Response to the referee 1

The authors have addressed most of my earlier questions and made substantial modifications to
the manuscript. The paper is now much clearer and significantly improved. I believe it makes
a valuable contribution to the field, and I would recommend it for publication once the
remaining concerns are addressed. Thanks!

We sincerely thank the reviewer for his/her positive appreciation of the changes made to the
manuscript.

1.

Line 25. The authors mention “radiative transfer calculations,” but it is not clear what is
meant by this. Does this refer to a specific model, or more generally to all classes of
radiative transfer approaches? I assume it may be the Hapke model as used in Le Gall et al.
(2023), but this should be specified explicitly for clarity.

The text has been clarified:

‘So far radiative transfer calculations assuming purely-random scattering (e.g., Hapke
(1990; 2012), Janssen et al., 2011) have been unable to simultaneously reproduce active
(radar) and passive (radiometric) observations at the same frequency. The Cassini Radar
instrument, operating in the Ku-band (13.78 GHz frequency; 2.2 cm wavelength), measured
higher-than-expected backscatter pointing to the possible presence of organized efficient
retro-scattering structures (Le Gall et al., 2023).”
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2016. Titan’s surface at 2.18-cm wavelength imaged by the Cassini RADAR radiometer:
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Line 49. I am still a bit confused here. The long-standing issue for icy moons is that they
exhibit both high radar albedo and high emissivity. In that case, why was this Antarctic
region chosen, since it shows strong scattering (which leads to high radar albedo) but exhibit
low emissivity? As an analog to the icy moons, wouldn’t it be more appropriate to examine
a region that exhibits both high scattering and high emissivity just like the icy moons? In
the author’s reply to Lines 161-164, they mentioned: “The second reason relates to the
objective of the study, which is to discuss the high backscatter / low emissivity issue on the
icy moon and its Antarctic analog.” But isn’t the icy moon problem in fact high backscatter
/ high emissivity, rather than high backscatter / low emissivity?

The reviewer is correct. Our response to the comment was ambiguous. The intended
meaning is “higher than expected backscatter given the measured emissivity.” This does not
mean that the emissivities themselves are high, but rather that the backscatter values are
higher than expected, based on the tested radiative transfer models assuming purely-random
scattering (see Le Gall et al., 2023). In other words, the models well reproduce the recorded
emissivity values but fail to reach the high measured radar albedos and backscatters values.



3. Line 440

The author replied: “It is not our intention to “account for the Coherent Backscatter
Opposition Effect”, because of the difficulties evoked by the reviewer and in our manuscript
in the conclusion. Instead, we intent to test the hypothesis already invoked in the literature
whether CBOE could explain the Saturn passive-active observations or not, as described
L396. The answer to our test is “yes, it could” for some Saturn moons, and “yes it could
improve but is insufficient” for Enceladus (L400). Our text makes it explicit twice that the
factor of 2 is the theoretical maximum and we carefully crafted this paragraph to match our
intention, and avoid overselling this result. The sentence L400 using “consistent” and
“insufficient” is moderate.

Nevertheless, we would like to note here (but not in the main text) that the extremely high
values of backscatter are indicative of extremely high single scattering albedo. In this case,
cyclical multiple scattering mechanisms subject to CBOE are likely to represent a large
proportion of the mechanisms, and the amplifying factor could approach the value of 2.
These results motivate further work to investigate this hypothesis using proper
electromagnetic calculations.”

I am still not fully convinced by this part. I understand that the goal of the paper is not to
compute CBOE in detail, but rather to demonstrate that the method can be applied to icy
moons and potentially address the high backscatter / high emissivity problem. However,
since CBOE is known to play an important role in this context, I think the authors should at
least incorporate a more reasonable approximation rather than simply applying a factor of
two, which is not strictly correct. This seems important in order to assess whether the
method truly has the potential to resolve the icy moon problem.

At present, the manuscript applies a factor of two to the total backscatter, but this is not the
true theoretical upper limit. The factor of two is the theoretical upper limit only to the
multiple scattering component, not to the entire backscatter signal. As the authors
themselves note in their reply, “extremely high values of backscatter are indicative of
extremely high single scattering albedo”, which means the multiple-scattering contribution
is only a fraction of the modeled output backscatter. In that case, the factor of two could
only be applied to part of the backscatter value, not the whole. This adjustment would likely
bring down the “yellow dots” in Fig. 8. Consequently, it is not clear whether the
conclusion—that the results are consistent with some Saturnian moons— would remain
robust.

We agree with the reviewer that the factor 2 is an upper limit, and it has been made clear in
the manuscript. At this stage, unfortunately, we do not identify a straightforward yet
efficient method to explicitly model the CBOE within the SMRT framework. Addressing
this limitation will require further theoretical and numerical developments, which we plan
to pursue in future work.

We do not claim that the proposed method fully resolves the “icy moon problem.” However,
we believe that the experience gained and the results obtained from applying the SMRT
model to Earth analogs provide a solid foundation for improving our understanding of the
icy moon radar and radiometric signatures.



Response to referee 2

The authors have improved the manuscript, however, the paper can still be improved in the
following aspects:

1. The first 2 questions in the last round of review I asked about the up-shot of the paper. This
is because in the introduction, the goal of the paper is still not clear to me. I spend most of my
time working on polar region, but not on icy moons. I would ask the following questions after
reading the introduction and would suggest the answers are integrated into the introduction.
The questions may be naive in the authors perspective, but would be useful for general readers.

a. The authors want to find an analogy of icy moon surfaces on earth. Why would it be
significant?

‘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
experience and measurements to help interpret the remote sensing signatures obtained by radars
and radiometers elsewhere in the solar system.’

This has been added to the text.

b. The authors want to claim that polar ice sheets on earth are good candidates for icy moon
environments. How could this analogy be drawn? In another word, in what aspect the icy
moon and polar region on earth are similar? In terms of environment? Or in terms of active
and passive microwave signatures? The author said *To find analog of these environments
on Earth, we therefore turn to cold, radar-bright snow and porous ice’, it would be great if
the authors can elaborate further on this point.

The third paragraph of the introduction has been clarified and modified, adding part of the
discussion section as suggested by the reviewer (see below Comment 4):

“To identify an appropriate 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 information and comprehensive remote sensing datasets to support model configuration
and hypothesis testing. Our primary selection criteria include regions that exhibit strong radar
backscatter and are covered by dry, deep, and relatively stable snow (i.e., with minimal
precipitation). Until now, Earth analogs used to interpret microwave radar observations of
Jupiter’s and Saturn’s icy moons have included the Greenland percolation zone (Rignot et al.,
1993; Rignot, 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 persistently 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, particularly 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 environments of moons, where little external material
reaches the surface, allowing the formation of structures that remain stable for years. Moreover,



the abundance of satellite observations combined with some in situ campaigns provides strong
constraints for testing modeling approaches before applying them to the more uncertain
conditions of icy moons.’

c. Very important, what are the simulations trying to show? What question can the simulation
answer? | know that SMRT can somewhat simulate the active and passive signature of
Antarctica even before the paper is submitted.

The goal is to develop a simple yet realistic snowpack representation that can produce
simulations in agreement with satellite observations for both passive and active sensing across
a wide frequency range, initially over Antarctica, before being applied to icy moons.

2. The authors claim that the current simulations are satisfactory in terms of the emissivity.
Could the authors elaborate more on this? Based on what criterion would the authors claim that
the simulations are satisfying?

Figure 7 tends to show that with a single set of snowpack characteristics, the emissivities can
be simulated within or close to the observation range (in grey in the figure), simultaneously for
most channels and polarizations, with a spectral dependence similar to the observations. It is
clear in the paper that the simulations are not satisfactory for the higher frequencies and for the
H polarization (lines 323-325). It is not the objective of this study to obtain the snowpack
parameters that fit best the average observations for each frequency and polarization (for
instance, minimizing a mean square difference), but to analyze the simulation sensitivity to the
snowpack parameters and provide a range of physically reasonable parameters.

Modeling emissivity over large frozen regions and comparing them with observations is very
challenging, especially for multiple-frequencies simultaneously, and is rarely done. Even for a
single frequency and polarization in emissivity, significant discrepancies between simulations
and observations are seen in the literature. For example, Burgard et al. (The Cryosphere, 2020)
reported differences of more than10 K (~0.04 in emissivity) at 6 GHz V polarization over large
sea ice areas, despite multiple model and input adjustments for that single channel. Obtaining
a consistent and simultaneous agreement over multiple frequencies is much more challenging.
At ECMWEF, Hirahara et al. (2020) performed simulations over continental snow and compared
them to AMSR2 observations from 6 to 89 GHz. The observed discrepancies were substantial,
particularly for horizontal polarization, and increased significantly with frequency, both in
terms of bias (>0.1 in emissivity) and standard deviation (~0.1 in emissivity). These papers
highlight the considerable challenge of achieving good agreement between simulated and
observed passive microwave signals under frozen surface conditions, especially across a broad
range of frequencies and polarizations.

3. The authors mentioned that they use the 270K to obtain the emissivity. Why would the
authors use this particular value?

The emissivity calculation is described in section 2.1. It uses the ERAS surface temperature, in
spatial and temporal coincidence with each observation. The sentence that the reviewer
mentions is only indicating the link between the emissivity and the Tbs for an example at 270
K. The sentence has been slightly changed to make it clearer:



“Note that at a frequency where the atmosphere is transparent, the radiative transfer equation
reduces to $T B = ¢ \times T$, and, for instance, a difference of 0.01 in emissivity $e$ with a
snow / ice temperature of $T$ =270 K would result in a change of 2.7 K in $T_BS$.

4. Some of the materials in the discussion section can be moved to the introduction, especially
why this region in Antarctica can be used as an analog to icy moons.

We agree with reviewer. Part of the discussion related to the selection of the Antarctica as an
analog has been moved to the introduction, with only a summary left in the discussion section.

‘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.’



