow freeboard closely resemble that from independent mea-
surements, the retrieved snow–ice interface elevation appears
to be larger than expected. Calculated snow depth, there-
fore, is lower than typically expected throughout most of the
Antarctic sea ice cover as compared to in situ and passive mi-
crowave data. Due to strong attenuation of radar returns from
brine layers within the snow pack (Nandan et al., 2017), it
may not be possible to retrieve the actual snow–ice interface
from a Ku-band altimeter in some regions of the Antarctic.
However, the region near the Antarctic coast in the western
Pacific Ocean (Fig. 11) displays snow depths that are much
closer to expected, signaling the possibility of snow depth
retrieval under certain ice types and conditions. More work
is needed to understand why this region shows near-realistic
snow depths while other regions with similar ice characteris-
tics (e.g., positive ice freeboard in the western Weddell Sea)
do not.

Overall, this study has expanded the functionality of
CryoSat-2 as a tool for observing the snow freeboard of
Antarctic sea ice, adding to the existing studies retrieving
radar freeboard (Schwegmann et al., 2016) and ice freeboard
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Figure 11. October 2011–2017 average difference between the re-
trieved air–snow and snow–ice interfaces as an exploration into the
potential retrieval of snow depth.

(Paul et al., 2018). In September 2018, CryoSat-2 was joined
in space by ICESat-2, NASA’s second-generation satellite
laser altimeter system (Markus et al., 2017). These coinci-
dent altimeters will provide the ability to observe the polar
regions like never before. For this work specifically, ICESat-
2 data will be used as both a comparative measure – for di-
rect monthly comparisons of snow freeboard – as well as
an initial guess for the waveform fitting model. These new
measurements of air–snow interface elevation and snow free-
board from ICESat-2 will help to further validate this re-
trieval algorithm.

Future work will look into combing these CryoSat-2 snow
freeboard measurements with those from laser altimetry to
produce an ICESat–CryoSat-2–ICESat-2 time series of snow
freeboard in the Antarctic. This reconciled laser–radar alti-
metric record of snow freeboard would span more than 15
years from 2003 throughout the lifetime of ICESat-2, pro-
viding a long and robust dataset that could be used in other
studies of sea ice. Together with ESA’s Climate Change Ini-
tiative dataset combing CryoSat-2 and Envisat (Schwegmann
et al., 2016; Paul et al., 2018), these long-term datasets could
lead to improved retrievals of sea ice thickness and an en-
hanced understanding of sea ice in the Antarctic.
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available from ESA (https://science-pds.cryosat.esa.int; last access:
February 2019). Operation IceBridge data from all instruments
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(Leuschen et al., 2014). Sea ice concentra-
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be downloaded from https://neptune.gsfc.nasa.gov/csb/index.php?
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Author contributions. NTK developed the framework model and
fitting code. SWF adapted the code and carried out the analysis.
SWF prepared the manuscript with contributions from NTK.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. The authors would like to thank the European
Space Agency for providing data from CryoSat-2, as well as the
reviewers and editor for their constructive feedback. This work is
funded by NASA’s Airborne Science and Cryospheric Sciences
programs.

Edited by: Ted Maksym
Reviewed by: Stefan Hendricks and one anonymous referee

References

Aagaard, K. and Carmack, E. C.: The role of sea ice and other fresh
water in the Arctic circulation, J. Geophys. Res., 94, 14485–
14498, https://doi.org/10.1029/JC094iC10p14485, 1989.

Adolphs, U.: Ice thickness variability, isostatic balance and po-
tential for snow ice formation on ice floes in the south po-
lar Pacific Ocean, J. Geophys. Res.-Oceans, 103, 24675–24691,
https://doi.org/10.1029/98JC02414, 1998.

Allison, I., Brandt, R. E., and Warren, S. G.: East Antarctic Sea Ice:
Albedo, Thickness Distribution, and Snow Cover, J. Geophys.
Res., 98, 12417–12429, https://doi.org/10.1029/93JC00648,
1993.

Anderson, O. B., Stenseng, L., Piccioni, G., and Knudsen, P., The
DTU15MSS (Mean Sea Surface) and DTU15LAT (Lowest As-
tronomical Tide) reference surface, Paper presented at the ESA
Living planet symposium 2016, Prague, Czech Republic, avail-
able at: https://ftp.space.dtu.dk/pub/DTU15/DOCUMENTS/
MSS/DTU15MSS+LAT.pdf (last access: December 2018),
2016.

Armitage, T. W. K. and Davidson, M. W. J.: Using the interfero-
metric capabilities of the ESA CryoSat-2 mission to improve the

www.the-cryosphere.net/13/861/2019/ The Cryosphere, 13, 861–878, 2019

https://science-pds.cryosat.esa.int
https://doi.org/10.5067/CPRXXK3F39RV
https://doi.org/10.5067/FAZTWP500V70
https://doi.org/10.5067/D7DX7J7J5JN9
https://doi.org/10.5067/7Q8HCCWS4I0R
https://neptune.gsfc.nasa.gov/csb/index.php?section=272
https://neptune.gsfc.nasa.gov/csb/index.php?section=272
https://doi.org/10.1029/JC094iC10p14485
https://doi.org/10.1029/98JC02414
https://doi.org/10.1029/93JC00648
https://ftp.space.dtu.dk/pub/DTU15/DOCUMENTS/MSS/DTU15MSS+LAT.pdf
https://ftp.space.dtu.dk/pub/DTU15/DOCUMENTS/MSS/DTU15MSS+LAT.pdf


876 S. W. Fons and N. T. Kurtz: Snow freeboard retrieval from CryoSat-2

accuracy of sea ice freeboard retrievals, IEEE Trans. Geosci. Re-
mote Sens., 52, 529–536, 2014.

Armitage, T. W. K. and Ridout, A. L.: Arctic sea ice free-
board from AltiKa and comparison with CryoSat-2 and
Operation IceBridge, Geophys. Res. Lett., 42, 6724–6731,
https://doi.org/10.1002/2015GL064823, 2015.

Arthern, R. J., Wingham, D. J., and Ridout, A. L.: Controls on ERS
altimeter measurements over ice sheets: Footprint scale topogra-
phy, backscatter fluctuations, and the dependence of microwave
penetration depth on satellite orientation, J. Geophys. Res., 106,
33471–33484, 2001.

Beaven, S. G., Lockhart, G. L., Gogineni, S. P., Hosseinmostafa,
A. R., Jezek, K., Gow, A. J., Perovich, D. K., Fung, A. K., and
Tjuatja, S.: Laboratory measurements of radar backscatter from
bare and snow-covered saline ice sheets, Int. J. Remote Sens., 16,
851–867, 1995.

Brandt, R. E., Warren, S. G., Worby, A. P., and Grenfell, T. C.: Sur-
face Albedo of the Antarctic Sea Ice Zone, J. Climate, 18, 3606–
3622, https://doi.org/10.1175/JCLI3489.1, 2005.

Brown, G. S.: The average impulse response of a rough surface and
its applications, IEEE Trans. Antennas Propagat., AP-25, 67–74,
January 1977.

Carrère, L. and Lyard, F., Modeling the barotropic response of
the global ocean to atmospheric wind and pressure forcing –
comparisons with observations, Geophys. Res. Lett., 30, 1275,
https://doi.org/10.1029/2002GL016473, 2003.

Cavalieri, D. J. and Parkinson, C. L.: Large-Scale Vari-
ations in Observed Antarctic Sea Ice Extent and
Associated Atmospheric Circulation, Mon. Weather
Rev., 109, 2323–2336, https://doi.org/10.1175/1520-
0493(1981)109<2323:LSVIOA>2.0.CO;2, 1981.

Cavalieri, D. J. and Parkinson, C. L.: Arctic sea ice vari-
ability and trends, 1979–2010, The Cryosphere, 6, 881–889,
https://doi.org/10.5194/tc-6-881-2012, 2012.

Comiso, J. C.: Bootstrap Sea Ice Concentrations from Nimbus-
7 SMMR and DMSP SSM/I-SSMIS, Version 3, October
2011–2017, Boulder, Colorado, USA, USA, National Snow
and Ice Data Center Distributed Active Archive Center,
https://doi.org/10.5067/7Q8HCCWS4I0R, 2017.

Comiso, J. C., Gersten, R. A., Stock, L. V., Turner, J., Perez, G.
J., and Cho, K.: Positive Trend in the Antarctic Sea Ice Cover
and Associated Changes in Surface Temperature, J. Climate, 30,
2251–2267, https://doi.org/10.1175/JCLI-D-16-0408.1, 2017.

Egbert, G. D. and Erofeeva, S. Y.: Efficient Inverse Mod-
eling of Barotropic Ocean Tides, J. Atmos. Ocean
Technol., 19, 183–204, https://doi.org/10.1175/1520-
0426(2002)019<0183:EIMOBO>2.0.CO;2, 2002.

Fetterer, F., Knowles, K., Meier, W., Savoie, M., and Windnagel,
A. K.: Sea Ice Index, Version 3, October 2011–2017, Boulder,
Colorado USA, NSIDC: National Snow and Ice Data Center,
https://doi.org/10.7265/N5K072F8, updated daily, 2017.

Fox, C. and Haskell, T. G.: Ocean wave speed in the
Antarctic marginal ice zone, Ann. Glaciol., 33, 350–354,
https://doi.org/10.3189/172756401781818941, 2001.

Garrison, D. L.: Antarctic Sea Ice Biota, Am. Zool., 31, 17–34,
https://doi.org/10.1093/icb/31.1.17, 1991.

Giles, K. A., Laxon, S. W., and Worby, A. P.: Antarctic sea ice el-
evation from satellite radar altimetry, Geophys. Res. Lett., 35,
L03503, https://doi.org/10.1029/2007GL031572, 2008.

Global Modeling and Assimilation Office (GMAO): MERRA-
2 tavg1_2d_ocn_Nx: 2d, 1-Hourly, Time-Averaged,
Single-Level, Assimilation, Ocean Surface Diagnostics
V5.12.4, Greenbelt, MD, USA, Goddard Earth Sciences
Data and Information Services Center (GES DISC),
https://doi.org/10.5067/Y67YQ1L3ZZ4R, 2015.

Hallikainen, M. and Winebrenner, D. P.: The Physical Basis for Sea
Ice Remote Sensing, in: Microwave Remote Sensing of Sea Ice,
edited by: Carsey, F. D., AGU, Washington, DC, USA, 29–46,
1992.

Haumann, F. A., Gruber, N., Münnich, M., Frenger, I., and Kern, S.:
Sea-ice transport driving Southern Ocean salinity and its recent
trends, Nature, 537, 89–92, https://doi.org/10.1038/nature19101,
2016.

Hendricks, S., Paul, S., and Rinne, E.: ESA Sea Ice Cli-
mate Change Initiative (Sea_Ice_cci): Southern hemisphere
sea ice thickness from CryoSat-2 on the satellite swath
(L2P), v2.0, Centre for Environmental Data Analysis,
https://doi.org/10.5285/fbfae06e787b4fefb4b03cba2fd04bc3,
2018.

Kern, S., Ozsoy-Cicek, B., and Worby, A. P.: Antarctic
Sea Ice Thickness Retrievals from ICESat: Intercom-
parison of Different Approaches, Remote Sens., 8, 538,
https://doi.org/10.3390/rs8070538, 2016.

Kurtz, N. T. and Farrell, S. L.: Large-scale surveys of snow depth
on Arctic sea ice from Operation IceBridge, Geophys. Res. Lett.,
38, L20505, https://doi.org/10.1029/2011GL049216, 2011.

Kurtz, N. T. and Markus, T.: Satellite observations of Antarctic
sea ice thickness and volume, J. Geophys. Res., 117, C08025,
https://doi.org/10.1029/2012JC008141, 2012.

Kurtz, N. T., Farrell, S. L., Studinger, M., Galin, N., Harbeck, J. P.,
Lindsay, R., Onana, V. D., Panzer, B., and Sonntag, J. G.: Sea
ice thickness, freeboard, and snow depth products from Oper-
ation IceBridge airborne data, The Cryosphere, 7, 1035–1056,
https://doi.org/10.5194/tc-7-1035-2013, 2013.

Kurtz, N. T., Galin, N., and Studinger, M.: An improved
CryoSat-2 sea ice freeboard retrieval algorithm through the
use of waveform fitting, The Cryosphere, 8, 1217–1237,
https://doi.org/10.5194/tc-8-1217-2014, 2014.

Kwok, R.: Simulated effects of a snow layer on retrieval of
CryoSat-2 sea ice freeboard, Geophys. Res. Lett., 41, 5014–
5020, https://doi.org/10.1002/2014GL060993, 2014.

Kwok, R. and Maksym, T.: Snow depth of the Weddell and Belling-
shausen sea ice covers from IceBridge surveys in 2010 and
2011: An examination, J. Geophys. Res.-Oceans, 119, 4141–
4167, https://doi.org/10.1002/2014JC009943, 2014.

Laxon, S., Peacock, N., and Smith, D.: High interannual variability
of sea ice thickness in the Arctic region, Nature, 425, 947–950,
2003.

Laxon, S. W., Giles, K. A., Ridout, A. L., Wingham, D. J.,
Willatt, R., Cullen, R., Kwok, R., Schweiger, A., Zhang,
J., Haas, C., Hendricks, S., Krishfield, R., Kurtz, N., Far-
rell, S., and Davidson, M.: CryoSat-2 estimates of Arctic sea
ice thickness and volume, Geophys. Res. Lett., 40, 732–737,
https://doi.org/10.1002/grl.50193, 2013.

Legendre, L., Ackley, S. F., Dieckmann, G. S., Gulliksen, B.,
Horner, R., Hoshiai, T., Melnikov, I. A., Reeburgh, W. S.,
Spindler, M., and Sullivan, C. W.: Ecology of sea ice biota, Polar
Biol., 12, 429–444, https://doi.org/10.1007/BF00243114, 1992.

The Cryosphere, 13, 861–878, 2019 www.the-cryosphere.net/13/861/2019/

https://doi.org/10.1002/2015GL064823
https://doi.org/10.1175/JCLI3489.1
https://doi.org/10.1029/2002GL016473
https://doi.org/10.1175/1520-0493(1981)109<2323:LSVIOA>2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109<2323:LSVIOA>2.0.CO;2
https://doi.org/10.5194/tc-6-881-2012
https://doi.org/10.5067/7Q8HCCWS4I0R
https://doi.org/10.1175/JCLI-D-16-0408.1
https://doi.org/10.1175/1520-0426(2002)019<0183:EIMOBO>2.0.CO;2
https://doi.org/10.1175/1520-0426(2002)019<0183:EIMOBO>2.0.CO;2
https://doi.org/10.7265/N5K072F8
https://doi.org/10.3189/172756401781818941
https://doi.org/10.1093/icb/31.1.17
https://doi.org/10.1029/2007GL031572
https://doi.org/10.5067/Y67YQ1L3ZZ4R
https://doi.org/10.1038/nature19101
https://doi.org/10.5285/fbfae06e787b4fefb4b03cba2fd04bc3
https://doi.org/10.3390/rs8070538
https://doi.org/10.1029/2011GL049216
https://doi.org/10.1029/2012JC008141
https://doi.org/10.5194/tc-7-1035-2013
https://doi.org/10.5194/tc-8-1217-2014
https://doi.org/10.1002/2014GL060993
https://doi.org/10.1002/2014JC009943
https://doi.org/10.1002/grl.50193
https://doi.org/10.1007/BF00243114


S. W. Fons and N. T. Kurtz: Snow freeboard retrieval from CryoSat-2 877

Leuschen, C.: IceBridge Snow Radar L1B Geolocated Radar Echo
Strength Profiles, Version 2, November 2012, Boulder, Colorado,
USA, NASA National Snow and Ice Data Center Distributed Ac-
tive Archive Center, https://doi.org/10.5067/FAZTWP500V70,
2014 (updated 2018).

Leuschen, C., Gogineni, P., Rodriguez-Morales, F., Paden, J.,
and Allen, C.: IceBridge Ku-band Radar L1B Geolocated
Radar Echo Strength Profiles, Version 2, October–November
2011–2012, Boulder, Colorado, USA, NASA National Snow
and Ice Data Center Distributed Active Archive Center,
https://doi.org/10.5067/D7DX7J7J5JN9, 2014 (updated 2017).

Lewis, M. J., Tison, J. L., Weissling, B., Delille, B., Ackley, S. F.,
Brabant, F., and Xie, H.: Sea ice and snow cover characteristics
during the winter-spring transition in the Bellingshausen Sea: An
overview of SIMBA 2007, Deep-Sea Res. Pt. II, 58, 1019–1038,
https://doi.org/10.1016/j.dsr2.2010.10.027, 2011.

Li, H., Xie, H., Kern, S., Wan, W., Ozsoy, B., Ackley, S.,
and Hong, Y.: Spatio-temporal variability of Antarctic sea-
ice thickness and volume obtained from ICESat data using
an innovative algorithm, Remote Sens. Environ., 219, 44–61,
https://doi.org/10.1016/j.rse.2018.09.031, 2018.

Maksym, T. and Markus, T.: Antarctic sea ice thickness and
snow-to-ice conversion from atmospheric reanalysis and pas-
sive microwave snow depth, J. Geophys. Res., 113, C02S12,
https://doi.org/10.1029/2006JC004085, 2008.

Maksym, T., Stammerjohn, S. E., Ackley, S., and Massom, R.:
Antarctic sea ice-A polar opposite?, Oceanography, 25, 140–151,
https://doi.org/10.5670/oceanog.2012.88, 2012.

Markus, T. and Cavalieri, D. J.: Snow Depth Distribution over Sea
Ice in the Southern Ocean from Satellite Passive Microwave
Data, in: Antarctic Sea Ice: Physical Processes, Interactions and
Variability, Volume 74, edited by: Jeffries, M., American Geo-
physical Union, 19–39, https://doi.org/10.1029/AR074p0019,
1998.

Markus, T., Massom, R., Worby, A., Lytle, V., Kurtz, N., and
Maksym, T.: Freeboard, snow depth and se-ice roughness in East
Antarctica from in situ and multiple satellite data, Ann. Glaciol.,
52, 242–248, https://doi.org/10.3189/172756411795931570,
2011.

Markus, T., Neumann, T., Martino, A., Abdalati, W., Brunt, K.,
Csatho, B., Farrell, S., Fricker, H., Gardner, A., Harding, D.,
Jasinski, M., Kwok, R., Magruder, L., Lubin, D., Luthcke, S.,
Morison, J., Nelson, R., Neuenschwander, A., Palm, S., Popescu,
S., Shum, C., Schutz, B., Smith, B., Yang, Y., and Zwally, H.: The
Ice, Cloud, and land Elevation Satellite-2 (ICESat-2): Science
requirements, concept, and implementation, Remote Sens. En-
viron., 190, 260–273, https://doi.org/10.1016/j.rse.2016.12.029,
2017.

Massom, R. A., Eicken, H., Hass, C., Jeffries, M. O., Drinkwa-
ter, M. R., Sturm, M., Worby, A. P., Wu, X., Lytle, V. I.,
Ushio, S., Morris, K., Reid, P. A., Warren, S. G., and Alli-
son, I.: Snow on Antarctic sea ice, Rev. Geophys., 39, 413–445,
https://doi.org/10.1029/2000RG000085, 2001.

Meiners, K. M., Arndt, S., Bestley, S., Krumpen, T., Ricker, R.,
Milnes, M., Newbery, K., Freier, U., Jarman, S., King, R.,
Proud, R., Kawaguchi, S., and Meyer, B.: Antarctic pack ice al-
gal distribution: Floe-scale spatial variability and predictability
from physical parameters, Geophys. Res. Lett., 44, 7382–7390,
https://doi.org/10.1002/2017GL074346, 2017.

Nandan, V., Geldsetzer, T., Yackel, J., Mahmud, M., Scharien,
R., Howell, S., King, J., Ricker, R., and Else, B.: Effect of
Snow Salinity on CryoSat-2 Arctic First-Year Sea Ice Free-
board Measurements, Geophys. Res. Lett., 44, 10419–10426,
https://doi.org/10.1002/2017GL074506, 2017.

Nghiem, S. V., Rigor, I. G., Clemente-Colón, P., Neumann,
G., and Li, P. P., Geophysical constraints on the Antarc-
tic sea ice cover, Remote Sens. Environ., 181, 281–292,
https://doi.org/10.1016/j.rse.2016.04.005, 2016.

Onstott, R. G.: SAR Scatterometer Signatures of Sea Ice, in: Mi-
crowave Remote Sensing of Sea Ice, edited by: Carsey, F. D.,
AGU, Washington, DC, USA, 73–104, 1992.

Parkinson, C. L. and Cavalieri, D. J.: Antarctic sea ice vari-
ability and trends, 1979–2010, The Cryosphere, 6, 871–880,
https://doi.org/10.5194/tc-6-871-2012, 2012.

Paul, S., Hendricks, S., Ricker, R., Kern, S., and Rinne, E.: Em-
pirical parametrization of Envisat freeboard retrieval of Arc-
tic and Antarctic sea ice based on CryoSat-2: progress in the
ESA Climate Change Initiative, The Cryosphere, 12, 2437–2460,
https://doi.org/10.5194/tc-12-2437-2018, 2018.

Price, D., Beckers, J., Ricker, R., Kurtz, N., Rack, W., Haas,
C., Helm, V., Hendricks, S., Leonard, G., and Langhorne, P.
J.: Evaluation of CryoSat-2 derived sea-ice freeboard over fast
ice in McMurdo Sound, Antarctica, J. Glaciol., 61, 285–300,
https://doi.org/10.3189/2015JoG14J157, 2015.

Reid, P., Stammerjohn, S., Massom, R., Scambos, T.,
and Lieser, J.: The record 2013 Southern Hemisphere
sea-ice extent maximum, Ann. Glaciol., 56, 99–106,
https://doi.org/10.3189/2015AoG69A892, 2015.

Ricker, R., Hendricks, S., Perovich, D. K., Helm, V., and
Gerdes, R.: Impact of snow accumulation on CryoSat-2
range retrievals over Arctic sea ice: An observational ap-
proach with buoy data, Geophys. Res. Lett., 42, 4447–4455,
https://doi.org/10.1002/2015GL064081, 2015.

Schwegmann, S., Rinne, E., Ricker, R., Hendricks, S., and Helm,
V.: About the consistency between Envisat and CryoSat-2 radar
freeboard retrieval over Antarctic sea ice, The Cryosphere, 10,
1415–1425, https://doi.org/10.5194/tc-10-1415-2016, 2016.

Stiles, W. H. and Ulaby, F. T.: Dielectric Properties of Snow,
RSL Tech. Rep. 527-1, Accession Number ADP000148, 91–103,
1980.

Studinger, M.: IceBridge ATM L2 Icessn Elevation, Slope,
and Roughness, Version 2, October–November 2011–
2012, Boulder, Colorado, USA, NASA National Snow
and Ice Data Center Distributed Active Archive Center,
https://doi.org/10.5067/CPRXXK3F39RV, 2014 (updated
2018).

Tiuri, M., Sihvola, A., Nyfors, E., and Hallikainen, M.: The com-
plex dielectric constant of snow at microwave frequencies, IEEE
J. Ocean. Eng., 9, 377–382, 1984.

Turner, J. and Comiso, J.: Solve Antarctica’s sea-ice puzzle, Nature,
547, 275–277, https://doi.org/10.1038/547275a, 2017.

Turner, J., Phillips, T., Marshall, G. J., Hosking, J. S., Pope, J. O.,
Bracegirdle, T. J., and Deb, P.: Unprecedented springtime retreat
of Antarctic sea ice in 2016, Geophys. Res. Lett., 44, 6868–6875,
https://doi.org/10.1002/2017GL073656, 2017.

Ulaby, F. T., Moore, R. K., and Fung, A. K.: Microwave Remote
Sensing, vol. 2, Radar Remote Sensing and Surface Scattering

www.the-cryosphere.net/13/861/2019/ The Cryosphere, 13, 861–878, 2019

https://doi.org/10.5067/FAZTWP500V70
https://doi.org/10.5067/D7DX7J7J5JN9
https://doi.org/10.1016/j.dsr2.2010.10.027
https://doi.org/10.1016/j.rse.2018.09.031
https://doi.org/10.1029/2006JC004085
https://doi.org/10.5670/oceanog.2012.88
https://doi.org/10.1029/AR074p0019
https://doi.org/10.3189/172756411795931570
https://doi.org/10.1016/j.rse.2016.12.029
https://doi.org/10.1029/2000RG000085
https://doi.org/10.1002/2017GL074346
https://doi.org/10.1002/2017GL074506
https://doi.org/10.1016/j.rse.2016.04.005
https://doi.org/10.5194/tc-6-871-2012
https://doi.org/10.5194/tc-12-2437-2018
https://doi.org/10.3189/2015JoG14J157
https://doi.org/10.3189/2015AoG69A892
https://doi.org/10.1002/2015GL064081
https://doi.org/10.5194/tc-10-1415-2016
https://doi.org/10.5067/CPRXXK3F39RV
https://doi.org/10.1038/547275a
https://doi.org/10.1002/2017GL073656


878 S. W. Fons and N. T. Kurtz: Snow freeboard retrieval from CryoSat-2

and Emission Theory, Artech House, Norwood, Mass., 848–851,
943–944, 1986.

Webster, M., Gerland, S., Holland, M., Hunke, E., Kwok, R.,
Lecomte, O., Massom, R., Perovich, D., and Sturm, M.: Snow
in the changing sea-ice systems, Nat. Clim. Change, 8, 946–953,
https://doi.org/10.1038/s41558-018-0286-7, 2018.

Willatt, R., Giles, K. A., Laxon, S. W., Stone-Drake, L., and Worby,
A. P.: Field Investigations of Ku-Band Radar Penetration Into
Snow Cover on Antarctic Sea Ice, IEEE T. Geosci. Remote., 48,
365–372, https://doi.org/10.1109/TGRS.2009.2028237, 2010.

Willatt, R., Laxon, S., Giles, K., Cullen, R., Haas, C., and Helm,
V.: Ku-band radar penetration into snow cover on Arctic sea ice
using airborne data, Ann. Glaciol., 52, 197–205, 2011.

Wingham, D. J., Francis, R. C., Baker, S., Bouzinac, C., Cullen,
R., de-Chateau-Thierry, P., Laxon, S. W., Mallow, U., Mavro-
cordatos, C., Phalippou, L., Ratier, G., Rey, L., Rostan, F., Viau,
P., and Wallis, D.: CryoSat: A mission to determine the fluctua-
tions in the Earths land and marine ice fields, Adv. Space Res.,
37, 841–871, https://doi.org/10.1016/j.asr.2005.07.027, 2006.

Weissling, B. P. and Ackley, S. F.: Antarctic sea-ice al-
timetry: scale and resolution effects on derived ice
thickness distribution, Ann. Glaciol., 52, 225–232,
https://doi.org/10.3189/172756411795931679, 2011.

Worby, A. P., Massom, R. A., Allison, I., Lytle, V. I., and Heil,
P.: East Antarctic Sea Ice: A Review of Its Structure, Proper-
ties and Drift, in: Antarctic Sea Ice: Physical Processes, Interac-
tions and Variability, Antarctic Research Series, AGU, 74, 89–
122, https://doi.org/https://doi.org/10.1029/AR074p0041, 1998.

Worby, A. P., Geiger, C. A., Paget, M. J., Van Woert, M. L.,
Ackley, S. F., and DeLiberty, T. L.: Thickness distribution
of Antarctic sea ice, J. Geophys. Res.-Oceans, 113, C05S92,
https://doi.org/10.1029/2007JC004254, 2008.

Xie, H., Ackley, S. F., Yi, D., Zwally, H. J., Wagner, P.,
Weissling, B., Lewis, M., and Ye, K.: Sea-ice thickness distri-
bution of the Bellingshausen Sea from surface measurements
and ICESat altimetry, Deep-Sea Res. Pt. II, 58, 1039–1051,
https://doi.org/10.1016/j.dsr2.2010.10.038, 2011.

Yi, D., Kurtz, N., Harbeck, J., Kwok, R., Hendricks, S.,
and Ricker, R.: Comparing Coincident Elevation and Free-
board from IceBridge and Five Different CryoSat-2 Retrack-
ers, IEEE Trans. Geosci. Remote Sens., 57, 1219–1229,
https://doi.org/10.1109/TGRS.2018.2865257, 2018.

Zatko, M. C. and Warren, S. G.: East Antarctic sea ice in spring:
spectral albedo of snow, nilas, frost flowers and slush, and
light-absorbing impurities in snow, Ann. Glaciol., 56, 53–64,
https://doi.org/10.3189/2015AoG69A574, 2015.

Zwally, H. J., Yi, D., Kwok, R., and Zhao, Y.: ICESat measure-
ments of sea ice freeboard and estimates of sea ice thickness
in the Weddell Sea, J. Geophys. Res.-Oceans, 113, C02S15,
https://doi.org/10.1029/2007JC004284, 2008.

The Cryosphere, 13, 861–878, 2019 www.the-cryosphere.net/13/861/2019/

https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1109/TGRS.2009.2028237
https://doi.org/10.1016/j.asr.2005.07.027
https://doi.org/10.3189/172756411795931679
https://doi.org/https://doi.org/10.1029/AR074p0041
https://doi.org/10.1029/2007JC004254
https://doi.org/10.1016/j.dsr2.2010.10.038
https://doi.org/10.1109/TGRS.2018.2865257
https://doi.org/10.3189/2015AoG69A574
https://doi.org/10.1029/2007JC004284

	Abstract
	Introduction
	Datasets
	Observed Ku-band scattering of radar from Antarctic sea ice
	Surface elevation retrieval methodology
	Physical waveform model
	Waveform fitting routine
	Lead/floe classification
	Leads
	Floes


	Initial validation
	Snow freeboard retrieval
	Freeboard calculation
	Pan-Antarctic freeboard comparisons

	Application to snow depth retrievals
	Conclusions and future work
	Data availability
	Author contributions
	Competing interests
	Acknowledgements
	References

