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Abstract. Microwave radiometry and scatterometry, two
complementary modes of sensing the composition and struc-
ture of the upper meters to hundreds of meters of the sub-
surface, are often difficult to reconcile, both on the Earth
cryosphere and on icy moons of Saturn. To help interpret
and model microwave scattering in porous, high-purity ices,
we examine jointly 6.9-89 GHz AMSR?2 radiometry in ver-
tical (V) and horizontal (H) polarizations as well as 5.2 GHz
ASCAT, 13.4 GHz QuikSCAT, and 13.5 GHz OSCAT scat-
terometry in the wind-glazed region of the East Antarctic
ice sheet. The data are simulated using the Snow Microwave
Radiative Transfer (SMRT) model, assuming a simplified
snowpack characterized by constant temperature and a con-
tinuous increase in grain size (represented by optical ra-
dius) and density with depth. For the first time, we show
that scatterometry and 6.9-37 GHz radiometry at V polar-
ization can be successfully simulated with a unique simple
snowpack model, indicating that incoherent volume scatter-
ing on subsurface heterogeneities dominates both the ac-
tive and passive signals. To also simulate H-polarized ra-
diometry, a thin surface ice layer as observed in the wind-
glazed regions is one solution. Additional complexity, such
as seasonal temperature variations, surface roughness, or

non-continuous density variations, is necessary to explain the
89 GHz data and HH-polarized backscatter. Meanwhile, ap-
plying the same approach to simulate simultaneously passive
and active Ku-band observations of icy moons improves on
previous attempts but remains unable to reproduce the very
high backscatter observed, highlighting the importance of co-
herent scattering and possibly unknown large icy structures
(at least millimetric) in the subsurface. More work is still to
be done to fully reproduce the microwave signatures of icy
surfaces in the solar system.

1 Introduction

Planetary ices on Jupiter and Saturn’s icy moons present an
anomalous behavior to microwave radars. Indeed, their radar
properties include very high backscatter — with Enceladus be-
ing the most radar-bright object in the solar system — and very
high linear and circular polarization ratios (Hapke, 1990; Os-
tro and Shoemaker, 1990; Ostro et al., 2006, 2010; Black,
2001; Le Gall et al., 2019; Hofgartner and Hand, 2023).
These properties are attributed to volume scattering in a low-
loss medium, which is likely enhanced by coherent backscat-
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tering (Hofgartner and Hand, 2023, and references therein).
However, Janssen et al. (2011), Bonnefoy et al. (2020),
Le Gall et al. (2023) highlight another anomalous aspect of
microwave scattering on Saturn’s icy moons. So far radiative
transfer calculations assuming purely-random scattering (e.g.
Hapke, 1990, 2012; Janssen et al., 2016) have been unable
to simultaneously reproduce active (radar) and passive (ra-
diometric) observations at the same frequency. The Cassini
radar instrument, operating in the Ku-band (13.78 GHz fre-
quency; 2.2 cm wavelength), measured higher-than-expected
backscatter pointing to the possible presence of organized ef-
ficient retro-scattering structures (Le Gall et al., 2023).

The surfaces and sub-surfaces of Saturn’s icy moons, as
observed by visible to microwave instruments, are consti-
tuted primarily of high-purity water ice, with a small quan-
tity of unidentified non-icy material that varies regionally and
from moon to moon (e.g. Le Gall et al., 2023, and refer-
ences therein). Most observations indicate a composition of
crystalline water ice, even if at the low surface temperatures
(about 60-100K) amorphous water ice would also be sta-
ble. At these temperatures, ice is unlikely to melt or meta-
morphize, although large impacts, micrometeorite garden-
ing, and cryovolcanism can introduce heat and create large,
though local and temporary, thermal gradients (Porter et al.,
2010). Thermal infrared and microwave radiometry observa-
tions point to low thermal inertia and likely loose, porous
ice created by impacts reworking the surface into a regolith
(Howett et al., 2010, 2016; Ries and Janssen, 2015; Ferrari
and Lucas, 2016; Bonnefoy et al., 2020). The very high radar
backscatter from both Jupiter’s and Saturn’s moons is con-
sistent with an icy, porous medium with multiple embed-
ded scattering structures (Le Gall et al., 2019; Hofgartner
and Hand, 2023). The high-porosity crystalline water ice of
the surface and near-subsurface material (down to unknown
depths varying from meters to hundreds of meters) is thus
analogous to snow, even though its origin is very different:
the impacts of any material onto icy moons (icy E ring dust,
Phoebe ring dust, other impactors) occur at very high speeds,
thus sand-blasting rather than “snowing on” the surface.

Icy moons have been explored using radar and radiometric
observations, but without access to ground-truth data. Earth
analogs of these remote environments can provide valuable
in situ experiments and measurements to help interpret the
remote sensing signatures obtained by radars and radiome-
ters elsewhere in the solar system. To identify an appropri-
ate analog site on Earth, we search for and study locations
that resemble the surface conditions of icy moons as closely
as possible. Such sites should offer both ground-truth infor-
mation and comprehensive remote sensing datasets to sup-
port model configuration and hypothesis testing. Our pri-
mary selection criteria include regions that exhibit strong
radar backscatter and are covered by dry, deep, and rela-
tively stable snow (i.e. with minimal precipitation). Until
now, Earth analogs used to interpret microwave radar obser-
vations of Jupiter’s and Saturn’s icy moons have included
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the Greenland percolation zone (Rignot et al., 1993; Rig-
not, 1995), penitentes in Chile (Hobley et al., 2018), and
Northwest Greenland (Culberg et al., 2022). However, all of
these analogs present seasonal melt, a process which does
not affect icy moons. Herein, we propose a new analog to
understand microwave scattering on icy moon surfaces: the
Antarctic wind-glazed and megadune regions. Their persis-
tently low temperatures prevent melting of snow and ice
(Traversa et al., 2023), while the high purity of the water
ice, resulting from their distance from both the sea and rocky
outcrops, closely resembles conditions on icy moons, par-
ticularly Enceladus (e.g. Le Gall et al., 2023). Extremely
low precipitation and near-zero snow accumulation (Traversa
et al., 2023) approximate the almost atmosphere-less envi-
ronments of moons, where little external material reaches the
surface, allowing the formation of structures that remain sta-
ble for years. Moreover, the abundance of satellite observa-
tions combined with some in situ campaigns provides strong
constraints for testing modeling approaches before applying
them to the more uncertain conditions of icy moons.

More specifically, we focus on the large megadune field
southward of Concordia station in the East Antarctic ice
sheet (shown in Fig. 1), between 100-150° E, which is the
most scattering and least emissive, non-melting region of
Antarctica at 19 and 37 GHz (Fahnestock et al., 2000; Picard
et al., 2009; Brucker et al., 2010). This region is the coldest
and driest area on Earth (Traversa et al., 2023), with aver-
age temperatures around —50 °C, and is swept by a constant
katabatic wind which transports and sublimates snow downs-
lope (Scambos et al., 2012). The snow megadunes are low-
amplitude (2—4m tall), long-wavelength (2-5km spacing)
eolian features with regions of snow accumulation separated
by wide wind-glazed zones of near-zero net snow accumu-
lation or even erosion (Frezzotti et al., 2002; Traversa et al.,
2023). The glazed areas consist in a millimeter-thick ice crust
covering a heavily metamorphized snow with large crystals
(Albert et al., 2004; Courville et al., 2007). Due to the low
accumulation rates, the snow within the top tens of centime-
ters to meters is exposed to seasonal temperature variations
for decades or centuries, giving time for large hoar crystals
to develop despite the low temperatures (Albert et al., 2004;
Courville et al., 2007; Scambos et al., 2012). These large
crystals are strong and efficient scatterers at microwave fre-
quencies. They are responsible for the observed high radar
backscatter (Fahnestock et al., 2000).

The wind-glazed regions of Antarctica have been associ-
ated withhigh radar backscatter, which is most likely due to
large grain sizes in the subsurface (Fahnestock et al., 2000;
Brucker et al., 2010) formed by the sublimation-deposition
cycles over years (Courville et al., 2007). Because the deeper
snow is older, it had time to produce larger depth hoar, form-
ing a vertical gradient in grain size (Courville et al., 2007;
Brucker et al., 2010). The depth probed by a microwave
radiometer being approximately proportional to the wave-
length, longer wavelengths (i.e. lower frequencies) probe
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QuikSCAT HH 6=46°

Figure 1. Yearly averaged QuikSCAT 46° incidence HH-
polarization view of Antarctica. The region of interest (ROI), which
is plotted in magenta, is the most radar-bright region of Antarctica.

deeper, where grains are larger in size in Antarctica. The
longer wavelengths are thus subject to stronger scattering
relatively to the homogeneous snowpack, leading to also to
low emissivities. The shorter wavelengths are less affected
by the vertical gradients. This leads to a flatter emissivity
spectrum at 19-37 GHz as successfully modeled by Brucker
et al. (2010) using the dense-medium radiative transfer model
multi layer model (DMRT-ML) (Picard et al., 2013). Radia-
tive transfer modeling has since been improved with the pos-
sibility to simulate active radar data simultaneously, leading
to the Snow Microwave Radiative Transfer model (SMRT)
thermal emission and radar backscatter model (Picard et al.,
2018). This model has recently been applied to a multi-
frequency dataset in several regions in Antarctica and the
Canadian Arctic, where it is able to successfully reproduce
brightness temperatures from 10 to 89 GHz using the subsur-
face structure measured on site (Picard et al., 2022a). So-
riot et al. (2022) used the same model to simulate multi-
frequency radiometry and C-band scatterometry over sea ice,
highlighting the importance of depth hoar in multi-year sea
ice. Herein, we apply this model to the Antarctic wind-glazed
regions, for the first time, to simulate both microwave ther-
mal emission at five frequencies from 6 to 89 GHz and radar
backscatter at 5.2 and 13.4 GHz.

The goals of this study are twofold: (1) to use a unique
snowpack and radiative transfer model to simulate jointly
horizontally (H) and vertically (V) polarized microwave ra-
diometry from 6.9 to 89 GHz and scatterometry at 5.2 and
13.4 GHz in the Antarctica wind-glazed region, and (2) to in-
fer novel interpretations on the comparative microwave scat-
tering properties of cold icy surfaces, in Antarctica and on icy
moons. In Sect. 2, we present the datasets used herein, which
include observations from AMSR2 (Advanced Microwave
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Scanning Radiometer 2), ASCAT (Advanced SCATterom-
eter), OSCAT (Oceansat SCATterometer), and QuikSCAT
(Quick SCATterometer). Section 3 details the configura-
tion of the SMRT model used to simulate these data, the
snowpack properties, and the model parameters. Section 4
presents the success of the model in reproducing most ob-
servations, and the relative importance of each parameter in
controlling the different frequencies, polarizations, or obser-
vation modes. Finally, Sect. 5 discusses the validity of the
Antarctic megadunes region as an icy moon analog and ap-
plies the same method with a two-layer snowpack to attempt
to reproduce simultaneously unresolved radar and radiome-
try observations of Saturn’s satellites.

2 Remote sensing data

Most of the radar and microwave radiometry data on Sat-
urn’s icy moons were acquired with the Cassini Radar; it
was thus crucial for the Earth analog dataset to include both
active and passive data in the Ku-band. Additional frequen-
cies, in both active and passive modes, help further constrain
interpretations, clarify the spectral sensitivity to parameters
such as grain size and density, and evaluate the model abil-
ity to successfully reproduce multi-frequency active and pas-
sive observations. Frequencies above about 100 GHz probe
very shallow depths (Picard et al., 2012) and are not sensi-
tive to the subsurface properties. Meanwhile, over very thick
ice and snow, frequencies lower than 2 GHz (available for ex-
ample with SMOS and SMAP) may require a coherent radia-
tive transfer model to account for interference between lay-
ers (Leduc-Leballeur et al., 2015; Tan et al., 2015), whereas
the SMRT models only incoherent scattering. We therefore
restrict the analyzed data to frequencies from 5.2 to 89 GHz.
The AMSR2, ASCAT, OSCAT and QuikSCAT datasets were
all averaged over a year and gridded to a uniform resolu-
tion of 12.5kmpixel ~!. For each observation type, the swath
data are projected over a 12.5km grid using the EASE-grid
2.0 Southern Hemisphere grid projection (Brodzik et al.,
2012, 2014). All pixels falling within a given grid point are
averaged over a full year of data, for each instrument and ob-
servation condition (frequency, polarization, incidence angle,
and mode).

To identify dominant behaviors in the active and passive
microwave datasets, we use the Kohonen classification al-
gorithm (Kohonen, 1990), previously applied to a similar
dataset in the Arctic by Soriot et al. (2022). This unsu-
pervised machine learning algorithm integrates the multi-
dimensional nature of the passive and active observations,
and groups the observations into clusters with similar fea-
tures in the observation space. It synthetically describes
the co-variability of the different observations. The clusters
are self-organized with neighborhood requirements, mean-
ing that when the classification has converged, nearby clus-
ters have nearby characteristics in the observation space. The
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number of clusters is chosen so that at least one piece of ob-
servation (at one frequency, one polarization, and one mode)
shows a clear statistical difference between clusters, i.e. the
difference between clusters is greater than the standard devi-
ation of that observation within these clusters. The classifica-
tion in 10 clusters is shown in Figs. 2 and 3, whose compari-
son highlights the anticorrelation between active and passive
data, with very radar-bright regions exhibiting low emissivi-
ties.

2.1 Multi-frequency radiometry: AMSR2

The passive radiometry data used herein were acquired by
the Advanced Microwave Scanning Radiometer (AMSR2)
aboard the Japanese polar orbiting satellite GCOM-W. This
instrument, which has been operational since 2012, measures
the brightness temperature 7 in V and H polarizations at
frequencies from 6.9 to 89 GHz at an incidence angle of
55°. The resolution varies from 4 km at 89 GHz to 48 km at
6.9 GHz. Herein, we use the T at frequencies of 6.9, 10.65,
18.7, 36.5, and 89 GHz (Maeda et al., 2016), which corre-
spond to wavelengths of 4.4, 2.8, 1.6, 0.82, and 0.34 cm re-
spectively.

AMSR?2 emissivities have been computed using the
AMSR? brightness temperatures L1R data provided by the
JAXA at their original spatial resolution for each frequency.
The atmospheric contribution has been corrected using the
radiative transfer model of Rosenkranz (2017). The inputs
used to calculate the atmospheric contribution (atmospheric
temperature and humidity profiles) have been provided by
the ECMWEF reanalysis data (ERAS). The surface tempera-
ture needed to compute the emissivity is the skin temperature
provided by ERAS5 data. To remove seasonal temperature
variations, the emissivities (calculated for each AMSR2 ob-
servation each day with the collocated ERAS atmospheric in-
formation and skin temperature) are averaged over the whole
year of 2019. We only averaged emissivities calculated with
low cloud liquid water content (less than 0.05kgm™2, as
indicated by the ERAS reanalyses) to minimize cloud im-
pact on the observed brightness temperatures. Pixels contam-
inated by Radio Frequency Interferences (RFI) are also fil-
tered out using the flags provided by the JAXA. This dataset
is shown in Fig. 2. Note that at a frequency where the atmo-
sphere is transparent, the radiative transfer equation reduces
to Tg = e x T, and, for instance, a difference of 0.01 in emis-
sivity e with a snow/ice temperature of 7 = 270K would
result in a change of 2.7 K in Tg.

2.2 C-band scatterometry: ASCAT

The Advanced SCATterometer ASCAT aboard the EUMET-
SAT’s MetOp (Meteorological Operational) A, B, and C
satellites operates in VV polarization at 5.2 GHz (C-band),
at incidence angles from 25 to 65° and 50km resolution
(Figa-Saldafa et al., 2002). We used the publicly available
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level-1 calibrated normalized radar cross-section ¢ mea-

sured by ASCAT. Radar observations are not directly sen-
sitive to temperature and change very little with seasons in
the region of interest (mean standard deviation=0.04 dB for
ASCAT and 0.1 dB for OSCAT and QuikSCAT), but for con-
sistency the ASCAT data were averaged over the year 2019
like the AMSR2 dataset. The ASCAT o data are shown in
Fig. 3.

2.3 Ku-band scatterometry: QuikSCAT and OSCAT

The SeaWinds instrument aboard QuikSCAT measured the
normalized backscatter cross-section o at 13.4 GHz (Ku-
band) in HH polarization at an incidence angle of 46° and
VV at 54°, at a resolution of 6km x 25km, from 1999 to
2009. The Indian Space Research Organization’s Oceansat
SCATterometer (OSCAT) instrument aboard OceanSat-2
then ScatSat-1 also operates in Ku-band, at 13.515 GHz. o
is measured in HH polarization at 49° and VV at 57°, at a
resolution of 6km x 30km. QuikSCAT and OSCAT data are
both publicly available on the NASA Scatterometer Climate
Record Pathfinder website (https://www.scp.byu.edu, last ac-
cess: 18 February 2026).

We use both datasets to improve coverage in terms of
incidence angles; QuikSCAT data are averaged over 2008
and OSCAT over 2018. Although QuikSCAT did not ob-
serve over the same years as AMSR2, ASCAT, and OS-
CAT, the snow cover in the wind-glazed regions is unlikely
to have substantially changed between 2008-2019; this is
confirmed by the strong consistency between OSCAT and
QuikSCAT (Lindell and Long, 2016; Hill and Long, 2017).
The QuikSCAT and OSCAT o are shown in Fig. 3. In gen-
eral, scattering is stronger at higher frequencies, for small
scatterers such as depth hoar in snow and air bubbles in the
ice. This explains why QuikSCAT and OSCAT data (Ku-
band) exhibit higher scattering than ASCAT data (C-band).

3 Method
3.1 SMRT model configuration

We simulate the scatterometry and radiometry data using the
SMRT model (Picard et al., 2018), which is capable of simu-
lating both active and passive microwave data. The snowpack
is modeled as a stack of plane-parallel horizontally infinite
layers, each with fixed properties. The SMRT model allows
for flexibility in the scattering model, the radiative transfer
solver, and the microstructure model applied to each layer.
Our specific choices and configuration are described below.
We use the symmetrized scaled strong contrast expansion
theory (SymSCE) recently proposed by Picard et al. (2022b)
based on theoretical work by Torquato and Kim (2021).
This choice is explained by the fact that at 10-30 m depths,
which are probed at several frequencies considered herein
(Table 2), the Antarctic snowpack densities lie around 450—
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Figure 2. Top: AMSR2 emissivities at 6.9, 10.65, 18.7, 36.5, and 89 GHz in V polarization averaged over the year 2019 in the region of
interest. Note the color scale is the same for all frequencies. Bottom: Result of the Kohonen clustering algorithm with 10 clusters. Note that
the regions with lowest emissivity (cluster #10, in yellow) correspond to the radar-brightest regions and to the presence of megadunes.
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Figure 3. Visualization of the scatterometry o0: ASCAT (5.2 GHz), QuikSCAT (13.4 GHz), and OSCAT (13.5 GHz). The plot on the right
shows the dependence with incidence angle for all three datasets, using the same clusters and colors as in Fig. 2. Note also that OSCAT and
QuikSCAT are in HH polarization at the smaller incidence angles (46 and 49°, respectively) and VV at the larger incidence angles (54 and
57°), as detailed in Table 1.

550kgm™3, which is intermediate between snow and ice. parameters defined in Sect. 3.2. The model outputs the H-
However, most common scattering models, such as the im- and V-polarized brightness temperatures 7 in K at each
proved Born approximation (IBA) or the dense-media radia- AMSR? frequency, as well as the HH- and/or VV- polarized
tive transfer quasi-crystalline approximation (DMRT-QCA), ASCAT, QuikSCAT, and OSCAT normalized radar cross-
become inaccurate within this intermediate range, with a dis- sections o at the frequencies and incidence angles of these
continuity between snow and ice (Picard et al., 2022b). The instruments (see Table 1).

symmetrized version of the strong contrast expansion ad-

dresses this issue. 3.2 Snowpack model and parameters
To solve the radiative transfer equation, we selected the
Discrete Ordinate (DORT) method (Picard et al., 2018) Our snowpack model assumes monotonic variations in grain
which offers a consistent solution in both active and passive size and density with depth. Field measurements have shown
modes. that models with continuously increasing density and grain
The snow microstructure model used for each layer is the size fit reasonably well the observed behaviors (Albert et al.,

scaled exponential as proposed in Picard et al. (2022b) with 2004; Courville et al., 2007; Brucker et al., 2010; Picard
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Table 1. Main instrument characteristics.
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Instrument ASCAT AMSR2 AMSR2 QuikSCAT OSCAT AMSR2 AMSR2 AMSR2
Mode Active Passive Passive Active Active Passive Passive Passive
Frequency (GHz) 5.2 6.9 10.65 13.4 13.5 18.7 36.5 89.0
Wavelength (cm) 5.8 4.4 2.8 2.2 2.2 1.6 0.82 0.34
Incidence angle 25-65°  55° 55° 46° (HH) 54.1° (VV) 49° (HH) 57° (VV) 55° 55° 55°
Polarization \'AY% V&H V&H VV&HH VV&HH V&H V&H V&H
Mean resolution (km) 50 48 31 12 13 18 9 4

Table 2. Estimated maximum depths probed at each frequency, calculated following Sect. 3.2. The range of values corresponds to the range
of snowpack parameters given in Table 3. The depth is divided by 2 for frequencies corresponding to radar instruments (5.2, 13.4, and

13.5 GHz) to account for 2-way travel through the snowpack.

Frequency (GHz) 52 6.9
Maximum probed depths (m) 22-88 22-102

10.65
9.4-39

13.4
2.8-11

13.5
2.7-11

18.7
2.6-11

36.5 89.0
04-34 0.1-0.7

et al., 2014; Leduc-Leballeur et al., 2015; Inoue et al., 2024).
These models do not account for the random and centimeter-
scale vertical variations (e.g. Courville et al., 2007; Leduc-
Leballeur et al., 2015; Picard et al., 2014; Inoue et al., 2024),
which arise due to the specific conditions during each snow-
fall event or storm, and are especially pronounced in the up-
per few meters of the snowpack. Rather than identifying a
realistic snow profile corresponding to field measurements,
as previously done by e.g. Picard et al. (2022a), we aim to
capture the general behaviors in grain size and density over
large regions. We therefore assume that random and unre-
solved centimeter-scale fluctuations do not significantly af-
fect the microwave observations presented in Sect. 2 (Leduc-
Leballeur et al., 2015). The assumption of continuous varia-
tions in grain size and density is less valid in H polarization,
which is sensitive to abrupt permittivity contrasts caused
by density changes, and for higher frequencies, particularly
89 GHz which probes only centimetric depths (Picard et al.,
2012).

We simulate a 10-layer snowpack, with or without the
presence of a thin, uniform ice crust on top. The maximum
depth is chosen to be 200 m, at which the snowpack has
always densified to solid ice (Horhold et al., 2011; Leduc-
Leballeur et al., 2015). The dielectric property of the ice fol-
lows Matzler et al. (2006, p. 456-461) (the default in SMRT)
which is valid for the frequency range of 0.01-3000 GHz and
ice temperatures from 20-273.15K; the same formulation
has been used on Jupiter’s icy moons by Brown et al. (2023).
Within the framework of the SMRT model with the expo-
nential microstructure, each layer is characterized by four
parameters: layer thickness, temperature, density, and opti-
cal radius.

Layer thickness: The SMRT model, which does not ac-
count for coherent effects, imposes that every layer must be
thicker than A /4, which for the lowest frequency (5.2 GHz;
ASCAT) is 1.44 cm. Using the extreme low and high values
of each parameter described above and in Table 3, we esti-
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mate the depths probed by each frequency. The maximum
depth probed is calculated as the depth z; beyond which
the optical depth of the above layers foz "t(z)dz is > 2; be-
yond this point, the structure of the snowpack does not sig-
nificantly affect the signal at a given frequency. The optical
depth of a given layer is calculated as 7 = ke x dz, where
Ke = kK is the power extinction coefficient accounting for
losses due to both absorption (k,) and scattering (ks), pro-
vided for each layer as an SMRT output, with dz the layer
thickness. The resulting maximum probed depths for the full
range of parameters are provided in Table 2. Note that the
minimum values of these depths correspond to large grain
sizes leading to very high scattering (ks dominates) whereas
the highest values correspond to small grain sizes and very
low scattering (k, dominates). To fully sample the depths
probed by each frequency, we chose 10 layers at exponen-
tially increasing depths from 2 cm to 100 m. Increasing the
number of layers has no effect on the resulting emissivities
and ¢, indicating that the chosen sampling is sufficient. The
bottom of the snowpack is modeled as a semi-infinite solid
ice with density 917kgm ™.

Layer temperature. Because the microwave radiometry is
averaged over a full year, we assume that the temperature is
constant with depth, at least down to the depths probed at
these frequencies. The temperatures are varied between —40
and —50°C. These values are typical of the region of inter-
est, although they do not encompass the full range of annu-
ally averaged temperatures (—34 to —53°). Because we find
that temperature influences both emissivities and backscatter
values very little (Sect. 4), we do not test more values herein.

Layer density. The density variation with depth follows a
simple exponential model reaching the value for solid wa-
ter ice at depth (Bingham and Drinkwater, 2000; Leduc-
Leballeur et al., 2015):

P(2) = pice — (Pice — ,Otop)eiBZ (D

https://doi.org/10.5194/tc-20-1297-2026
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Table 3. Snowpack parameters for Antarctica SMRT simulations.

Parameter Symbol  Unit Values Reference
Ice crust thickness Zerust mm 0 (no crust) to 10 Albert et al. (2004), Courville et al. (2007)
Surface density Prop kg m™3 300-450 Albert et al. (2004), Leduc-Leballeur et al. (2015)
Surface optical radius T'top mm 0.1-0.5 Courville et al. (2007), Brucker et al. (2010)
Density exponent factor B m™! 0.016-0.017 Bingham and Drinkwater (2000), Leduc-Leballeur et al. (2015)
Snow grain-size gradient Q| mmm~! 0.005-0.1
0> mm?m~!  0.02-0.1 Brucker et al. (2010)
03 mm3m~!  0.01-0.1
Temperature T °C —40 to —50 Picard et al. (2022b)
Polydispersity K 0.62 Picard et al. (2022b)

where pice =917kgm™ is the density of water ice, Ptop
is the value at the surface, and B is an empirical value
in m~!, whose value depends on the snow type (Bingham
and Drinkwater, 2000). Leduc-Leballeur et al. (2015) find
B =0.017m~! at Dome C in Antarctica. This density profile
matches well those found in Antarctic firn regions with low
accumulation, where the pore close-off occurs deeper than
is typical elsewhere (Van Den Broeke, 2008; Horhold et al.,
2011; Leduc-Leballeur et al., 2015).

Layer optical radius. Previous work has found that, for
the grain sizes used in microwave radiometry simulations to
be comparable to the optical radius measured in the field, a
corrective factor must be used (Brucker et al., 2011; Royer
et al., 2017). Recently, Picard et al. (2022b) has identified
this factor as the polydispersity K, an intrinsic property of
the snow microstructure, which can be measured from e.g.
micro-computed tomography (Coléou et al., 2001). More
precisely, we use the microwave grain size, defined by Picard
et al. (2022b) as:

Imw =K xIp 2

where Ip is the Porod length, calculated from the layer den-
sity p, ice density pice = 917kgm™3 and optical grain radius
Topt as follows (Picard et al., 2022a):

4
Ip= 5(1 — P/ Pice)Topt 3

where rop is the radius of spheres having the same surface
area over volume ratio as the considered snow microstructure
(Grenfell and Warren, 1999). It is considered as a measurable
quantity (Painter et al., 2007; Gallet et al., 2009; Picard et al.,
2022a).

By comparing AMSR2 observations to SMRT simulations
in a region where the vertical structure of the snowpack had
been measured, Picard et al. (2022b) found that the best value
for K for Antarctic snow is 0.62. We therefore use this value
herein, making the optical grain size rop directly comparable
to field measurements but this does not affect our results as
fitting Ip or Ipw given a constant K is strictly equivalent.

We model the increase of optical radius rqp with depth z
as follows (Brucker et al., 2010; Bingham and Drinkwater,
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2000):

Pi(@) =i+ Onz @)

where riop is the optical radius at the surface in m, Q, is
the snow grain-size gradient in m” m~', and n is the growth
exponent. This model assumes a linear increase in optical ra-
dius (n = 1), surface (n =2), or volume (n = 3) with time
from metamorphism, and therefore with depth assuming that
snow accumulation is constant. It was shown by Brucker
et al. (2010) to reproduce well the emissivities at 19 and
37 GHz within the Antarctic snow cover, and to be consistent
with relative grain sizes over different regions of Antarctica.

Surface ice crust. The wind-glazed regions are covered by
an ice crust formed by snow ablation from wind and subli-
mation (Courville et al., 2007). The thickness of this crust is
likely millimetric, but there are other similarly thin ice layers
embedded within the top few meters of the snowpack (Albert
et al., 2004). Exact simulation of the thickness or depth of
these ice layers is irrelevant because it is highly variable over
the 12.5 km resolution used herein. We therefore model the
ice crust as a single high-density (917kgm™3) ice layer on
top of the snowpack, of thickness varying from 1 to 10 mm.
Some of these thicknesses are smaller than A /4 for ASCAT
waves and the longest AMSR2 wavelengths. The SMRT can
accommodate a single layer thinner than /4 by calculat-
ing explicitly the coherent effect through this layer following
Montpetit et al. (2013), Proksch et al. (2015). This is imple-
mented by setting the option process_coherent_layer=True,
but can only process coherent scattering due to the layer
thickness, not due to grain size.

The simulated snowpack therefore has six parameters,
summarized in Table 3. The resulting depth and density pro-
files are shown in Fig. 4.

The SMRT model outputs the simulated brightness tem-
peratures Tg at each AMSR?2 frequency in H and V polariza-
tions. The emissivity is found by dividing the simulated 73
by the assumed snowpack temperature. The model also out-
puts the simulated normalized radar cross-section o¥ at each
sensed polarization and incidence angle for QuikSCAT and
OSCAT (see Table 1), and for ASCAT in VV polarization at
incidence angles of 30, 40, 50, and 60°.

The Cryosphere, 20, 1297-1314, 2026
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Figure 4. Schematic representation of the modeled snowpack, with (left) the density and (right) the optical radius variations with depth.
Different line patterns correspond to different parameter values. The snow grains are shown here as circles for simplicity, but are not spherical
neither in reality nor in the model; the complex grain shape is accounted for by the polydispersity K. On the optical radius plot, the profiles
which reproduce the best the simulations are shown for Q1, Q5, and Q3 in black; note that these three profiles are very similar in the top

15 m, to which the observations are most sensitive.

4 Results and interpretation
4.1 Uniform density or grain size

We first tested the model with either density or optical radius
(grain size) uniform with depth, while the other of the two
varies as described above (Sect. 3.2). The result of the simu-
lation for AMSR?2 V-polarized emissivities is shown in Fig. 5
for physically reasonable values of the parameter values ob-
tained by empirical trial-and-error; alternative values gener-
ally produce poorer fits. As shown in this figure, the model is
unable to simultaneously fit all AMSR?2 frequencies if either
the optical radius or the density are kept constant.
Attempting to reproduce the observations with either the
density or the optical radius uniform with depth is unsuc-
cessful. If the optical radius is kept uniform, then we gener-
ally find excessive scattering (low emissivities) at high fre-
quencies and insufficient scattering (high emissivities) at low
frequencies (Fig. 5, left). This demonstrates that optical ra-
dius must increase with depth to fit the observed spectra.
The increase in optical radius with depth in the Antarctica
snowpack, as well as its influence on microwave emissivities,
have long been known (e.g. Jay Zwally, 1977; Brucker et al.,
2010). If instead the density is kept uniform, the simulated
emissivities as a function of frequency have a concave shape,
whereas a convex one is expected: the lowest and highest
frequencies appear to scatter excessively (Fig. 5, right). This
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would not occur if the density was not constant, consistent
with increasing density with depth.

Brucker et al. (2010) modeled the Antarctic snow-
pack at 19.3 and 37 GHz with increasing optical radius
but constant density and found a reasonable match to
the data (i.e. a roughly flat emissivity spectrum) every-
where in the dry zone. We are also able to reproduce
the data in the megadune area with the same grain
size profile equation at the same frequency range, al-
though with different values for the parameters rip (We
find reop~0.2mm; they find 0.45 < rep < 0.65mm)
and Q> (we find Q> %0.06mm2m_1; they find
0.40 < Q> <0.82mm?>m~"). This discrepancy is due
to modeling differences between our simulations and those
of Brucker et al. (2010). They used the DMRT-ML model
composed of non-sticky spheres, whereas we use the
SymSCE model while accounting for polydispersity (as
defined by Picard et al., 2022a). In any case, we show that
while assuming constant density can be reasonable at two
frequencies (19.3-37 GHz), our results demonstrate that it is
inconsistent with observations at several frequencies over a
wider spectral range.
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4.2 Variable density and optical radius, without an ice
crust

We then vary simultaneously the optical radius and the den-
sity with depth, as described in Sect. 3.2, but without any
icy crust at the surface. Our goal is not to perfectly fit the
model to the data, but instead to simulate the correct range of
brightness temperatures and backscatters across all consid-
ered frequencies and polarizations, with the simplest possible
snowpack model. For simplicity, we only show in Fig. 6 the
combination of parameters which best matches the observa-
tions, for linear (Q1), square (Q>), and cubic (Q3) increase
in optical radius with depth. We plot emissivity in each polar-
ization ey and ey vs. frequency and o” vs. incidence angle in
C-band (ASCAT) and in Ku-band (QuikSCAT and OSCAT).

We find that all considered microwave active and passive
observations, except H-polarized emissivities, can be simul-
taneously simulated by the SMRT with reasonable parameter
values. A summarized analysis of the influence of each pa-
rameter is given below.

Within the ranges expected in the Antarctic megadunes re-
gion, the snowpack temperature 7' and the density e-folding
factor B have very little influence on both the emissivities
and the 0¥ values (Ae < 0.05 and Ac? < 0.6dB). To sim-
plify the visualization, simulated values are shown only for
B = —0.017m™!, the value deduced from fitting two 80 m-
long density profiles at dome C by Leduc-Leballeur et al.
(2015), and T = —50°C, the annual mean temperature mea-
sured by Picard et al. (2022a) in the Antarctic megadunes.

The grain size, defined by the parameters riop and Q,, is
the primary control on the shape of the microwave emissiv-
ity spectrum. The surface optical radius r) affects high fre-
quencies (which probe shallower depths) the most, whereas
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Q,, controls the optical radius profile with depth and there-
fore influences lower frequencies. Assuming a linear increase
of optical radius with depth (Q1) leads to high optical radius
at depth and small at the surface; ASCAT data can not be
reproduced for the same configuration as AMSR?2 data. In
contrast, the cubic increase (Q3) and square increase ((Q>)
can simulate all data except H-polarized emissivities, though
the square option ((Q>) also has difficulties with the 89 GHz
simulations (see Fig. 6). As found by Brucker et al. (2010),
we can thus exclude the case n = 1, but both other options
are acceptable approximations: optical radius in the subsur-
face is probably a more complex function of precipitation
rates, temperature, and random variations. The optical radii
we find in the subsurface are very large, with values around
I mm at 15 m depths for Q», and 0.9 mm for Q3.

The surface density pop affects the backscatter and emis-
sivity at all frequencies almost equally (Fig. 6). The density
controls the effective dielectric constant of the medium, and
therefore strongly affects the probed depths (with a denser
medium being less transparent). Thus, to first order, the lower
the density, the larger the path length within the medium,
and the more opportunities for multiple subsurface scatter-
ing, leading to lower emissivities and higher . Scattering
also varies in a complex manner with density (Fig. 2 of Pi-
card et al., 2022b); however, in our case this effect is difficult
to disentangle from that of grain size, since both properties
vary simultaneously with depth.

We find that the H-polarized AMSR2 emissivities, shown
in Fig. 6b, are poorly reproduced by the parameters that
match the rest of the data best, and would require higher
optical radius values (ryp and/or Q) than the V-polarized
emissivities. This is likely due to the polarization properties
of the medium, caused by layers of varying density (embed-
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Figure 6. Best fitting simulations of AMSR2 V-polarized (a) and H-polarized (b) emissivity spectra and C-band ASCAT (c) and Ku-
band QuikSCAT and OSCAT (d) backscatter o0 for different surface densities prop and optical radius profiles (gradient Q, and surface
optical radius riop), while fixing the temperature 7' = —50°C and density e-folding factor B = 0.017 m~!. For each set of data, the range
of observations is shaded in gray. For simplicity, only the minimum and maximum values of density tested are shown: varying the surface
density therefore corresponds to the space between the two lines of a given color. The range between the yellow lines (for Q3) thus results

in good fits for all, except H-polarized data.

ded thin ice layers) and by a surface crust. Indeed, ice lay-
ers remain mostly invisible to V-polarized radiation near the
Brewster angle, whereas H-polarized radiation is very sen-
sitive to these vertical dielectric contrasts (Leduc-Leballeur
et al., 2015). Radar observations in HH polarization should
be equally affected, yet the simulations fall in the observed
range in Fig. 6b. We do not have an explanation for this dif-
ferent behavior.

The simulated 89 GHz emissivity (A = 3.34 mm) in V po-
larization is often very low, especially for surface optical ra-
dius values rip > 0.2 mm. These large grains (compared to
the wavelength) cause very important simulated scattering at
89 GHz. The n = 3 option allows to start with very low opti-
cal radius at the surface and increase quickly with depth; yet
even so, the 89-37 GHz slope is never reproduced (Fig. 6). At
the depths probed at 89 GHz (a few centimeters), the simu-
lated snowpack is in fact not realistic enough. Indeed, it does
not account for the observed ice crust in the wind-glazed re-
gions and the stochastic variations of density and optical ra-
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dius at these depths that may have not been averaged using a
single year of observations (Stefanini et al., 2024).

4.3 With an ice crust

To attempt to improve the fit the H-polarized AMSR?2 emis-
sivities and the 89 GHz V-polarized AMSR2 emissivities, we
test adding an ice crust of variable thickness on top of the
snowpack. Such an ice crust is common within the wind-
glazed regions and is likely to polarize the outgoing signal,
decreasing H-polarized emissivities. The results of these sim-
ulations are shown for ey, ey, C-band o9, and Ku-band ¢
(Fig. 7), for T = —50°C, B=—0.017m™!, riop = 0.1 mm,
and Q3 =0.05 mm3 m~!. These parameter values, which re-
produce reasonably well the expected o® and ey without an
ice crust, were chosen for the figure, but the effect of the ice
crust is similar for all other tested parameter combinations.
V polarized emissivities ey. As shown in Fig. 7a, an ice
crust < 1 cm thick can change the 89 GHz emissivities by at
most 0.04, and remains insufficient to explain the observed
37-89 GHz slope. A thicker crust might be able to reproduce

https://doi.org/10.5194/tc-20-1297-2026
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Figure 7. AMSR2 V-polarized (a) and H-polarized (b) emissivity spectra and C-band ASCAT (c) and Ku-band QuikSCAT and OSCAT (d)
backscatter o0 for different values of the surface density pyop and ice crust thickness zcrust while fixing the surface optical radius rop =
0.1 mm, grain-size gradient Q3 = 0.05 mm3m~!, temperature 7 = —50°C, and density e-folding factor B = 0.017m™!. As in previous
plots, the full range of observed emissivities and backscatter values within the region of interest is shaded in gray. The simulated scatterometry
is identical for zcrust = 2,6, or 10mm, and overlap in (c¢) and (d). Note that, for z¢rust = 0 (no crust), the simulated values are the same as

highlighted in orange in the previous section.

the observations, but would not be realistic: the thickness of
the ice crust and underlying ice layers observed in the field is
of the order of millimeters, not centimeters. Here, our simpli-
fied model seems insufficient, and it may be necessary to add
complexity such as superimposed layers of randomly varying
density to improve the fit. At 89 GHz, radiometry is also very
sensitive to surface temperature, which is seasonally much
more variable than the temperature at depth.

H polarized emissivities ey. Comparing the emissivity
spectra for z¢pyse = 0 (no ice crust) with the others (all iden-
tical below 37 GHz), Fig. 7b shows that the polarization in-
duced by the ice crust decreases ey. This decrease is suf-
ficient, and even slightly in excess, to reproduce the H-
polarized observations. This is true regardless of the thick-
ness of the ice crust, because the air-surface interface, which
controls the H polarization, is the same.

Scatterometry o°. The ice crust decreases the simulated
QuikSCAT and OSCAT backscatter in HH polarization, but
does not affect the VV-polarized scatterometry (Fig. 7c and
d). Regardless of the crust thickness, the effect on the HH-
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polarization is so strong in the simulations that ¢© is pre-
dicted to be lower at 46 and 49° incidence in HH than at
54 and 57° in VV. This does not match the OSCAT and
QuikSCAT observations, which show o decreasing with in-
cidence angle regardless of the polarization (Fig. 3). This
could perhaps be explained by the presence of surface rough-
ness, regional heterogeneity within the 12.5 km pixels, or co-
herent scattering, which can affect the polarization ratio of
active data (Hofgartner and Hand, 2023).

Including a thin ice crust in SMRT simulations helps lower
the H-polarized emissivities, but is insufficient to explain the
89 GHz ey and ey, and even introduces new discrepancies
to the H-polarized scatterometry. Thus, a simple snowpack
model is sufficient to reproduce the 6.9-37 GHz ey and 5.2—
13.5GHz ¢, but more complexity must be introduced for
higher frequencies and for H polarization. This complexity
can include a thin ice layer as tested here, but also a time-
and depth-varying temperature profile, random layer densi-
ties and optical radii, a different optical radius gradient in
the top few centimeters, or surface roughness. While this
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result illustrates the limits of a simple snowpack model, it
also highlights the richness of these complementary datasets,
which used in synergy can provide constraints on subsurface
properties inaccessible from one frequency, polarization, or
mode alone.

5 Discussion

5.1 Wind-glazed regions of Antarctica as an analog for
Saturn’s icy moons

Antarctic wind-glazed regions can serve as analogs for icy
moon surfaces. Their consistently low temperatures prevent
melting, and their high-purity ice, minimal precipitation, and
near-zero accumulation resemble the nearly atmosphere-less
conditions of moons like Enceladus. Additionally, abundant
satellite data and some in situ measurements provide strong
constraints for testing modeling approaches before applying
them to icy moons.

Yet, like all Earth analogs for other planetary surfaces,
this one is also imperfect. The temperature remains much
higher than in the outer solar system, where airless bodies
can also witness large surface temperature variations (e.g.
between 40-140 K for Saturn’s moons, Howett et al., 2010).
The higher Earth temperatures lead to faster sublimation and
development of depth hoar, as well as slightly different di-
electric properties and much higher absorption losses: mi-
crowaves can probe considerably deeper in colder ice. The
second major difference is the presence of an atmosphere,
with important katabatic winds (Scambos et al., 2012) and
occasional precipitation. Meanwhile, icy moons are airless
but are affected by exogenic processes, including impact gar-
dening and electron bombardment, likely causing differences
in the surface structure (crystal size, presence of a crust,
depth of regolith. .. ), which remains poorly understood.

The introduction of a new icy moon analog is encourag-
ing for further work analyzing the microwave properties of
icy moons. It could be used to examine the role of coherent
backscatter in Earth snow (Stefko et al., 2022) or the varia-
tions of microwave signals with the presence of non-icy ma-
terial even in small quantities, which has been observed on
icy moons (Le Gall et al., 2019, 2023).

5.2 Implications for Saturn’s icy moons

We have seen that the SMRT is able to successfully simulate
simultaneously active and passive Ku-band observations in
the Antarctica megadunes region (Sect. 4). Our main objec-
tive now is to check if a simple configuration of the SMRT is
also able to reproduce at the same time the Ku-band radiom-
etry and radar observations of Saturn’s mid-sized icy moons
Mimas, Enceladus, Tethys, Dione, Rhea, lapetus, and Phoebe
by the Cassini radar (Le Gall et al., 2019, 2023). We there-
fore chose a simple two-layer model of regolith (modeled as
snow in the SMRT) on top of ice, with a constant temperature
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profile, at the Cassini radar frequency (13.78 GHz), and with
the default dielectric properties from Matzler et al. (2006).
There are thus six parameters as shown in Table 4: the den-
sity and optical radius of each layer, the thickness of the re-
golith, and the temperature. Given the large uncertainties and
likely large inter- and intra-satellite variations in the density,
grain size, composition, and structure of icy moon regoliths,
each parameter is left to vary within a very large range.

The regolith of icy moons at meter depths is poorly un-
derstood, with some parameters entirely unconstrained. Mea-
sured surface porosities vary depending on the satellite,
model, and data from 0.05 to 0.99 (Carvano et al., 2007,
and references therein), but generally need to be very high to
match near to far infrared observations (Carvano et al., 2007,
Ciarniello et al., 2011; Ito et al., 2022). Compaction due
to gravity is insignificant for hundreds of meters to tens of
kilometers of depth, especially on Saturn’s mid-sized moons
(Mergny and Schmidt, 2024), but other processes such as
cryovolcanic or tectonic activity, impacts, radiation, or sin-
tering could affect both density and grain size (Molaro et al.,
2019). Grain size is similarly poorly constrained, with sur-
face values measured between 1um (Ito et al., 2022), tens
of um, and up to 200um in the Enceladus South polar ter-
rain (Jaumann et al., 2008; Taffin et al., 2012); subsurface
values remain unknown. Grain radii beyond 1 mm are pos-
sible, but are not simulated herein due to the transition to a
Mie scattering regime, which is not included in the SMRT
model. Grain radii below 50 um are too small to significantly
affect the scattering at 2.2 cm wavelength, so they are not
tested in the model. The temperature can vary from about
40-140K at the surface (Howett et al., 2010), but is less ex-
treme in the subsurface probed by microwaves (Bonnefoy
et al., 2020; Le Gall et al., 2023): we therefore chose a range
of 60-120 K, which is still very wide. Finally, the thickness
of the porous regolith is generally assumed to be of the or-
der of meters (Bland et al., 2015; Ries and Janssen, 2015),
but is of the order of hundreds of meters at least near the
pit chains of Enceladus (Martin et al., 2023). These various
observations justify the large parameter ranges shown in Ta-
ble 4. Meanwhile, polydispersity is assumed to be the same
as in Antarctica. Grain radii are kept below 1 mm because
beyond that value, Mie scattering, which is not accounted for
the SMRT, becomes significant in Ku band (2.2 cm for the
Cassini Radar).

Most observations of the icy moons by the Cassini
radar/radiometer were not resolved, and included multiple
incidence angles simultaneously. We therefore request the
SMRT to output the normalized radar cross-section ¢* and
the brightness temperature 7g in both polarizations (H and V
for radiometry; HH and VV for radar) and for all incidence
angles with a step of 5°. Emissivities ey and ey are calcu-
lated by dividing the brightness temperature by the assumed
medium temperature 7. Both 0” and e are then integrated
over the disk (only in same-sense-linear polarization for o%),
following Wye et al. (2007) and Le Gall et al. (2019) while
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Table 4. Snowpack parameters for icy moon SMRT simulations.

1309

Comments and reference

Jaumann et al. (2008), Taffin et al. (2012), Ito et al. (2022)
Carvano et al. (2007), Ciarniello et al. (2011), Ito et al. (2022)

Bland et al. (2015), Martin et al. (2023)
Howett et al. (2010), Le Gall et al. (2023)

Parameter Symbol  Unit Values
Regolith grain radius  rop mm 0.05-1
Regolith density Ptop kg m~3  10-450
Ice optical radius Tice mm 0.05-1
Ice density Dice kem™3  500-900
Regolith thickness Ziop m 1-1000
Temperature T K 60-120
Polydispersity K 0.62
also accounting for both polarizations:
/221w
Adisk — / / (09v (6, p)cos’d + oy (0, d)sin’¢)
0 0
x sin@de¢dé /m (5
/221
edisk = / (ev(0, p)cos’d + en (8, $)sin’p)
0 0
X sin6 cosO0d¢do / (6)

The resulting disk-integrated values are then directly com-
parable to those observed by the Cassini radar/radiometer
and examined by Le Gall et al. (2023). For comparison,
we also simulate equivalent disk-integrated observations for
the Antarctica megadunes region. Using the same SMRT
configuration as in Sect. 3 with our best-fitting parame-
ters (T =—50°C, B=—-0.017m™!, rop =0.1mm, Q3=
0.05 mm? m~!, and 300gm_3 < Prop < 450gm_3), we sim-
ulate Ku-band observations at all incidence angles and calcu-
late Agiﬁk and ¢4 as above.

Plotting all disk-integrated values simulated by the SMRT
regardless of the parameters over the Jupiter and Saturn
moon observations from Le Gall et al. (2023) shows that
the model can reproduce observations of Jupiter’s icy moons,
but never of Saturn’s moons, which remain too radar-bright
(Fig. 8). We hypothesize that this is caused by the model
simulating only incoherent scattering, whereas the coherent
backscatter opposition effect (CBOE) has been hypothesized
to be the main cause for icy moons unusual radar proper-
ties (Black, 2001; Le Gall et al., 2019, 2023; Hofgartner and
Hand, 2023). In theory, the CBOE can at most multiply the
radar returns (0” and therefore also A%%) by a factor of 2.
To investigate the upper limit of SMRT simulations if they
were including CBOE, we plot the simulations multiplied
by 2, and find that these are consistent with some Saturn
moon observations, but still insufficient for Enceladus, the
radar-brightest object in the solar system. This exercise re-
inforces the hypothesize that CBOE is necessary to explain
moon backscatter, although it may not fully explain the be-
havior of the brightest moons. Integrating CBOE into SMRT
is a meaningful avenue for future improvement.

https://doi.org/10.5194/tc-20-1297-2026

6 Conclusions

We use the SMRT model to simulate AMSR2 6.9-89 GHz
emissivities as well as C- and Ku-band scatterometry mea-
sured by ASCAT, OSCAT, and QuikSCAT in the Antarc-
tic megadunes region. Modeling the Antarctic snowpack as
layers with increasing density and grain size with depth al-
lows us to reproduce simultaneously, for the first time, all
V-polarized emissivities from 6.9 to 37 GHz and backscat-
ter at 5.2 and 13.4 GHz. The observed microwave emissiv-
ity spectrum is slightly convex, but remains within the range
0.7 < ey < 0.9: this shape can only be explained with both
density and grain size increasing with depth, which result
from densification and metamorphism, respectively. Com-
bining multiple frequencies thus provides insight into the
vertical profile, an approach which is also useful on icy satel-
lites such as Iapetus (Bonnefoy et al., 2024) and Ganymede
(Zhang et al., 2023; Brown et al., 2023), although variations
in composition will also have to be considered.

The fact that 5-37 GHz Antarctica radar and radiometry
data can be successfully simulated while ignoring coherent
scattering, surface roughness, and random density and grain
size fluctuations in the top few meters implies that both the
active and passive V-polarized microwave signals at these
frequencies are dominated by incoherent scattering on sub-
surface grains. Meanwhile, to reproduce H-polarized emis-
sivities, we found that adding an ice crust over the snow-
pack, as observed in the wind-glazed regions, is a viable con-
figuration; however it also reduces the HH-polarized scat-
terometry. This could likely be remedied by adding further
complexity to the model, such as surface roughness which
tends to moderate the polarization effect of flat interfaces.
It is also possible that coherent scattering, either on large
grains (Hapke, 1990) or caused by interference between lay-
ers (Leduc-Leballeur et al., 2015), plays a role in the scat-
terometry data. A strong difference between H and V (or
HH and VV) is an indicator of a stratified snowpacks, or the
presence of pure ice at the surface. Similarly, the observed
37-89 GHz slope in V- and H-polarized emissivities cannot
be reproduced by the model, even when including a thin ice
crust. A more realistic near-surface model appears to be re-
quired for the 89 GHz data, for instance with a seasonally
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Figure 8. The results of SMRT simulations for a two-layer icy satellite model are shown, along with observations on Jupiter’s and Saturn’s
icy satellites (from Le Gall et al., 2023) and simulated disk-integrated observations corresponding to the Antarctica megadunes region. Since
the SMRT does not simulate the coherent backscatter opposition effect, Ag‘ﬁk is multiplied by 2 to provide the upper theoretical limit of the
simulations with the maximum possible COEB effect. Even so, the model is unable to reproduce most Cassini observations of Saturn’s icy

moons.

varying temperature, or by modeling the strong gradient in
grain size in the topmost 10-20 cm of the snowpack as ob-
served in the field (Picard et al., 2022a).

The relative success of the simple snowpack representa-
tion and of the SMRT in reproducing 5-37 GHz active and
passive microwave observations in the Antarctic megadunes
region encourages its application to the radar and radiome-
try observations on icy moons, characterized by even higher
scattering. A first application to icy moons using a wide
range of parameters on a two-layer model is able to repro-
duce observations of Jupiter’s moons. Meanwhile, to ap-
proach the observed radar and radiometry data on Saturn’s
moons, it is necessary to invoke coherent backscattering,
consistent with previous work (Hofgartner and Hand, 2023).
Even so, Saturn’s satellites and especially Enceladus remain
too radar-bright for the model configuration and range of
parameters tested, hinting for example at very large grain
sizes. The SMRT, with realistic hypotheses, thus significantly
improves upon simulations by previous analytical models
(Le Gall et al., 2023), but also highlights the importance of
coherent scattering, which future work could incorporate into
the model, for instance using the formulations of Markka-
nen and Penttild (2023) or Muinonen and Penttild (2024).
CBOE is also likely on Earth (Stefko et al., 2022): success-
fully understanding, measuring, and modeling it will bene-
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fit both communities. It would also be interesting to attempt
to reproduce resolved observations of Saturn’s moons us-
ing more constraints such as resolved observations (Le Gall
et al., 2014, 2017; Bonnefoy et al., 2020) or radiometry at
multiple frequencies (Bonnefoy et al., 2024), for instance on
Enceladus or lapetus. Meanwhile, integrating non-icy com-
ponents into the model may help understand both regional
and satellite-to-satellite variations in microwave emissivity
and radar backscatter.

7 Environmentally responsible research

The work presented herein makes use of data from four
Earth observation space missions: QuikSCAT, whose launch
mass was 970kg; ASCAT on the Metop-C satellite, whose
launch mass was 3950kg; OSCAT on Scatsat-1, whose
launch mass was 377 kg; and AMSR2 aboard GCOM, whose
launch mass was 2000kg. Using a life-cycle emission fac-
tor of 50(£10) tCOze kg_1 (Wilson, 2019; Knodlseder et al.,
2022; Marc et al., 2024), these satellites have estimated car-
bon footprints of, respectively, 18 500, 197 500, 18 850, and
100000tCOze, without accounting for other environmen-
tal impacts such as local pollution due to mining or ozone
layer depletion caused by the launches. Since data from these
satellites are not used only for research purposes but also
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for weather forecasting and private applications, it is diffi-
cult to estimate the impact per scientific paper. We also made
use of data from the Cassini mission, which using the same
method had an estimated carbon footprint of 392 902 t COze,
corresponding to 42 t COse per paper as of 2022 (Knodlseder
et al., 2022). We wish to warn against unnecessary prolifer-
ation of infrastructures with such high environmental impact
and instead promote sufficiency in both Earth and Planetary
Science.

Code availability. SMRT used in this submitted manuscript is
available from https://github.com/smrt-model/smrt (Picard et al.,
2025).

Data availability. The AMSR2 data are publicly available from
the JAXA website (https://eolp.jaxa.jp/GCOM-W_AMSR2_
LIR_TB.html, last access: 18 February 2026). ASCAT data are
publicly available at the Eumetsat Earth Observation Portal (https:
//data.eumetsat.int/data/map/EO:EUM:DAT:-METOP:ASCSZF1B,
last access: 18 February 2026). QuikSCAT and OSCAT data
are publicly available on the NASA Scatterometer Climate
Record Pathfinder website (https://www.scp.byu.edu, last access:
18 February 2026).

Author contributions. LEB ran the simulations and wrote the
manuscript. All authors read and commented on the manuscript.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. Ghislain Picard was supported by the French
Polar Institute (IPEV) project number 1110. We thank the editor and
two anonymous reviewers for their valuable comments that helped
improve the manuscript.

Review statement. This paper was edited by Lars Kaleschke and
reviewed by two anonymous referees.

https://doi.org/10.5194/tc-20-1297-2026

References

Albert, M., Shuman, C., Courville, Z., Bauer, R., Fahnestock, M.,
and Scambos, T.: Extreme firn metamorphism: impact of decades
of vapor transport on near-surface firn at a low-accumulation
glazed site on the East Antarctic plateau, Ann. Glaciol., 39, 73—
78, https://doi.org/10.3189/172756404781814041, 2004.

Bingham, A. and Drinkwater, M.: Recent changes in the microwave
scattering properties of the Antarctic ice sheet, IEEE T. Geosci.
Remote, 38, 1810-1820, https://doi.org/10.1109/36.851765,
2000.

Black, G.: Icy Galilean satellites: 70 cm radar results from Arecibo,
Icarus, 151, 160-166, https://doi.org/10.1006/icar.2001.6615,
2001.

Bland, M. T., McKinnon, W. B., and Schenk, P. M.: Constrain-
ing the heat flux between Enceladus’ tiger stripes: numerical
modeling of funiscular plains formation, Icarus, 260, 232-245,
https://doi.org/10.1016/j.icarus.2015.07.016, 2015.

Bonnefoy, L. E., Le Gall, A., Lellouch, E., Leyrat, C,
Janssen, M., and Sultana, R.: Rhea’s subsurface probed
by the Cassini radiometer: insights into its thermal, struc-
tural, and compositional properties, Icarus, 352, 113947,
https://doi.org/10.1016/j.icarus.2020.113947, 2020.

Bonnefoy, L. E., Lellouch, E., Le Gall, A., Lestrade, J.-
F., Moreno, R., Butler, B., Boissier, J., Leyrat, C., Sul-
tana, R., Cavalié, T., Gurwell, M., Moullet, A., Ladje-
late, B., and Ponthieu, N.: Microwave spectra of the lead-
ing and trailing hemispheres of Iapetus, Icarus, 115950,
https://doi.org/10.1016/j.icarus.2024.115950, 2024.

Brodzik, M., Billingsley, B., Haran, T., Raup, B., and Savoie, M.:
Correction: Brodzik, M. J., et al. EASE-Grid 2.0: In-
cremental but Significant Improvements for Earth-Gridded
Data Sets, ISPRS Int. Geo-Inf., 1, 32-45, 3, 1154-1156,
https://doi.org/10.3390/ijgi3031154, 2014.

Brodzik, M. J., Billingsley, B., Haran, T., Raup, B., and
Savoie, M. H.: EASE-Grid 2.0: incremental but significant im-
provements for earth-gridded data sets, ISPRS Int. Geo-Inf., 1,
3245, https://doi.org/10.3390/ijgi1010032, 2012.

Brown, S., Zhang, Z., Bolton, S., Bonnefoy, L. E., Er-
makov, A., Feng, J., Hartogh, P, Levin, S., Misra, S.,
Siegler, M., and Stevenson, D.: Microwave observations
of Ganymede’s sub-surface ice: I. Ice temperature and
structure, J. Geophys. Res.-Planet., 128, €2022JE007609,
https://doi.org/10.1029/2022JE007609, 2023.

Brucker, L., Picard, G., and Fily, M.: Snow grain-
size profiles deduced from microwave snow emis-
sivities in  Antarctica, J.  Glaciol.,, 56, 514-526,

https://doi.org/10.3189/002214310792447806, 2010.

Brucker, L., Picard, G., Arnaud, L., Barnola, J.-M., Schneebeli, M.,
Brunjail, H., Lefebvre, E., and Fily, M.: Modeling time series of
microwave brightness temperature at Dome C, Antarctica, using
vertically resolved snow temperature and microstructure mea-
surements, J. Glaciol., 57, 171-182, 2011.

Carvano, J., Migliorini, A., Barucci, A., and Segura, M.: Con-
straining the surface properties of Saturn’s icy moons, us-
ing Cassini/CIRS emissivity spectra, Icarus, 187, 574-583,
https://doi.org/10.1016/j.icarus.2006.09.008, 2007.

Ciarniello, M., Capaccioni, F., Filacchione, G., Clark, R., Cruik-
shank, D., Cerroni, P.,, Coradini, A., Brown, R., Buratti, B.,
Tosi, F., and Stephan, K.: Hapke modeling of Rhea surface

The Cryosphere, 20, 1297-1314, 2026


https://github.com/smrt-model/smrt
https://eolp.jaxa.jp/GCOM-W_AMSR2_L1R_TB.html
https://eolp.jaxa.jp/GCOM-W_AMSR2_L1R_TB.html
https://data.eumetsat.int/data/map/EO:EUM:DAT:METOP:ASCSZF1B
https://data.eumetsat.int/data/map/EO:EUM:DAT:METOP:ASCSZF1B
https://www.scp.byu.edu
https://doi.org/10.3189/172756404781814041
https://doi.org/10.1109/36.851765
https://doi.org/10.1006/icar.2001.6615
https://doi.org/10.1016/j.icarus.2015.07.016
https://doi.org/10.1016/j.icarus.2020.113947
https://doi.org/10.1016/j.icarus.2024.115950
https://doi.org/10.3390/ijgi3031154
https://doi.org/10.3390/ijgi1010032
https://doi.org/10.1029/2022JE007609
https://doi.org/10.3189/002214310792447806
https://doi.org/10.1016/j.icarus.2006.09.008

1312 L. E. Bonnefoy et al.: Ice observed with passive-active microwaves

properties through Cassini-VIMS spectra, Icarus, 214, 541-555,
https://doi.org/10.1016/j.icarus.2011.05.010, 2011.

Coléou, C., Lesaffre, B., Brzoska, J.-B., Ludwig, W,
and Boller, E.: Three-dimensional snow images by
X-ray microtomography, Ann. Glaciol., 32, 75-81,

https://doi.org/10.3189/172756401781819418, 2001.

Courville, Z. R., Albert, M. R., Fahnestock, M. A., Cath-
les, L. M., and Shuman, C. A.: Impacts of an accumu-
lation hiatus on the physical properties of firn at a low-
accumulation polar site, J. Geophys. Res., 112, F02030,
https://doi.org/10.1029/2005JF000429, 2007.

Culberg, R., Schroeder, D. M., and Steinbriigge, G.: Double ridge
formation over shallow water sills on Jupiter’s moon Europa,
Nat. Commun., 13, 2007, https://doi.org/10.1038/s41467-022-
29458-3, 2022.

Fahnestock, M. A., Scambos, T. A., Shuman, C. A., Arth-
ern, R. J., Winebrenner, D. P, and Kwok, R.: Snow
megadune fields on the East Antarctic plateau: extreme
atmosphere-ice interaction, Geophys. Res. Lett., 27, 3719-3722,
https://doi.org/10.1029/1999GL011248, 2000.

Ferrari, C. and Lucas, A.: Low thermal inertias of icy planetary
surfaces: evidence for amorphous ice?, Astron. Astrophys., 588,
A133, https://doi.org/10.1051/0004-6361/201527625, 2016.

Figa-Saldafia, J., Wilson, J. J., Attema, E., Gelsthorpe, R., Drinkwa-
ter, M. R., and Stoffelen, A.: The advanced scatterometer (AS-
CAT) on the meteorological operational (MetOp) platform: a fol-
low on for European wind scatterometers, Can. J. Remote Sens.,
28, 404412, https://doi.org/10.5589/m02-035, 2002.

Frezzotti, M., Gandolfi, S., Marca, F. L., and Urbini, S.:
Snow dunes and glazed surfaces in Antarctica: new
field and remote-sensing data, Ann. Glaciol., 34, 81-88,
https://doi.org/10.3189/172756402781817851, 2002.

Gallet, J.-C., Domine, E., Zender, C. S., and Picard, G.: Measure-
ment of the specific surface area of snow using infrared re-
flectance in an integrating sphere at 1310 and 1550 nm, The
Cryosphere, 3, 167-182, https://doi.org/10.5194/tc-3-167-2009,
2009.

Grenfell, T. C. and Warren, S. G.: Representation of a nonspherical
ice particle by a collection of independent spheres for scatter-
ing and absorption of radiation, J. Geophys. Res.-Atmos., 104,
31697-31709, 1999.

Hapke, B.: Coherent backscatter and the radar characteristics of
outer planet satellites, Icarus, 88, 407-417, 1990.

Hapke, B.: Theory of  Reflectance and
tance Spectroscopy, Cambridge  University
https://doi.org/10.1017/CB0O9781139025683, 2012.

Hill, J. C. and Long, D. G.: Extension of the QuikSCAT sea ice
extent data set with OSCAT data, IEEE Geosci. Remote S., 14,
92-96, https://doi.org/10.1109/LGRS.2016.2630010, 2017.

Hobley, D. E. J., Moore, J. M., Howard, A. D., and Umurhan, O. M.:
Formation of metre-scale bladed roughness on Europa’s
surface by ablation of ice, Nat. Geosci., 11, 901-904,
https://doi.org/10.1038/s41561-018-0235-0, 2018.

Hofgartner, J. D. and Hand, K. P.: A continuum of icy satellites’
radar properties explained by the coherent backscatter effect,
Nature Astronomy, https://doi.org/10.1038/s41550-023-01920-
2,2023.

Emit-
Press,

The Cryosphere, 20, 1297-1314, 2026

Horhold, M. W., Kipfstuhl, S., Wilhelms, F., Freitag, J., and Fren-
zel, A.: The densification of layered polar firn, J. Geophys. Res.-
Earth, 116, https://doi.org/10.1029/2009JF001630, 2011.

Howett, C., Spencer, J., Pearl, J., and Segura, M.: Ther-
mal inertia and bolometric bond albedo values for Mi-
mas, Enceladus, Tethys, Dione, Rhea and Iapetus as de-
rived from Cassini/CIRS measurements, Icarus, 206, 573-593,
https://doi.org/10.1016/].icarus.2009.07.016, 2010.

Howett, C., Spencer, J., Hurford, T., Verbiscer, A., and Segura, M.:
Thermal properties of Rhea’s poles: evidence for a meter-
deep unconsolidated subsurface layer, Icarus, 272, 140-148,
https://doi.org/10.1016/j.icarus.2016.02.033, 2016.

Inoue, R., Fujita, S., Kawamura, K., Oyabu, 1., Nakazawa, F.,
Motoyama, H., and Aoki, T.: Spatial distribution of verti-
cal density and microstructure profiles in near-surface firn
around Dome Fuji, Antarctica, The Cryosphere, 18, 425-449,
https://doi.org/10.5194/tc-18-425-2024, 2024.

Ito, G., Kolokolova, L., Petrov, D., and Pitman, K. M.:
Packed media radiative-transfer modeling with Gaussian
particles: application to spectra of icy regolith of Sat-
urnian satellites, J. Quant. Spectrosc. Ra., 291, 108320,
https://doi.org/10.1016/j.jqsrt.2022.108320, 2022.

Janssen, M., Le Gall, A., and Wye, L.: Anomalous radar
backscatter from Titan’s surface?, Icarus, 212, 321-328,
https://doi.org/10.1016/j.icarus.2010.11.026, 2011.

Janssen, M. A., Le Gall, A., Lopes, R. M., Lorenz, R. D., Malaska,
M. J., Hayes, A. G., Neish, C. D., Solomonidou, A., Mitchell,
K. L., Radebaugh, J., Keihm, S. J., Choukroun, M., Leyrat, C.,
Encrenaz, P. J., and Mastrogiuseppe, M.: Titan’s surface at 2.18-
cm wavelength imaged by the Cassini RADAR radiometer: re-
sults and interpretations through the first ten years of observation,
Icarus, 270, 443-459, 2016.

Jaumann, R., Stephan, K., Hansen, G., Clark, R., Buratti, B.,
Brown, R., Baines, K., Newman, S., Bellucci, G., Filac-
chione, G., Coradini, A., Cruikshank, D., Griffith, C., Hib-
bitts, C., McCord, T., Nelson, R., Nicholson, P., Sotin, C., and
Wagner, R.: Distribution of icy particles across Enceladus’ sur-
face as derived from Cassini-VIMS measurements, Icarus, 193,
407-419, https://doi.org/10.1016/j.icarus.2007.09.013, 2008.

Jay Zwally, H.: Microwave emissivity and accumu-
lation rate of polar firn, J. Glaciol.,, 18, 195-215,
https://doi.org/10.3189/50022143000021304, 1977.

Knédlseder, J., Brau-Nogué, S., Coriat, M., Garnier, P., Hughes, A.,
Martin, P., and Tibaldo, L.: Estimate of the carbon footprint of as-
tronomical research infrastructures, Nature Astronomy, 6, 503—
513, https://doi.org/10.1038/s41550-022-01612-3, 2022.

Kohonen, T.: The self-organizing map, P. IEEE, 78, 1464-1480,
https://doi.org/10.1109/5.58325, 1990.

Le Gall, A., Leyrat, C., Janssen, M., Keihm, S., Wye, L.,
West, R., Lorenz, R., and Tosi, F.: lapetus’ near surface ther-
mal emission modeled and constrained using Cassini RADAR
radiometer microwave observations, Icarus, 241, 221-238,
https://doi.org/10.1016/j.icarus.2014.06.011, 2014.

Le Gall, A., Leyrat, C., Janssen, M. A., Choblet, G., To-
bie, G., Bourgeois, O., Lucas, A., Sotin, C., Howett, C.,
Kirk, R., Lorenz, R. D., West, R. D., Stolzenbach, A.,
Massé, M., Hayes, A. H., Bonnefoy, L., Veyssiere, G., and Pa-
ganelli, F.: Thermally anomalous features in the subsurface of

https://doi.org/10.5194/tc-20-1297-2026


https://doi.org/10.1016/j.icarus.2011.05.010
https://doi.org/10.3189/172756401781819418
https://doi.org/10.1029/2005JF000429
https://doi.org/10.1038/s41467-022-29458-3
https://doi.org/10.1038/s41467-022-29458-3
https://doi.org/10.1029/1999GL011248
https://doi.org/10.1051/0004-6361/201527625
https://doi.org/10.5589/m02-035
https://doi.org/10.3189/172756402781817851
https://doi.org/10.5194/tc-3-167-2009
https://doi.org/10.1017/CBO9781139025683
https://doi.org/10.1109/LGRS.2016.2630010
https://doi.org/10.1038/s41561-018-0235-0
https://doi.org/10.1038/s41550-023-01920-2
https://doi.org/10.1038/s41550-023-01920-2
https://doi.org/10.1029/2009JF001630
https://doi.org/10.1016/j.icarus.2009.07.016
https://doi.org/10.1016/j.icarus.2016.02.033
https://doi.org/10.5194/tc-18-425-2024
https://doi.org/10.1016/j.jqsrt.2022.108320
https://doi.org/10.1016/j.icarus.2010.11.026
https://doi.org/10.1016/j.icarus.2007.09.013
https://doi.org/10.3189/S0022143000021304
https://doi.org/10.1038/s41550-022-01612-3
https://doi.org/10.1109/5.58325
https://doi.org/10.1016/j.icarus.2014.06.011

L. E. Bonnefoy et al.: Ice observed with passive-active microwaves 1313

Enceladus’s south polar terrain, Nature Astronomy, 1, 0063,
https://doi.org/10.1038/s41550-017-0063, 2017.

Le Gall, A., West, R. D., and Bonnefoy, L. E.: Dust and snow cover
on Saturn’s icy moons, Geophys. Res. Lett., 46, 11747-11755,
https://doi.org/10.1029/2019GL084218, 2019.

Le Gall, A., Bonnefoy, L., Sultana, R., Leyrat, C., Janssen, M.,
Wall, S., and Lellouch, E.: Microwaving Mimas, Enceladus,
Tethys, Dione, Rhea, Iapetus and Phoebe: insights into the re-
golith properties and geological history of Saturn’s icy satellites,
Icarus, 115446, https://doi.org/10.1016/j.icarus.2023.115446,
2023.

Leduc-Leballeur, M., Picard, G., Mialon, A., Arnaud, L., Lefeb-
vre, E., Possenti, P, and Kerr, Y.: Modeling L-band bright-
ness temperature at Dome C in Antarctica and comparison with
SMOS observations, IEEE T. Geosci. Remote, 53, 4022-4032,
https://doi.org/10.1109/TGRS.2015.2388790, 2015.

Lindell, D. B. and Long, D. G.: Multiyear Arctic sea ice classifica-
tion using OSCAT and QuikSCAT, IEEE T. Geosci. Remote, 54,
167-175, https://doi.org/10.1109/TGRS.2015.2452215, 2016.

Maeda, T., Taniguchi, Y., and Imaoka, K.: GCOM-WI1
AMSR?2 level 1R product: dataset of brightness tem-
perature modified wusing the antenna pattern match-
ing technique, IEEE T. Geosci. Remote, 54, 770-782,
https://doi.org/10.1109/TGRS.2015.2465170, 2016.

Marc, O., Barret, M., Biancamaria, S., Dassas, K., Firmin, A.,
Gandois, L., Gheusi, F, Kuppel, S., Maisonobe, M.,
Mialon, A., Monnier, L., Pantillon, F, and Tou-
blanc, F.: Comprehensive carbon footprint of Earth
and environmental science laboratories: implications
for sustinable scientific practice, ESS Open Archive,
https://doi.org/10.22541/essoar.170965077.73149239/v1,

2024.

Markkanen, J. and Penttild, A.: Extension of radiative trans-
fer coherent backscattering RT-CB code to dense discrete
random media, J. Quant. Spectrosc. Ra., 310, 108733,
https://doi.org/10.1016/j.jqsrt.2023.108733, 2023.

Martin, E. S., Whitten, J. L., Kattenhorn, S. A., Collins, G. C.,
Southworth, B. S., Wiser, L. S., and Prindle, S.: Mea-
surements of regolith thicknesses on Enceladus: uncover-
ing the record of plume activity, Icarus, 392, 115369,
https://doi.org/10.1016/j.icarus.2022.115369, 2023.

Matzler, C., Rosenkranz, P., Battaglia, A., and Wigneron, J.-P.:
Thermal Microwave Radiation — Applications for Remote Sens-
ing, Vol. 52, https://doi.org/10.1049/PBEW052E, 2006.

Mergny, C. and Schmidt, F.: Gravity-induced ice compaction
and subsurface porosity on icy moons, Icarus, 413, 116008,
https://doi.org/10.1016/j.icarus.2024.116008, 2024.

Molaro, J. L., Choukroun, M., Phillips, C. B., Phelps, E. S,
Hodyss, R., Mitchell, K. L., Lora, J. M., and Meirion-Griffith, G.:
The microstructural evolution of water ice in the solar sys-
tem through sintering, J. Geophys. Res.-Planet., 124, 243-277,
https://doi.org/10.1029/2018JE005773, 2019.

Montpetit, B., Royer, A., Roy, A., Langlois, A., and Derk-
sen, C.: Snow microwave emission modeling of ice lenses
within a snowpack using the microwave emission model for
layered snowpacks, IEEE T. Geosci. Remote, 51, 47054717,
https://doi.org/10.1109/TGRS.2013.2250509, 2013.

Muinonen, K. and Penttild, A.: Scattering matrices of
particle ensembles analytically decomposed into pure

https://doi.org/10.5194/tc-20-1297-2026

Mueller matrices, J. Quant. Spectrosc. Ra., 324, 109058,
https://doi.org/10.1016/j.jqsrt.2024.109058, 2024.

Ostro, S. J. and Shoemaker, E. M.: The extraordinary radar
echoes from Europa, Ganymede, and Callisto: a geological
perspective, Icarus, 85, 335-345, https://doi.org/10.1016/0019-
1035(90)90121-0, 1990.

Ostro, S. J., West, R. D., Janssen, M. A., Lorenz, R. D., Ze-
bker, H. A., Black, G. J., Lunine, J. I., Wye, L. C., Lopes, R. M.,
Wall, S. D., Elachi, C., Roth, L., Hensley, S., Kelleher, K., Hamil-
ton, G. A., Gim, Y., Anderson, Y. Z., Boehmer, R. A., and John-
son, W. T.: Cassini RADAR observations of Enceladus, Tethys,
Dione, Rhea, lapetus, Hyperion, and Phoebe, Icarus, 183, 479—
490, https://doi.org/10.1016/j.icarus.2006.02.019, 2006.

Ostro, S., West, R., Wye, L., Zebker, H., Janssen, M., Stiles, B.,
Kelleher, K., Anderson, Y., Boehmer, R., Callahan, P., Gim, Y.,
Hamilton, G., Johnson, W., Veeramachaneni, C., and Lorenz, R.:
New Cassini RADAR Results for Saturn’s icy satellites, Icarus,
206, 498-506, https://doi.org/10.1016/j.icarus.2009.07.041,
2010.

Painter, T. H., Molotch, N. P., Cassidy, M., Flanner, M., and
Steffen, K.: Contact spectroscopy for determination of stratig-
raphy of snow optical grain size, J. Glaciol., 53, 121-127,
https://doi.org/10.3189/172756507781833947, 2007.

Picard, G., Brucker, L., Fily, M., Gallée, H., and Krin-
ner, G.: Modeling time series of microwave bright-
ness temperature in Antarctica, J. Glaciol.,, 55, 537-551,
https://doi.org/10.3189/002214309788816678, 2009.

Picard, G., Domine, F., Krinner, G., Arnaud, L., and Lefebvre, E.:
Inhibition of the positive snow-albedo feedback by precipita-
tion in interior Antarctica, Nat. Clim. Change, 2, 795-798,
https://doi.org/10.1038/nclimate1590, 2012.

Picard, G., Brucker, L., Roy, A., Dupont, F., Fily, M., Royer, A.,
and Harlow, C.: Simulation of the microwave emission of multi-
layered snowpacks using the Dense Media Radiative transfer the-
ory: the DMRT-ML model, Geosci. Model Deyv., 6, 1061-1078,
https://doi.org/10.5194/gmd-6-1061-2013, 2013.

Picard, G., Royer, A., Arnaud, L., and Fily, M.: Influence of
meter-scale wind-formed features on the variability of the mi-
crowave brightness temperature around Dome C in Antarc-
tica, The Cryosphere, 8, 1105-1119, https://doi.org/10.5194/tc-
8-1105-2014, 2014.

Picard, G., Sandells, M., and Lowe, H.: SMRT: an active—
passive microwave radiative transfer model for snow with mul-
tiple microstructure and scattering formulations (v1.0), Geosci.
Model Dev., 11, 2763-2788, https://doi.org/10.5194/gmd-11-
2763-2018, 2018.

Picard, G., Lowe, H., Domine, F., Arnaud, L., Larue, F., Favier, V.,
Le Meur, E., Lefebvre, E., Savarino, J., and Royer, A.: The
microwave snow grain size: a new concept to predict satel-
lite observations over snow-covered regions, AGU Advances, 3,
https://doi.org/10.1029/2021 AV000630, 2022a.

Picard, G., Lowe, H., and Mitzler, C.: Brief communication: A con-
tinuous formulation of microwave scattering from fresh snow to
bubbly ice from first principles, The Cryosphere, 16, 3861-3866,
https://doi.org/10.5194/tc-16-3861-2022, 2022b.

Picard, G. et al..: smrt-model/smrt: v1.5 with more strict
dependencies constraints (v1.5.1), Zenodo [code],
https://doi.org/10.5281/zenodo.15807924, 2025.

The Cryosphere, 20, 1297-1314, 2026


https://doi.org/10.1038/s41550-017-0063
https://doi.org/10.1029/2019GL084218
https://doi.org/10.1016/j.icarus.2023.115446
https://doi.org/10.1109/TGRS.2015.2388790
https://doi.org/10.1109/TGRS.2015.2452215
https://doi.org/10.1109/TGRS.2015.2465170
https://doi.org/10.22541/essoar.170965077.73149239/v1
https://doi.org/10.1016/j.jqsrt.2023.108733
https://doi.org/10.1016/j.icarus.2022.115369
https://doi.org/10.1049/PBEW052E
https://doi.org/10.1016/j.icarus.2024.116008
https://doi.org/10.1029/2018JE005773
https://doi.org/10.1109/TGRS.2013.2250509
https://doi.org/10.1016/j.jqsrt.2024.109058
https://doi.org/10.1016/0019-1035(90)90121-O
https://doi.org/10.1016/0019-1035(90)90121-O
https://doi.org/10.1016/j.icarus.2006.02.019
https://doi.org/10.1016/j.icarus.2009.07.041
https://doi.org/10.3189/172756507781833947
https://doi.org/10.3189/002214309788816678
https://doi.org/10.1038/nclimate1590
https://doi.org/10.5194/gmd-6-1061-2013
https://doi.org/10.5194/tc-8-1105-2014
https://doi.org/10.5194/tc-8-1105-2014
https://doi.org/10.5194/gmd-11-2763-2018
https://doi.org/10.5194/gmd-11-2763-2018
https://doi.org/10.1029/2021AV000630
https://doi.org/10.5194/tc-16-3861-2022
https://doi.org/10.5281/zenodo.15807924

1314 L. E. Bonnefoy et al.: Ice observed with passive-active microwaves

Porter, S. B., Desch, S. J., and Cook, J. C.: Micrometeorite impact
annealing of ice in the outer solar system, Icarus, 208, 492498,
https://doi.org/10.1016/j.icarus.2010.01.031, 2010.

Proksch, M., Mitzler, C., Wiesmann, A., Lemmetyinen, J.,
Schwank, M., Lowe, H., and Schneebeli, M.: MEMLS3&a:
Microwave Emission Model of Layered Snowpacks adapted
to include backscattering, Geosci. Model Dev., 8, 2611-2626,
https://doi.org/10.5194/gmd-8-2611-2015, 2015.

Ries, P. A. and Janssen, M.: A large-scale anomaly in
Enceladus’ microwave emission, Icarus, 257, 88-102,
https://doi.org/10.1016/j.icarus.2015.04.030, 2015.

Rignot, E.: Backscatter model for the unusual radar properties
of the Greenland ice sheet, J. Geophys. Res., 100, 9389,
https://doi.org/10.1029/95JE00485, 1995.

Rignot, E. J., Ostro, S. J., van Zyl, J. J., and Jezek, K. C.: Unusual
radar echoes from the Greenland ice sheet, Science, 261, 1710—
1713, https://doi.org/10.1126/science.261.5129.1710, 1993.

Rosenkranz, P.: Line-by-line microwave radiative transfer
(non-scattering), Remote Sens. Code Library [data set],
https://doi.org/10.21982/M81013, 2017.

Royer, A., Roy, A., Montpetit, B., Saint-Jean-Rondeau, O., Pi-
card, G., Brucker, L., and Langlois, A.: Comparison of
commonly-used microwave radiative transfer models for snow
remote sensing, Remote Sens. Environ., 190, 247-259, 2017.

Scambos, T., Frezzotti, M., Haran, T., Bohlander, J., Lenaerts, J.,
Van Den Broeke, M., Jezek, K., Long, D., Urbini, S., Farness, K.,
Neumann, T., Albert, M., and Winther, J.-G.: Extent of low-
accumulation ‘wind glaze’ areas on the East Antarctic plateau:
implications for continental ice mass balance, J. Glaciol., 58,
633-647, https://doi.org/10.3189/2012J0G11J232, 2012.

Soriot, C., Picard, G., Prigent, C., Frappart, F., and Domine, F.:
Year-round sea ice and snow characterization from com-
bined passive and active microwave observations and radia-
tive transfer modeling, Remote Sens. Environ., 278, 113061,
https://doi.org/10.1016/j.rse.2022.113061, 2022.

Stefanini, C., Macelloni, G., Leduc-Leballeur, M., Favier, V., Pohl,
B., and Picard, G.: Extreme events of snow grain size increase in
East Antarctica and their relationship with meteorological condi-
tions, The Cryosphere, 18, 593-608, https://doi.org/10.5194/tc-
18-593-2024, 2024.

The Cryosphere, 20, 1297-1314, 2026

Stefko, M., Leinss, S., Frey, O., and Hajnsek, 1.: Coherent
backscatter enhancement in bistatic Ku- and X-band radar
observations of dry snow, The Cryosphere, 16, 2859-2879,
https://doi.org/10.5194/tc-16-2859-2022, 2022.

Taffin, C., Grasset, O., Le Menn, E., Bollengier, O., Giraud, M., and
Le Mouélic, S.: Temperature and grain size dependence of near-
IR spectral signature of crystalline water ice: from lab experi-
ments to Enceladus’ south pole, Planet. Space Sci., 61, 124-134,
https://doi.org/10.1016/j.pss.2011.08.015, 2012.

Tan, S., Aksoy, M., Brogioni, M., Macelloni, G., Du-
rand, M., Jezek, K. C., Wang, T.-L., Tsang, L., John-
son, J. T., Drinkwater, M. R., and Brucker, L.: Physical
models of layered polar firn brightness temperatures from
0.5 to 2 GHz, IEEE J. Sel. Top. Appl., 8, 3681-3691,
https://doi.org/10.1109/JSTARS.2015.2403286, 2015.

Torquato, S. and Kim, J.: Nonlocal effective electromag-
netic wave characteristics of composite media: be-
yond the quasistatic regime, Phys. Rev. X, 11, 021002,
https://doi.org/10.1103/PhysRevX.11.021002, 2021.

Traversa, G., Fugazza, D., and Frezzotti, M.: Megadunes
in Antarctica: migration and characterization from remote
and in situ observations, The Cryosphere, 17, 427-444,
https://doi.org/10.5194/tc-17-427-2023, 2023.

Van Den Broeke, M.: Depth and density of the
Antarctic  firn  layer, Arct. Antarct. Alp. Res.,
40, 432-438, https://doi.org/10.1657/1523-0430(07-

021)[BROEKE]2.0.C0O;2, 2008.

Wilson, A. R.: Advanced Methods of Life Cycle Assessment
for Space Systems, PhD thesis, University of Strathclyde,
https://doi.org/10.48730/nrjb-r655, 2019.

Wye, L. C., Zebker, H. A., Ostro, S. J., West, R. D., Gim, Y.,
Lorenz, R. D., and the Cassini RADAR Team: Electri-
cal properties of Titan’s surface from Cassini RADAR
scatterometer ~ measurements,  Icarus, 188,  367-385,
https://doi.org/10.1016/j.icarus.2006.12.008, 2007.

Zhang, Z., Brown, S., Bolton, S., Levin, S., Adumitroaie, V.,
Bonnefoy, L. E., Feng, J., Hartogh, P., Lunine, J., Misra, S.,
and Siegler, M.: Microwave observations of Ganymede’s sub-
surface ice: 2. Reflected radiation, Geophys. Res. Lett., 50,
€2022GL101565, https://doi.org/10.1029/2022GL 101565, 2023.

https://doi.org/10.5194/tc-20-1297-2026


https://doi.org/10.1016/j.icarus.2010.01.031
https://doi.org/10.5194/gmd-8-2611-2015
https://doi.org/10.1016/j.icarus.2015.04.030
https://doi.org/10.1029/95JE00485
https://doi.org/10.1126/science.261.5129.1710
https://doi.org/10.21982/M81013
https://doi.org/10.3189/2012JoG11J232
https://doi.org/10.1016/j.rse.2022.113061
https://doi.org/10.5194/tc-18-593-2024
https://doi.org/10.5194/tc-18-593-2024
https://doi.org/10.5194/tc-16-2859-2022
https://doi.org/10.1016/j.pss.2011.08.015
https://doi.org/10.1109/JSTARS.2015.2403286
https://doi.org/10.1103/PhysRevX.11.021002
https://doi.org/10.5194/tc-17-427-2023
https://doi.org/10.1657/1523-0430(07-021)[BROEKE]2.0.CO;2
https://doi.org/10.1657/1523-0430(07-021)[BROEKE]2.0.CO;2
https://doi.org/10.48730/nrjb-r655
https://doi.org/10.1016/j.icarus.2006.12.008
https://doi.org/10.1029/2022GL101565

	Abstract
	Introduction
	Remote sensing data
	Multi-frequency radiometry: AMSR2
	C-band scatterometry: ASCAT
	Ku-band scatterometry: QuikSCAT and OSCAT

	Method
	SMRT model configuration
	Snowpack model and parameters

	Results and interpretation
	Uniform density or grain size
	Variable density and optical radius, without an ice crust
	With an ice crust

	Discussion
	Wind-glazed regions of Antarctica as an analog for Saturn's icy moons
	Implications for Saturn's icy moons

	Conclusions
	Environmentally responsible research
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Review statement
	References

