Response to referee Benjamin Hills on egusphere-2023-2731

Summary.

Oraschewski et al. describe a novel setup and implementation of the popular ApRES instrument,
specifically for SAR profiling in alpine environments. Overall, I believe that this work could be
highly impactful, particularly for alpine glaciology studies. As I describe in detail below, I believe
that some additions to the engineering discussion as well as some organizational changes could
elevate the impact of this article. It is well written and a great fit for The Cryosphere after these
minor revisions.

Author response:
Dear Dr. Benjamin Hills,

we thank you for your thorough review and constructive comments and suggestions on
our manuscript. In particular, we appreciate and agree with your suggestion that segre-
gating more clearly between the engineering and the science aspects of the manuscript
will increase its impact. We will address this by merging the proof of concept into one
section and revising the conclusion to focus more on the radar system design. We also
agree that MIMO configurations, repeat measurements and polarimetry are interesting
topics and relevant next steps in the context of our study. Following your suggestion,
we decided to include them in a section about ”Future directions”. In addition, we link
to a separate publication from our group (Ershadi et al., In press.) which addresses
some of these topics in more depth.

Kind regards,
Falk Oraschewski
on behalf of all co-authors.

Note: In the following replies and our manuscript we refer to the autonomous phase-
sensitive radio echo sounder (ApRES) only as pRES, because the presented survey type
is far from being autonomous. A similar note will also be included in the manuscript.

General Comments.

I love this, neat design and I learned a lot. My largest high-level comment is that the article, as
written, feels like it is in between a science narrative and an engineering narrative. I believe that
you are intending for this to be read as an engineering article with a scientific proof of concept,
and I think that some very minor organizational changes could help make that clearer. 1 would
completely segregate the engineering language from the site-specific scientific proof of concept,
preferably loading the engineering up front. I would also generalize the engineering discussion as I
describe in paragraphs below. Ideally, anyone who is thinking about using a pRES to do profiling
in future studies will be coming back to this article to figure out how to optimize their setup.

Author response: You are right that this manuscript follows both an engineering
approach of mobilizing the pRES and the scientific question of studying the deep stratig-
raphy of Colle Gnifetti. While the latter was the initial motivation for this study, the



manuscript now focuses mainly on the technical discussions which are more broadly
relevant and applicable. We agree that a clearer segregation between the two aspects
will be helpful for the readers. We will follow your suggestion and consolidate the proof
of concept study in one section.

However, we believe that generalizing the engineering discussion is only partially help-
ful as the specifications of the pRES (except for the chirp time which we extensively
discuss) are pretty much confined to what we are using (see below). A further gener-
alization to all FMCW radars, is similarly not feasible as we can only speculate about
the design decisions taken in future instrument development. Instead, we aim to moti-
vate and guide the future development of improved radar systems by demonstrating the
potential of using lightweight and ground-based FMCW radars for profiling and clearly
communicating the limitations of the pRES, which are not least expressed by the speci-
fication numbers. Yet, we will also expand on guiding future mobile pRES deployments,
for example by adding considerations about antenna orientations and alternative GNSS
receivers.

One plausible organization scheme could be:

1.
2.

6.

As you see in my outline above, I added a few sections which you do not currently cover (e.g. MIMO,
multipass, and polarimetry, I expand on each in the following paragraphs). Here, I am encouraging
you to consider broader use cases for this instrument rather than limiting the conversation to what
you end up doing in the example, that way you can have a bit broader impact with this article. You
could also consider adding a section (possible between Discussion and Conclusion?) on “Future

Introduction
Hardware design & Data Acquisition
e Continuous acquisition vs stop-and-go
e MIMO (might be too much for this article?)

. Data Processing

e Standard FMCW

e LoSAR

e Multipass (might be too much for this article?)

e Polarimetry (might be too much for this article?)

. Proof of Concept at Colle Gnifetti

e Site Description
e Radar Dataset

e Comparison to ice core (I would put *all* the chemistry background, results, and dis-
cussion in this one section, it is interesting but not the focus of your manuscript and

confusing when it comes up in three separate places)

. Discussion
e Mainly covers the nuance of your proof of concept (which is what you are already doing

with the Discussion).
Conclusion

Directions” where you would put some of this multipass and polarimetry language.

Sections 2 and 3 obviously have a lot of overlap and may need some consideration in how they are

folded together or not.



Author response: Thank you for your helpful suggestions on the general structure
of the manuscript. We will in particular adopt the suggestion of merging the proof of
concept study into one section and include a section on ”Future directions” (see also
the detailed replies below). Moreover, we aim to improve the guidance of the reader
by separating between hardware design and data acquisition and by including some
additional links between the sections.

ApRES specificity

I believe you are currently too specific to particular ApRES settings. In my opinion, the engineering
language would be more useful if you generalized the numbers for center frequency, bandwidth, and
chirp time (all of which can be changed in software as far as I know). Then, in your proof of concept
section you give the specifics for that particular case and use those specifics as justification for your
survey design (e.g. the stop and go surveying mode).

Author response: It is correct that the FMCW ramp of the pRES can be changed
in the settings with the configurable parameters of the pRES being the start and end
frequency of the FMCW ramp, the frequency step size (as the signal has essentially
discrete steps) and the time that each step lasts. Besides, the frequency range can
be cut in the post-processing by cutting the mixed signal before applying the spectral
analysis (Vankova et al., 2020). But except for the total chirp time which we discuss
in the manuscript and will expand with a comment about increasing noise, the default
settings of the pRES mostly exhaust the capabilities of the hardware. The upper and
lower frequency limits set by the hardware are at about 100 and 450 MHz, but because
the recorded power already decreases towards both ends, extending the frequency range
towards these limits would not directly result in a corresponding improvement of the
range resolution. In addition, the operation range of the skeleton slot antennas is also
approximately confined to the 200-400 MHz range.

As we have no data that was recorded with an increased frequency range, but also
do not expect a significant improvement in the range resolution, we want to avoid the
impression that this can be expected. Therefore, we decided against generalizing the
numbers of the bandwidth and center frequency as it is done in many other studies that
use the pRES (e.g., Brennan et al., 2014; Vankova et al., 2020; Kapai et al., 2022).

MIMO and Polarimetry

I know that this team has already been thinking about multi-input-multi-output designs, so I am
eager to know what they think that might look like for this alpine setting? Is that infeasible here?
Too heavy to carry by ski? My tendency would be to include this, even if it is presented as a
possible next direction, then go more specific to your single-channel design in the proof-of-concept
section.

If you include MIMO in the hardware section you would want to at least mention how the multiple
channels helps you, whether that be variable offset (for velocity inversions) or mult-polarization for
polarimetry.

Author response: Our team has indeed been working on MIMO and polarime-
try designs, which are addressed in a separate publication about rover-towed quad-
polarimetric radar measurements which has just been accepted for publication (Ershadi



et al., In press.). We will refer to it for a detailed discussion of mobile polarimetry
measurements.

For the main application addressed in this manuscript of profiling of mountain glaciers,
we do not think that MIMO approaches with the pRES are feasible, because the system
would become to heavy to be towable by hand. Already with two antennas a second
person was mostly needed to help in stabilizing the system or even pushing it at the
upstream profile. We think that further instrument development for FMCW systems
that operate in a higher frequency range and, thus, with smaller and lighter antennas is
necessary to make such survey types feasible. We will therefore not include a description
of how to process these type of data in the methods section, but include a discussion of
potential advantages to argue for such development efforts in the future.

Multipass

This is the other obvious use case for your design which would not need any hardware changes. If
you left out MIIMO and polarimetry that seems fine to me, but I think this should be included
because in my mind it is an obvious use case for your instrument. Specifically, what I mean is
resurveying the same profile between two different times to measure vertical velocities.

Author response: We like the idea of using the mobile pRES for repeat surveys
and will include a discussion of this potential application in the manuscript. But as
we do not have such data from different times, we are not able to fully assess and
demonstrate what efforts are needed to sufficiently correlate such repeat surveys. Our
data could give a first impression for such efforts, because we have performed a two-
fold direct repeat survey along an approximately 30 m section of the across saddle
transect. However, this data does not help in assessing how to deal with changing
englacial reflection characteristics, changing vertical positioning, horizontal positioning
uncertainty and potential changes in the radar setup. Moreover, we regard this section
as too short for clearly demonstrating the general feasibility. Therefore, we will leave a
detailed development of processing routines for repeat surveys to future studies.

Specific Comments.

Title — I would say it is a proof-of-concept at Colle Gnifetti. The current title makes it sound like
this instrument is only useful at one site.

Author response: Agreed, thank you for the suggestion. We will adjust the title to
”Layer-optimized SAR processing with a mobile phase-sensitive radar: a proof of con-
cept for detecting the deep englacial stratigraphy of Colle Gnifetti, Switzerland/Italy”.

Abstract — I believe that “(pRES)” and “(LO-SAR)” don’t need the acronym in parentheses since
you only use them once in the abstract and you redefine in the text.

Author response: We have removed ”(LO-SAR)”, but keep ” (pRES)” as we are now
using the acronym in the implemented changes for the comment on L10.



L10 — “down to the base...” you could be more specific. “Improved from 50% depth with pulsed
radar to 80% depth with lo-sar”?

Coming back to this since in the discussion you mention the ages that you resolve (78 yr vs 288 yr)
I think those are useful numbers to have in the abstrace if it is something you want to emphasize.

Author response: Thank you for the suggestion. We have included these number
into the abstract, where we now write: ”Compared to previously deployed pulsed radar
systems, with the mobile pRES the age of the oldest continuously traceable IRH could
be increased from 78 + 12 a to 288 + 35 a.

9

L25 — Instead of the in press article, there are many alternatives you could cite (Arcone et al., 2005;
Medley et al., 2013).

Author response: The in press article is published by now so that we decided to keep

it. In addition, we will include a reference to the equally relevant and more recent work
of Cavitte et al. (2018).

L34 — “neither of which are applicable. ..”
Author response: Fixed.

L57 — Instead of “invisible” I might say “unresolved”
Author response: Fixed.

L85 — I recently talked with Keith Nicholls about doing pRES profiling and he suggested that 1
shorten the chirp time. I didn’t have a lot of luck with it, but my experience has me thinking about
whether you want to change how this gets presented here. If you give some guidelines for how short
a chirp you need to profile continuously the community may come back to this paper a lot more.
I am now seeing that you do talk through some of this in the discussion, but I think talking about it
when it is introduced will be helpful (I am guessing that a lot of readers will be primarily interested
in your hardware design and processing flow).

Author response: After careful consideration of moving these technical discussions
into the methods section, we decided to keep our current approach of focusing in the
methods section on what we have actually done. These discussions do not only build
upon later chapters, but also are more extensive and might easily distract from the
applied methodology. Instead, we decided to include a statement at the end of the
methods section that redirects the interested reader directly to these discussions.

LL102-103 — as I said before, it might be more broadly useful to the community to generalize some
of the numbers here until you get to your proof-of-concept where you would give specifics.

Author response: See comment on " ApRES specificity”.



LL113-115 — I might add ‘volumetric scattering’ in line with my comment above on adding another
adjustment.

Author response: Unfortunately it is at the moment unclear to us to which sentence
this comment is referring to.

LL134-139 — This is fine to do here in my opinion, but I think it is not precisely correct since you
are compressing information over the full bandwidth to get the range in eq. 1. I might just add a
bit more nuance so people don’t misuse this approximation.

Author response: The deramped frequencies obtained from an FMCW radar signal
by compressing information over its bandwidth essentially translate into two-way travel
times and not ranges. Eq. 1, as introduced by Brennan et al. (2014) and commonly
used, takes the short-cut of directly converting the deramped frequencies into ranges by
assuming a constant permittivity (of ice). Here, we simply use a variable permittivity,
analogous to the density correction of pulsed GPR data. Both approaches are justi-
fied because the permittivity of ice and air, and accordingly also firn, do not change
considerably over the bandwidth of the pRES (Bohleber et al., 2012).

LL143-144 — I may be confused the “explicit sum”, but I believe Castelletti et al. (2019) did
something similar if not the same. They do a coherent sum in their eq. 3 and then “incoherent
averaging” as described in the subsequent paragraph. Maybe you are doing something different; if
so, more explanation would be helpful.

Author response: We will make sure to clearer communicate the similarities and
differences to Castelletti et al. (2019). A detailed explanation of these differences is
given in response to referee #1. In summary, we are first estimating the slopes of IRHs
using the corrected phase, which allows us to (i) filter the slopes before the coherent
summation and (ii) sum directly along the IRHs. Castelletti et al. essentially use the
raw signal and perform the coherent summation along range bins, where they optimize
for a phase shift that counterbalances the horizontal phase gradient of the raw phase.
Their approach provides the englacial slopes as a byproduct. The two implementations
are similar, with ours resolving closely spaced reflections slightly better. However, in
addition to this improvement, a central reason for introducing our implementation in
detail is also that it offers insights into the correct interpretation of the corrected phase
signal by demonstrating that it is constant along IRHs.

LL153-154 — This is interesting. I have actually had a lot of luck with the method from MacGregor
et al. (2015) (it is much faster as you say), but that has been with MCoRDS data and I hadn’t
considered the phase uncertainty in this way. I am interested in seeing a comparison figure although
I get that most readers are not me and this is not the emphasis of the article, so disregard unless
you think it is useful.

Author response: We agree that the approach by MacGregor et al. (2015) is generally
very useful, which is why we state that the limitations only apply ”in our data”. The



phase uncertainty in our survey is probably significantly higher than in most MCoRDS
data. This can among other things be attributed to the fact that no stacking could
be applied due to the high acquisition time, to the more complicated geometry of a
mountain glacier which causes higher spatial signal variations and to the vicinity to
sources of interfering signals. Accordingly, to filter out the resulting uncertainties some
spatial averaging is needed for our data which is provided by the LO-SAR approach.

LL159-176 — I believe this is mostly the same as Castelletti et al. (2019), correct? Either way, I
think it is important for you to write it out here (especially since the way you write it is a bit
different). Still might be worth citing them and pointing out explicitly where you are (or are not)
different.

Author response: See comment to LL.143-144, we will clearer communicate the simi-
larities and differences to Castelletti et al. (2019) and cite them again when discussing
the details of our implementation.

LL181 — comma feels like it is in a weird spot to me

Author response: Fixed.

L212 — I believe more details on “poorer data quality” could be exceedingly useful for future studies
trying to do this type of thing.

Author response: We gave these details in LL321-327. With the merging of the proof
of concept section, we will bring the two statements together.

L.214-215 — save mention of the ice core for the next section
Author response: This will be adopted with the reorganization of the manuscript.

L.230-231 — I believe this result is correct. You might add a citation to Greenland radar work and
the Holocene-glacial contrast, longer time period but similar idea.

Author response: You are right, we will include a reference to (Karlsson et al., 2013)
to support our interpretation.

1.248-249 — Nice. “should not be a more painstaking data collection using pulsed GPRs but rather
aim at accelerating the profiling capabilities of FMCW radars”. Very much agree with this.

Author response: Thank you.

L 274-278 — What is required to change the frequency band. I think you can change it in software,
but I am guessing the skeleton slots are specifically designed for this band. Could someone design
new antennas and use the same unit? As Jonathan has been doing for the HF ApRES but now to
a higher frequency band? Could be some interesting additional notes here.



Author response: See comment on ”ApRES specificity”. Extending the frequency
band as well as shifting it requires a complete redesign of the hardware. Besides the
skeleton slot antennas which are approximately limited to the 200-400 MHz range, other
components of the radar system such as the RF amplifiers/filters and the AF filter also
need to be adjusted.

L307 — most likely “not”
Author response: Fixed.

1L.328-335 — Do you think there is also a lot of uncertainty in the density which causes thickness
uncertainty? Or you are decently confident on the density?

Author response: We are decently confident that the uncertainty in the density cannot
explain a 8 m deviation in the range between ice core length and bed reflection depth in
the radar data. We estimated that the density uncertainty causes a range uncertainty
on the order of 1 m (see Section 3.3).

This was done by applying the density correction using the independently and differently
measured KCC and CGO03 firn density data and extracting the predicted range difference
between the two. This approach is justified, because uncertainties in the density at Colle
Gnifetti mainly originate from its spatial variability due to the strong local variability
in snow deposition (Alean et al., 1983), where CGO3 represents the firn conditions on
the saddle and KCC represents the conditions in the Southern flank, which well cover
our study area. The deviation between the two datasets is higher then the standard
deviation of the single density profiles (and in particular of the KCC data which was
measured with high vertical resolution). We therefore consider our density estimate to
be rather conservative.

L336 — I would add that it improves SNR. specifically for specular reflectors, which the bed is not
in most cases.

Author response: You are right, stating that LO-SAR processing is ”improving the
SNR of the radargram”, was imprecise and we change the sentence to ”improving the
SNR of specular reflections in the radargram”.

L349 — “promote” changes in the COF? Or “caused by” changes in the COF?

Author response: Here, we try to distinguish between the cause (impurities) and the
mechanism (acidity/COF changes) for deep IRHs. It was meant that impurities might
promote (localized) changes in the COF. We now write ” Accordingly, deep IRHs are
caused by impurities, which determine the acidity and perhaps may induce localized
gradients in the COF.”, which we hope is more clear.

L368 — This group could probably convince me (so please do if I am wrong!) but I don’t think it
is the impurity layers which are causing changes in the COF. Rather that boundaries between two
different COF's can cause a reflection.



Author response: We agree that boundaries between two different COF's/sharp gra-
dients in the COF can cause reflections, which is not contradicting with our statement.
Here we say that horizons of such localized gradients in the COF might be induced by
impurities in the first place. This is for example hypothesized in (Drews et al., 2012) as
a cause for higher anisotropic backscatter in glacial ice and might be explained by an
impurity control of the grain size (Kerch, 2016).

Conclusion — Too focused on your site. I believe that this radar design will be highly useful to
many groups all over the world, do not undersell yourself by making the reader thing it is only for
this site!

Author response: Agreed. We will revise the conclusion to reduce the Colle Gnifetti
specific content and focus more on the radar system and insights from the signal pro-
cessing.

L388 — Excited to see the processing scripts when you have them up! Please do be sure to post
them.

Author response: The scripts are now available at https://github.com/oraschewski/pRocESsor.
For the final published version of the manuscript a permanent release of this repository
will be created.

Figures

Figure 1. I am not very familiar with this area so an inset map showing where you are located
in the alps and then where on the glacier, those would be helpful. As with my general comments,
I think you should move this figure lower. Having Figure 1 be a map makes it feel like this is a
scientific paper, whereas if you want it to feel more like an engineering paper starting with Figures
2 and 3 would be helpful.

Author response: As suggested, we move the current Figures 2 and 3 in front of
Figure 1 and include an inset map.

Figure 3. If you decide to include language on MIMO and multipass then I would add more to this
flowchart as well.

I was at first confused about the arrow labeled “power and phase of traces in synthetic aperture
length”. I didn’t understand the direction. I would put little arrowheads along that line to help a
reader out.

Author response: We add additional arrowheads to the paths which point together to-
wards ” Coherent summation of power along S”. However, we decided against including
any additional content in this flowchart to avoid additional confusion and, in particular,
because we do not have MIMO or repeat data from a later time, we can only speculate
about what additional steps will be needed to successfully correlate and process these
data and how this is best done.



Figure 4. It is tough to see the layers with your red annotation lines over top of them. Either
drop the lines and label with points/arrows (as you do in e and f) or make additional panels for
interpretation as in Welch and Jacobel (2005) Figures 3a and 5b.

Author response: We agree with your concern that we are masking these layers. We
prefer to keep the lines in this figure as the differences are otherwise still difficult to
see in the figure size that fits into the manuscript. Instead, we will include a zoom into
these sections in the supplementary material.
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