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We would like to greatly thank you for your comments and suggestions, which will help
to improve the manuscript. Among them, your comments 6, 7, and 8 call for some
answers, which we give below.

6. "... we found an horizontal error between 23 and 45 cm... ": 23-45 cm of error while
comparing with 70 cm of in situ displacement can be a huge uncertainty!
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= Absolutely, and this demonstrates why capturing short-term ice motion (i.e. average
over ~4 h) by remote sensing is inaccurate. By contrast, our in-situ GPS has an
accuracy of ~1 cm, which is ~20 times better than the remote sensing method. We
propose to highlight this argument in the revised version.

7. The text "The UAV was left in this inclined position and the battery voltage ... become
impossible to salvage. Shortly before this happened" is unnecessary and should be
removed. The first paragraph of "Recommendations” section related with this detailing
should also be omitted. This is a case-specific issue and as such, does not arise due
to methodological failures.

= From our analysis, it is likely that the UAV could have been recovered if it landed
closer to the targeted point (e.g. using RTK GPS) preventing it to flip over, or if
we had installed guards under the propellers. Therefore, this directly concerns the
methodology, and it seems important to us to fully describe the outcomes of our tests
(including the failure to recover) in order to propose more robust solutions, as we do in
'Recommendations’.

8. | have several issues with the entire methodology, the purpose of this research, and
the results. First, what was the actual error in your in situ measurement?

= We have given estimates of error locations (1.1 cm horizontally and 1.6 cm verti-
cally) in Section 4.3. This will be clarified in the revised version. This corresponds
to the specifications of the Emlid Reach GNSS receiver (https://emlid.com/reach/), as
well as error estimates given by other users (e.g. ()). This error translates into an error
of 0.06 m/d in ice velocity when scaled to the 4.36 hours of recording time period as
reported in the 'Result’ Section.

Second, why is this study needed? Making a point measurement on glacier surface for
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4 hours or less is not going to give any relevant information.

= We fully agree that one point measurement on the glacier surface for ~4 hours is
very little data. However, the goal of this paper is not to make a glaciological analysis
of the flow field of Eqgip Sermia glacier, but instead to present and discuss the potential
of a new method, which might lead to a greater dataset in the future, from a preliminary
experiment. Our study must be understood as a proof-of-concept, which proposes a
methodology — with large room for improvements — to place a light-weight sensor (not
necessarily a GPS station) in an inaccessible or dangerous terrain remotely without
setting foot on this terrain. Our study can therefore be of interest for glaciologists
who need to place sensors on ice for a relative cheap price when compared to heli-
copter operations, or more broadly to geo-scientists who work on other hostile terrains.

Either deploy 10 UAVs simultaneously (which of course is logistically and economi-
cally not possible) to get area-wide measurements or simply use stake-based classic
approaches if we really want in situ measurements.

= In our recommendations, we suggest that a drop and recovery procedure for
light-weight GPS stations is more appropriate to deploy multiple stations by UAV
instead of landing single UAVs. Stake-based classical approach is impossible at Eqip
Sermia as the glacier is mostly inaccessible (too crevassed, see Fig. 1c) similar to
many other terminus of fast flowing glaciers. This is a key motivation of our study to
deploy GPS stations remotely by UAVs.

The whole purpose of UAVs is to use them as an aerial remote sensing platform which
can bridge the gap between spaceborne and in situ measurements.

= Here we have a different opinion. While remote sensing applications remain the
main market share in the drone industry, the part of 'cargo’ applications has a great
potential for urgent, short-range, and light-weight delivery We propose to report
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this argument in the revised version giving some examples of pilot projects
and applications. The goal of our paper is to show that UAVs should not be seen
only as aerial remote sensing platforms, but can also be considered for in-situ sens-
ing. This is of special interest for placing sensors over rough and inaccessible terrains.

Third, | am sure that you must be knowing how different glacier velocities can be in
different hours of a day. This variation can further enhance across seasons. And on
yearly scales, we can observe even more variability.

= Short-term variability of the ice flow of tidewater glaciers has been observed
multiple times (e.g. ). Minute-scale velocity responses to large iceberg calving events
have been reported by , observed the tide modulation of the ice flow of a tidewater
glacier, and one-day-long speed-up events have been captured by and for giving
a few examples. Some processes like calving event, tide, or supra-glacial lake
outburst might cause short-term variations in the ice dynamics, which in turn might
affect calving. Therefore, one needs methods that can reliably capture the ice flow
variability also at short time scales as well. For clarification, we propose to focus
the application of our method to tidewater glaciers in the revised version. We
fully agree that the seasonal variability is even more important, however, it is not our
intention to propose a method to capture this as our method is anyway not designed for
long record periods, and remote sensing methods perform very well for that purpose.

It will really be a blunder to extrapolate 70 cm in 4.36 hours to 3.7 + 0.06 m/d and
compare it with daily photogrammetric measurements!

= 3.7+ 0.06 m/d is the ’instant’ velocity averaged during the 4.36 hours of recording,
and it is not our intention to extrapolate this velocity to a longer period. Method-wise,
it is much easier to infer ice velocity averaged over long periods with classical remote
sensing methods (UAV or satellite) than capturing short-term ice velocity, as this can
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be done only by in-situ measurements (below a certain time period). Here, we tackle
the challenge of measuring the ice flow in short time scales.

= In our paper, we compared the ’instant’ in-situ record with a 3-day long
photogrammetric-based measurement for validation purpose only. Ideally, this
should have been done comparing exactly the same time period (3 days), unfortu-
nately, we were not able to leave our UAV on ice for 3 full days. Therefore, we can
not exclude that natural ice flow variability explains part of the discrepancy observed
between the two methods. Yet it must be stressed that the variability mostly affect the
speed of ice and to a lower extent the flow direction. Therefore, the good match be-
tween the ice flow directions of the two methods (one degree of discrepancy) provides
a reliable validation. This argument will be added to the revised manuscript.

Moreover, if you report that the two methods show only less than 5% of difference, then
what is the need of the in-situ measurement when it in any case is not feasible for a
monitoring at relevant spatio-temporal scale!

= This small percentage difference shows that we can not evidence high temporal
variability of the ice flow in the present reported case. However, we can not exclude
that one or several short-lived accelerations occurred between July 8 and 11 with-
out being captured (as being asynchronous with the in-situ measurement time period).

However, in this 5% difference, you are not considering (adding/subtracting?) the 23-
45 cm of error in photogrammetric method and the error in the in situ method.

= The 23-45 cm of error in photogrammetric method is taken into account. However,
as the error in ice flow velocity linearly decreases with the time period (the longer the
time duration, the larger the displacement and the smaller the relative errors), the
errors in ice velocity gets very small: 23-45 cm over 3 days produces an error of ~ 0.06
m/d, which is small compared to absolute speed (~ 3.7 m/d).
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Next you write: “The key advantage of in-situ GNSS receivers is that they can deter-
mine the ice flow motion in much higher temporal resolution and with greater accuracy
than any remote sensing method.” Why?

= GNSS receivers can log typically at 10 Hz. However, due to positioning errors, we
can not directly derive velocities from positions, but from average-in-time positions to
reduce the noise. Therefore, the true temporal resolution is reduced to approximatively
the time needed to move by the positioning error length (here the ice moves by ~ 1 cm
during ~4 min).

= Relative positioning errors are ~1 cm with in-situ GNSS receivers, and 23-45 cm
with UAV photogrammetry (with Post Processed Kinematic as used here). The error
in ice flow velocity is the location error divided by the time of the recording period.
Therefore, for a long time period (e.g. 3 days), the two methods perform similarly
well as the two errors are small compared to the absolute ice speed recorded. By
contrast, the in-situ GNSS approach has a clear advantage for short time periods as
the location errors (and then the ice flow error) are much smaller.

= Another advantage of GNSS receivers is that they can record the vertical motion
of ice as well (e.g. in response to tide). We will add this information in the revised
manuscript.

If the difference is within 5%, | would on any given day prefer a remote sensing mea-
surement covering wide area in lesser time! What is the use of high temporal resolution
measurements if they are only for 4 hours and just for a single point?! The different
facies of glacier show widely varying flows even during a day and such an in situ mea-
surement is not going to give us any relevant information unless we are investigating a
known particular case.
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= For the present case of Eqip Sermia, we agree that the gain of having in-situ
GPS (against remote sensing method) is very limited as the results do not evidence
high temporal variability. Our method aims to be applied to glaciers, which show a
significant variability of the ice flow at short time scales as illustrated in aforementioned
references.

Although | acknowledge the efforts of the authors, owing to the methodological and
conceptual issues with this work which | mentioned above, | really find majority of the
recommendations and conclusions repetitive/case-specific (= see our answer to 7.)
and lacking in novelty.

= To our knowledge, no one before has ever deployed a sensor in-situ on an
inaccessible glacial area in a remotely controlled way with a UAV. The key novelty
of our paper is not the UAV photogrammetry (it is now commonly used for glacier
surveying) nor the measurement technique it-self (GPS stations are commonly used
to record ice dynamics), but the deployment technique by UAV, which does not require
to set a foot on ice. We agree that the amount of data we collected for this study is
modest, however, our paper does not aim to do an in-depth glaciological analysis of
the ice dynamics of Eqip Sermia glacier, but instead reports on the potential of a new
technique for an instrumentation journal. We suggest to clarify in the beginning of
the paper that this is a proof-of-concept study, which focuses on the remote and
unmanned deployment of GPS sensors on ice using UAVs.

In short, | do not see this work as a conceptual advancement in UAV-based glaciologi-
cal research simply because the reasoning for justifying the need and relevance of this
work is not strong enough in my view.

= We suggest to revise our manuscript to strengthen ”the reasoning for justify-
ing the need and relevance of this work” as follows:
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- Better emphasize the need (high temporal resolution data, validation) to
perform in-situ surveys of the ice motion by the means on GPS stations
in complementarity to remote sensing methods, and illustrate the glacio-
logical added-value of in-situ measurements (high temporal data, verti-
cal motion captured, high gain in accuracy, weather independent method,
...) against remote sensing methods, especially in the case of tidewater
glaciers.

- Better illustrate that manned in-situ deployment of sensors on ice can be
dangerous, costly, and even impossible when the glacier is too crevassed.

- Better evidence that remote sensing methods can not capture high tempo-
ral resolution data, which are relevant to study some processes of tidewater
glaciers.

- Clarify that we used Eqip Sermia glacier for test only to assess and validate
the method.
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