Review: “Attenuation of Sound in Glacier Ice from 2 kHz to 35
kHz” by Meyer et al.

General comments

The paper investigates the attenuation coefficient of sound waves in ice conducted on a glacier. Overall,
the paper presents a very careful description and analysis of an acoustic wave propagation experiment
carried out on the Langenferner glacier. I am not an expert in seismic measurements, so I cannot entirely
judge the claimed improvement of these experiments over previous work. But the measurement protocol
appears to be sound and the study is without a doubt a very careful piece of work so I recommend
publication after some revisions have been made.

As ain weakness of the work, no additional, constraining data (texture, porosity, temperature etc)
from the ice at the measurement locations was collected which renders the interpretation of the results a
bit difficult. Accordingly, the discussion in view of existing work and potential mechanismsmains a bit
fuzzy to me and requires a polish. The respective questions are included in the list of specific comments
below.

Henning Lowe

Specific comments

(p.1 1.6): here presented results %sults presented here

(p-2 1.9): polycrystaline —>1ycrystalline

(p4. 1.21): aybe I missed it but when was the field campaign carried out?
(p.10 [P N = v

(p-11 1.27): what d sup stand for?

(Fig 6/7): [8hould be combined to a single figure

(p.15 1.4): a reference [Should be given for the used method

(

p-20 1.11): the wave lengths (= 9 — 60 c¢cm) as estimated from frequencies and measured speed
of sound should be stated somewhere explicitly (not necessarily here, but the occurrence of “wave
length” reminds me of that)[10lhink its helpful for the discussion later.

(p-20 1.22): The statement about the comparison to Westphal in the frequency dependence is not
clear. m which part of Fig 15 does this follow?

(p-20 1.24): T cannot follow why the present data is not consit with Rayleigh scattering. Here
it seems necessary to recall the prediction of Rayleigh scattering on the frequency dependence and
maybe include an inset in Fig 15 to show how this compares to the collected data. In addition,
the discussion and comparison to other rk should be a bit more comprehensive in view of the
similarities in view of of temperature, depth, ice porosity, etc. Given the range of wave lengths,
the origin of enuation by dissipative or scattering mechanisms may be quite different.

(p-201.29): Again, the conclusion about the frequency dependence is appears to be an overstatement
if numbers (or figures) not shown.

(p-20 1.32): [16}ounts — account
(p-20 1.32): ich differences?

(p-21 1.2): t it possible to discuss/include at least the prediction of the attenuation coeffi-
cient/length (maybe derived from the “quality factor” as often used in the geo context) for homo-
geneous, polycrystalline ice in Fig 157
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Page: 2

1|Number: 1 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 17:13:24

~ Yes we agree that this is a weak point.
Our focus was a robust measurement that was hard to obtain. Additional data from the same glacier may become avalibale in the future by our
collegues J. Kowalski who has measured temperature profiles and S.Galos et.al. who continously works on this specific glacier.

1|Number: 2 Author: wiebusch  Subject: Hervorheben Date: 02.01.2019 14:49:47
~ We did polish the discussion.

1|Number: 3 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 12:24:03
~ fixed, removed here

1|Number: 4 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 12:25:17
~ fixed, added also hyphen

|Number: 5 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 12:31:35
- added August 2017

7|Number: 6 Author: wiebusch ~ Subject: Hervorheben Date: 28.12.2018 12:33:15
~ fixed

1|Number: 7 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 17:14:08

~ Wiki: The supremum (abbreviated sup; plural suprema) of a subset S of a partially ordered set T is the least element in T that is greater than or
equal to all elements of S, if such an element exists.Consequently, the supremum is also referred to as the least upper bound (or LUB).

so the value is 0 unless the second argument is >0, then it is the second.

7|Number: 8 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 12:40:03

~difficult, because this is distinct data that cannot be easily compared. The measurement time and span and measured amplitudes differ.
We could put the figures side-by-side.

We would need a specific suggestion how to combine.

|Number: 9 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 12:49:04
~ fixed
7|Number: 10 Author: wiebusch ~ Subject: Hervorheben Date: 28.12.2018 13:28:48

~ we added right at the beginning that 1-100kHz coprresponds to 350-3.5 cm
1|Number: 11 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 17:15:28

~westphal is not included in the figure. text is now modified to make this clear

1 |Number: 12 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 17:16:19

~ for rayleigh scattering we would expect an attenuation length dependence with the fourth power.
Our result is more in agreement with internal friction as suggested in the literatureto be the dominating effect in warm ice.

1|Number: 13 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 14:34:49

~ we have tried to do so in the text

1 |Number: 14 Author: wiebusch ~ Subject: Hervorheben Date: 28.12.2018 17:16:58

it seems that our measurement is quite consistent with dissipative loss. That thenm should be rather similar for different "warm" ice.

1|Number: 15 Author: wiebusch ~ Subject: Hervorheben Date: 28.12.2018 14:37:34
~ improved the text

1|Number: 16 Author: wiebusch ~ Subject: Hervorheben Date: 28.12.2018 14:26:43
- fixed

1|Number: 17 Author: wiebusch ~ Subject: Hervorheben Date: 28.12.2018 17:17:18

 the attenuation is a factor 10 as discussed in the introduction

|Number: 18 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 17:17:40

~ as discussed in the introduction theoretical predictions have not been very succesful: being wrong by orders of magnitude for simple
polycristaline ice.

Comments from page 2 continued on next page






(p-21 1.17): coustic scattering in heterogeneous materials is reasonably well understood, but it
needs additional measurements to characterize the heterogeneities and the state of the material to
infer potential origins.




Page: 3

7|Number: 1 Author: wiebusch ~ Subject: Hervorheben Date: 28.12.2018 14:23:02
~ Yes, we agree. But it is not necessarily scattering.
Changed to:

An improved understanding of the effective damping of sound in natural glaciers is required before the attenuation and its frequency
dependence can be beneficial in characterizing basic properties of the glacier ice.

This will require to combine attenuation measurements with measurements of glacial parameters that characterize the heterogeneity and also to
study temperature-dependent effects.
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Review of “Attenuation of Sound in Glacier Ice from 2 kHz to 35 kHz”

This manuscript presents a novel experimental design to measure attenuation in glacier
ice in situ. The authors use ultrasonic transducers to collect high-frequency waveforms
(chirps, etc.) at varying distances across a glacier. The authors design the survey in
such a way that they can characterize the errors in the measurements due to differ-
ent components of the system (e.g. structural heterogeneity of the glacier ice). The
manuscript covers the acquisition system and survey design in detail. A comprehen-
sive error analysis is presented and errqrs are propagated through to the final estimate
of ice attenuation amplitudes. Howeverind the conclusions rather lacking, especially
the comment regarding the attenuation mechanism as it relates to Rayleigh scattering.
| think the authors would do well to reconsider this conclusion and really make an effort

C1

to discuss their reasoning and evidence for this conclusion. | have included my main
remarks below, as well as included an annotated PDF so that the authors can improve
the English grammar and writing style.

3 L14 (point 6): The water is necessary to propagate the compression wave. It is
also there to keep the hole open | would assume and occurs no matter what because
of the drilling method. | do not see the need for this statement. Why not just say water
is present in the hole outside of this enumerated list? For instance on page 5 line 5 can
be used for this.

3
Figure 1: It would be great to have a map inset to see what in Italy this is Iocated
Page 4 L15: What was the surface-air temperature during these experiments? E

Paragraph structure (for example the first sentence in Section 2.4): A single sen = e
is not a paragraph. Please revise these sentences throughout the manuscript,

Why is the electronic noise so strong? Did you use shielded cables? Was the excess
cable wrapped in loops?

Pg. 9 L5: Is the crosstalk in the source signal as well? If it is, then how can you remove ‘ll

that cross talk from the amplitudes before you normalize?

Pg 9 L26: What does the following sentence actually mean? It does not make sense
to me. 18he noise estimate in the noise window matches the noise-level for the signal
window reasonably well.”

Elvoughout document: Please use emitter and do not switch between emitter and
“sender.” This is confusing. You do the same thing with sensor and receiver. Please
stick to receiver.

Pg 10 last line: Where is the normalization by N to make this equation represent a
mean? Also, the \sigma_i"2 terms cancel, so how is this an error weighted mean?

Equation 1: Why is there not a subscript i (i.e. \sigma_i) on the left-hand side of the
c2




Page: 4

7|Number: 1 Author: wiebusch ~ Subject: Hervorheben Date: 28.12.2018 17:18:58

~ we have substantially reworked the discussion

1|Number: 2 Author: wiebusch ~ Subject: Kommentar zu Text Date: 27.12.2018 17:44:31

~ Added:
The water interface is advantageous compared to dry holes because it
improves the coupling of the transducers to the ice.

Number: 3 Author: wiebusch  Subject: Notiz Date: 27.12.2018 18:44:48

Here you are:
https://www.google.com/maps/place/Rifugio+Casati+al+Cevedale+mt+3269/@46.4703661,10.5718486,13z/data=!4m5!3m4!
1s0x0:0xc0afb8a88f5d1295!8m2!3d46.463158!4d10.602489

We prefer not to change the figure to an even smaller scale., and the gegarphic locations are well defined.

Number: 4 Author: wiebusch  Subject: Notiz Date: 27.12.2018 18:43:30
outside air was up to +10°C during day but below 0° during night.

Number: 5 Author: wiebusch  Subject: Notiz Date: 27.12.2018 18:39:16
OK

Number: 6 Author: wiebusch  Subject: Notiz Date: 27.12.2018 18:54:13

Sure, cables are shielded and not looped, except for a few simple connectors. However, we generate 500V pulses for the largest distances inside
the same DAQ box to which the signal comes back.
We think, that the observed cross-talk on the few 10 mV level is actually quite good.

Number: 7 Author: wiebusch  Subject: Notiz Date: 27.12.2018 18:50:45

The cross talk is generated by the source signal. We do measure the amplitude of this signal and normalize the received acoustic signal to the
emitted amplitude.
This normalization is not affected by cross talk.

1|Number: 8 Author: wiebusch  Subject: Hervorheben Date: 27.12.2018 19:04:02

~ Changed to:
The noise-level estimated from the noise window matches the apparent noise-level from the signal window reasonably well.

7|Number: 9 Author: wiebusch  Subject: Hervorheben Date: 27.12.2018 19:37:58

~ fixed, thanks

Number: 10 Author: wiebusch  Subject: Notiz Date: 28.12.2018 17:21:00

These are standard text book formulas.
The sigma's are inside the sum and do not cancel. If all sigma are the same, you get an division by N.



1
equation? | think there should also be m and n subscripts for this error estimate as El
well.

In the data processing you do not mean revamping the mean is possible that a DC
component to the data accumulates over time and that leads to the variation you see
in Figure 7, rather than spontaneous changes in the ice? You mentionndowing, but
not linear or mean detrending, These are common steps in waveform data processing.
It would also be interesting tnow the air temperature during this time. The drop off
in amplitude in Figure 7 at 18h is quite dramatic.

Is the time in pIotscaI time or GMT time? It would be most useful if they were in local

time.
6]
Pg 14 L2: The given distances of 10m, 60m, and 90m do not figure 10. Please fix.

Pg 16 L18: Is this variation due to fabric-induced anisotropy? If so, can you please
discuss. The term “glacier geomorphology” is not very intuitive as it pertains to sound
speed. | do not think readers will understand how geomorphology can cause velocity
variations. | am not sure that | understand what you mean here.

You discuss the influence ofmperature changes on your measurements, but you

do not cite recent and relevant work that studied attenuation as a function of tem-
perature: “Monitoring the temperature-dependent elastic and anelastic properties in
isotropic polycrystalline ice using resonant ultrasound spectroscopy”, https://www.the-
cryosphere.net/10/2821/2016/tc-10-2821-2016.html

El)ur final comment on Rayleigh scattering in the conclusion section seems unfounded.
You reference the Westphal 1965 paper in your introduction, do some experiments,
and then say, “look, we found it is not Rayleigh scattering”. This is not rigorous, nor
is it convincing. You pose no other mechanism and it seems like you would do the
community a favor by providing a discussion as to why you think Rayleigh scattering is
not the mechanism. Even explaining to the reader what Rayleigh scatter is would be a

C3

useful first step. Are you making this claim simply beca your data do not follow an
attenuation of frequency to the 4th power?

Please also note the supplement to this comment:
https://www.the-cryosphere-discuss.net/tc-2018-224/tc-2018-224-RC
supplement.pdf E

Interactive comment on The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-224, 2018.

C4




Page: 5

Number: 1 Author: wiebusch  Subject: Notiz Date: 27.12.2018 19:55:15

one could write a subscript i, but we have avoided to do so, to make sure it is the total error for a given measurement point.

n and m subscripts are not needed

1|Number: 2 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 17:24:28

- We do not accumulate data but rather combine repeated measurements.
Since we work in Fourier space, it is unclear how DC offsets could accumulate over time.
Inspecting the measured raw wave-forms, we have not seen any indication of a DC shift.
Looking at all the raw data, we have not found any convincing artifact in the measured data but basically the amplitudes do change. The time is
in local time but effects show no evident correlation with daytime - i.e. human activity. Only sub-dominant noise rates are slightly higher and
transients more frequent during daytime.

Your point in terms of environmental temperature is very interesting. During daytime melting water flows over the glacier and during night the
surface refreezes. We see no systematic effect between different measurements but, each hole may be differently affected by the day-night
breathing of the glacier. Multiple day measurement of a fixed hole could give more insights. Sorry we did not take that data.

So, in the absence of any indication of a measurement issue, we have to interpret this effect as a property of the propagated signal .

The situation is unsatisfying, but we do account for this systematics in the error budget.

|Number: 3 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 17:24:43

~ windows are chosen very robust safely within the region of interest.
small changes in the propagation speed could not explain such a strong effect

7|Number: 4 Author: wiebusch  Subject: Hervorheben Date: 27.12.2018 20:12:14

~ir temperatures are not recorded but are not inphase with the observed changes. Sun-set is later than 18:00

1|Number: 5 Author: wiebusch ~ Subject: Hervorheben Date: 28.12.2018 17:25:01
~it's local
Number: 6 Author: wiebusch  Subject: Notiz Date: 28.12.2018 10:03:30

this comments is unclear. the noted distances are included in figure 10

1|Number: 7 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 17:25:59

~ no we did add in the discussion Vaughan et al as you suggest below

Number: 8 Author: wiebusch  Subject: Notiz Date: 28.12.2018 10:07:36

thank you for pointing us to that reference.

7|Number: 9 Author: wiebusch  Subject: Hervorheben Date: 28.12.2018 17:26:23

~ that part is substantially reworked

Number: 10 Author: wiebusch  Subject: Notiz Date: 28.12.2018 17:27:33

yes, that would be expected (see price et al.) . maybe not a strict power of 4, to account for additional effects but a strong dependence as is the
claim in westphal is not observed here. We have reworked the discussion.

Number: 11 Author: wiebusch  Subject: Notiz Date: 28.12.2018 17:27:56

Thank you for the very detailed review. We comment iyour comments there
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Attenuation of Sound in Glacier Ice from 2 kHz to 35 kHz
Alexander Meyer!, Dmitry Eliseev!, Dirk Heinen!, Peter Linder!, Franziska Scholz!, Lars
Steffen Weinstock', Christopher Wiebusch!, and Simon Zierke!

. Physikalisches Institut B, RWTH Aachen University, Otto Blumenthal Str., 52074 Aachen, Germany
Correspondence: Christopher Wiebusch (wiebusch @physik.rwth-aachen.de)

Abstract. The acoustic damping of sound waves in natural glaciers is a largely unexplored physical property that has relevance
for various applications. We present measurements of the attenuation of sound in ice with a dedicated measurement setup in sifu
on the Italian glacier Langenferner. The tested frequency ranges from 2 kHz to 35 kHz and probed distances between 5 meter
and 90 meter. The attenuation length has been determined by two different methods d detailed investigations of systematic
uncertainties. The attenuation length decreases owly with increasing frequencies. Observed values range between 13 mete
for low frequencies and 5 meteg@r high frequencies.The presented results improve in accuracy with respect to
previous measurements.owever, quantitatively the found attenuation is remarkably similar to observations at very different

locations.

1 Introduction

The acousti properties of ice are of interest for a large variety of applications ranging from the measurement of seismic
waves (Robinson, 1968) to the detection of ultra-high-energy neutrinos (Abbasi et al., 2010). Recently, the application of
sonographic methods has received increased interest in the context of the exploration of subglacial lakes in Antarctica or
even water oceans below the ice surfaces of moons in the outer solar system. Particularly the joint research collaboration
Enceladus Explorer, (Kowalski et al., 2016) has developed a maneuverable melting probe in glacial ice. It incorporates two
acoustic systems operating in the range of 1kHz to 1000 kHz. One is based on trilateration of the arrival times of acoustic
signals from pingers and allows for the localization of the probe. The other system is based on phased piezo arrays and is used
for the sonographic fore-field reconnaissance e.g. the detection of obstacles on the planned trajectory or water pockets when
approaching the region of interest.

In water, sonographic imaging and acoustic localization techniques are well established technologies. In ice, however, acous-
tic navigation techniques are largely unexplored though they may provide a number of applications. Unlike water, not only
pressure waves but also shear waves can propagate in the solid state ice. Since pressure waves are easier to generate and have a
faster propagation speed (Vogt et al., 2008; Abbasi et al., 2010), they seem more suited for navigation purposes and are focused
on in the following.

A limiting parameter is the damping of acoustic signals with distance, ongly depends on the respective glacial en-
vironment and the frequency of the signal. In the following we refer to the attenuation length as that distance r at which the

amplitude of a spherical signal is reduced by 1/e after correcting the amplitude for the 1/r reductiois parameter itself is




Page: 6

7|Number: 1 Author: anonymousSubject: Highlight Date: 15.12.2018 19:44:48

- not a complete sentence and does not make sense.
. Author: wiebusch ~ Subject: Notiz Date: 27.12.2018 17:25:38

fixed: including

1 |Number: 2 Author: anonymousSubject: Highlight Date: 15.12.2018 19:45:21

~ What does "slowly" mean? Why not remove this term?
, Author: wiebusch ~ Subject: Notiz Date: 27.12.2018 17:26:49

fixed

1 |Number: 3 Author: anonymousSubject: Inserted Text Date: 15.12.2018 19:45:36
S

#|Number: 4 Author: anonymousSubject: Cross-Out Date: 15.12.2018 19:45:43

#|Number: 5 Author: anonymousSubject: Cross-Out Date: 15.12.2018 19:45:50
|[Number: 6 Author: anonymousSubject: Inserted Text Date: 15.12.2018 19:45:37
S

1|Number: 7 Author: anonymousSubject: Highlight Date: 15.12.2018 19:46:34

- Poor grammar in this sentence. Consider revising.
. Author: wiebusch  Subject: Notiz Date: 27.12.2018 17:29:53

However, the observed attenuation is found remarkably similar to observations at very different locations.

#|Number: 8 Author: anonymousSubject: Cross-Out Date: 15.12.2018 19:47:49

[&|Number: 9 Author: anonymousSubject: Inserted Text Date: 15.12.2018 19:50:23
which

1 |[Number: 10 Author: anonymousSubject: Inserted Text Date: 27.12.2018 17:32:05

due to geometric spreading
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an interesting physical operty as it depends on both the structures on scales of the wave-length and smaller but effectively
integrated over the overall glacial structure. For the purpose of navigation it ultimately limits the maximum distance to which
pairs of receiver and emitters can exchange signals. The design and optimization of acoustic transducers of high emission
power strongly depends on the frequency and prefers higher frequencies as well as a better beam resolution of phased arrays
does.

The acoustic attenuation length in ice is not well known in the range from 1 kHz to 100 kHz. While in water the attenuation
length in this frequency range exceeds orders of kilometers (Fisher and Simmons, 1977; Schulkin and Marsh, 1962) and only
slightly varies with temperature and chemical composition, the attenuation in the solid state material ice is more complicated.
Even for simple polycrystaline ice, calculations range over orders of magnitude from a few 10 meters to several kilometers
depending on the temperature and assumed grain sizes (Price, 2006, 1993).

In a natural glacier environment the situation is even more complicated. Ice cracks filled with air and inclusions of dust and
rocks will attenuate sound strongly. heir occurrence depends the general environmental conditions of the glacier such as its
formation and flow.

Only few in situ measurements exist in the literature for very different glacial environments. The largest measured attenuation
£ O m=20 %. It has been observed for the glacial ice at depths 190 m to 500 m below the
surface at the geographical South Pole, for frequencies between 10 kHz to 30 kHz. This attenuation is however substantially
stronger than the earlier predictions (Price, 2006). Measurements in sea ice by Langleben (1969) for 10kHz to 500 kHz
resulted in the range of 9 m to 2 m for 10 kHz to 30 kHor frequencies >100 kHz see also Lebedev and Sukhorukov (2001).
Mesurements of seismic explosion shocks in a temperate glacier are reported in Westphal (1965). These measurememts result
in an amplitude attenuation length that ranges between 70 m to 4.6 m for frequencies from 2.5 kHz to 15 kHsz[his strong
frequency dependency is interpreted as Rayleigh scattering on ice grains as dominant attenuation process. Recent measurements
on the alpine glaciers Morteratsch and Pers (Helbing et al., 2016; Kowalski et al., 2016) with acoustic transducers reported
an attenuation of similar scale with a length of 31 m for 5 kHz and 15 m for 18 kHz. al of this work provide a
robust measurement that properly addresses and reduces experimental uncertainties with respect to previous measurements.

The measurement of the attenuation of sound in situ is in fact challengin the accuracy is limited by the quality
of the measurement setup and the systematic uncertainties related to the environment. In particular two aspects are important.
First, sensors and emitters are inserted into the glacier by holes. The structure of such holes depends on the production process.
It differs from hole to hole and changes with time, e.g. because the water-level can change with time due to leakage and
refreezing of the walls. As result, the acoustic coupling to the ice differs not only from hole to hole but also for repeated
measurements in the same holes. Secondly, the natural glacial environment contains cracks and other absorbing structures.
The subsurface ice-structure is unknown. The phase of reflected signals e.g. from the surface, depends on the specific emitter-
receiver measurement geometry and thus can interfere with the direct acoustic signal.

The basic concept of the presented measurement addresses these issues. It is based on the deployment of an acoustic
emitter and a receiver a few meter deep into the glacier using holes that are produced with a melting probe. From the relative

amplitude of the signal registered for different distances we can infer the attenuation length.




Page: 7

7|Number: 1 Author: anonymousSubject: Highlight Date: 15.12.2018 20:00:04

- again a poorly constructed sentence that make the meaning hard to understand. please revise.
. Author: wiebusch ~ Subject: Notiz Date: 27.12.2018 17:36:34

This parameter itself is an interesting physical property as it depends on small structures on scales of the wave-length but at the same
time effectively integrates the overall glacial structure.

1|Number: 2 Author: anonymousSubject: Highlight Date: 15.12.2018 20:02:26

- revise
. Author: wiebusch  Subject: Notiz Date: 27.12.2018 17:56:37

will strongly attenuate sound. This will depend on
the overall environmental conditions
of the glacier such as its formation and flow.

1|Number: 3 Author: anonymousSubject: Highlight Date: 19.12.2018 23:39:56

~ citation?

. Author: wiebusch ~ Subject: Notiz Date: 27.12.2018 18:01:59

fixed, abbasi et al 2011

x/Number: 4 Author: anonymousSubject: Cross-Out Date: 15.12.2018 20:03:08

1/Number: 5 Author: anonymousSubject: Inserted Text Date: 15.12.2018 20:03:56
, respectively

1 |Number: 6 Author: anonymousSubject: Inserted Text Date: 27.12.2018 18:04:01
, respectively

[&|Number: 7 Author: anonymousSubject: Inserted Text Date: 15.12.2018 20:06:31
is

1 |Number: 8 Author: anonymousSubject: Inserted Text Date: 15.12.2018 20:06:19
The

#|Number: 9 Author: anonymousSubject: Cross-Out Date: 15.12.2018 20:06:55

1 |Number: 10 Author: anonymousSubject: Inserted Text Date: 15.12.2018 20:07:06

1

#|/Number: 11 Author: anonymousSubject: Cross-Out Date: 15.12.2018 20:08:11
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1. In all measurement the same r

@O

[T

In order to produce as robust result as possible, we have established the following strategy:

is used. Therefore the emitter and receiver sensitivities cancel

in the ratio of received signals of different distances.

. We use an emitter and a receiver that are largely spherically symmetric in emissivity (<1dB at 18 kHz according to

the manufacturer) and also in sensitivity. This reduces systematic differences due to variations of the orientation of the

instruments in the holes for different measurements.

. We perform our measurements for a large number of distances from 5m to 90 m. This allows for the determination of

the attenuation with a large lever arm of multiples of the attenuation lengths as well as the suppression of local glacial

effects like cracks or reflections.

. We include multiple measurements for the same distance but erent locations and depths in the glacier for the

estimation of systematic uncertainties related to local properties of the glacier and reflections.

. We include repeated measurements using the same holes that have been used a few days earlier, or of changed depth

below the surface, to include uncertainties related to changing hole properties and thus acoustic coupling to the ice.

. In each measurement, emitters and receivers are covered by a column of melted water at the bottom of the holes. The

water interface@nproves the reproducibility of the coupling of the transducers to the ice.

. We have developed a dedicated electronic setup for this measurement and tested it in the laboratory. The setup produces

long signals of sine waves that are thus well defined in frequency. An appropriate time window of the registered sine-
burst signals rejects transient ring-in phases until the receiver oscillates in phase as well as phases of electro-magnetic

interferences.

. In order to match the dynamic range for different distances to our setup, the amplitude of the sender can be changed. The

emitted acoustic power is monitored in our setup for each measurement and differences are corrected for in the analysis
by normalizing to the amplitude of the emitted signal. This approach also corrects for a possible long-term variation of
the electronic setup in terms of gain. The validity of this normalization is verified in sifu by measurements of different

amplitude.

. We perform the analysis very carefully by estimating and subtracting noise, identifying systematic uncertainties and a

robust error propagation using advanced bootstrapping techniques.




Page: 8

#|Number: 1 Author: anonymousSubject: Cross-Out Date: 15.12.2018 20:08:52

. 'Author: wiebusch  Subject: Notiz Date: 27.12.2018 18:08:10

produce a robust result

x|Number: 2 Author: anonymousSubject: Cross-Out Date: 15.12.2018 20:09:16

1./Number: 3 Author: anonymousSubject: Inserted Text Date: 15.12.2018 20:09:30
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Figure 1. Extend [7}d thickness map of the Langenferner glacier based on a modified figure in Stocker-Waldhuber (2010). The Casati hut
p g g g

and camp site of the field test are indicated. Coordinates are in UTM coordinates with east on the x-axis and north on the y-axis

2 The Measurement Setup
2.1 The Langenferner Site

The Langenferner high altitude glacier in the Ortler-Alps in Italy, that extends from its highest point at 3370 m a.s.l. to
the lowest point at 2711 m a.s.l. at the terminus. Galos (2017) reports a covered area of about 1.6 km? (in 2013) and an
estimated volume of 0.08 km? (in 2010).

The site of the field test was located in the upper part of the glacier at about 3260 m a.s.l. close to the Rifugio Casati
(46.46 °NI10.60 °E), see Fig. 1. The depth of the glacier in the region of the test site was estimated 90 m to 100 m in 2010
(Stocker-Waldhuber, 2010). Based on studies of the mass balance by Galos (2017), the site is part of the ablation zone and
the depth was reduced by at least 7m since 2010. During the field campaign, the glacier was not covered by snow and the ice
could be accessed directly.

The instrumentation was deployed iﬂ—ehe—g-l-aeier—byles prepared with a 12 cm diameter melting probe that was developed
within the EnEX initiative (Heinen et al., 2017). The layout of the holes at the test site is shown in Fig. 2eir coordinates and
depths are detailed in Table 1. The figure shows that the test site includes complex ice structures though the main axis has been
largely parallel to the largest visible cracks at the surface.

Inside the holes we have measured temperatures close to 0 °C and the glacier appears largely tempered. However, we have
observed over night that water surface of holes refroze and in some cases the acoustic transducers froze to the wall of the holes.

Therefore domains in the bulk ice of slightly lower temperature cannot be excluded.
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Table 1. Measurement holes. Coordinates are given in the UTM coordinate system (notation eastlnorthlup) relative to hole 1 that is located
at (32U:623382.6315146718.5813281.84).

#  Pos. Coordinates Depth
[m] [m] [m]

1 0 0.0010.0010.00 2.6

2 5 -5.021-0.251-0.36, 1.8

3 10 -10.091-0.501-0.81 2.1

4 30 -30.271-4.201-0.85 2.5,6"

5 50 -50.181-2.751-1.19 2.7

6 70 -70.951-0.911-1.05 2.6

7 90  -90.7810.471-0.64 2.5

achanged 27" August

Figure 2. Aerial view of the measurement site with the location of the measurement holes. Modified photo from Markus Bobbe, TU Braun-

schweig.

2.2 Instrumentation and setup

The schematic overview of the measurement setup is shown in Fig. 3. Two spherical, 4.25 inch, acoustic transducers of type
ITC-1001 from International Transducerooperation are used for sending and receiving the signals. This type of transducer

provides a hig wer broadband acoustic omni-directional emissivity from 2kHz to 38 kHz and equally good receiving

properties. These transducers are connected to the se%uping coax cables and are lowered into the and water-filled
holes. All other eqaiﬁmeﬂt—is*@ntained ina tal box on the glacier to shield it from the outdoor environment. In each
measurement the transducer are not inter-changed for emitting and receiving the acoustic signals.

The setup is controlled through Ethernet connections by a notebook running LabVIEW. Signals are generated with a function
generator (Rigol DG5072), amplified with a power amplifier (Monacor PA-4040) and sent to the emitter. The function generator
also triggers the data acquisition that is done with a digital oscilloscope (Tektronix DPO4034). The signal of the acoustic

receiver is amplified and synchronously recorded with this oscilloscope with a sampling rate of 1 MHz. Because of the large
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Figure 3. Schematics of the instrument setup.

difference of probed distances the electrical amplitude driving the emitter is dynamically adapted with peak-to-peak amplitudes
ranging from 2V to 500 V. The LabView program automatically adjusts the dynamic range of the oscilloscope for maximum
resolution of the received signal. Furthermore, we measure the power of the emitted signal during each measurement by
monitoring the voltage and the current at the emitter input with a 1.1 2 power resistor that is connected in series with the

emitter. In the data analysi the received acoustic signals r the different emission power

based on these recorded values.
2.3 Measurement procedures

Each measurement was carried out according to a strict procedure to ensure consistent data throughout the campaign. The
spherical transducers were lowered to the bottom of the holes and were always covered by at least 30 cm of water. The main
attenuation measurement is based on repeated sine bursts of 50 ms duration. We scan for each pair of holes the frequency band
of 2kHz to 35 kHz in steps of 1 kHz. To reduce ambient noise, the repeated burst signals of each frequency are averaged within
the oscilloscope as indicated in Table 2. After one full frequency scan, the full procedure is repeated several times.

A measurement window of 100 ms was selected for the recording of data. This is substantially longer than the signal duration
and allows recording 20 ms of ambient noise before a signal is emitted, and is sufficient to capture the complete signal including
a propagation delay of up to 30 ms that corresponds to a distance of more than 100 m. The burst duration of 50 ms results in
a minimum of 100 oscillations for the lowest frequency. This ensures a sufficiently long stable phase of forced resonance. By
appropriate windowing during the offline analysis, phases of unstable amplitudes at the start and end of the burst are omitted.
Similarly, phases of electromagnetic interferences are excluded from the analyzed time-windows, as described below.

In addition to these sine bursts, we have regularly recorded logarithmic chirps of 3ms, 5ms and 10 ms duration within

frequency ranges between 0.5 kHz to 42.5 kHz as well as 11 Barker codes of 10 kHz and 20 kHz carrier frequency with

6
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Table 2. Measurement runs

# Date  Dist. Holes Avg. Rep. Dur.

[m] [hh:mm]
6 60 6-—3 512 3 04:33
, 23.08
7 70 6-—1 512 7 11:31
g® 100 1—3 512 1 00:35
9 00 1—3 128 4 01:53
24.08
10 10 3—1 128 4 01:58
11 50 5—1 128 35 17:08
12 40 5—3 128 4 01:51
13 20 4—3 128 4 01:58
25.08
14 30 4—1 128 4 01:51
15¢ 90 7-—1 521 2 02:09
16 20 5—4 128 4 01:52
17 40 6—4 128 4 01:52
26.08
18¢ 60 7—4 128 2 01:01
19 &¢ 90 7—1 512 13 15:33
20 40 7—5 128 4 01:52
21 20 6-—-5 128 4 01:51
27.08
22 5 251 32 4 00:49
242 60 6—3 512 9 15:18
25° 20 4—-3 32 6 02:02
26 2808 30 4—1 32 4 01:08
27 25 42 32 1 00:26

*During night, ®100% sending power, sine-bursts 2 kHz to 5 kHz,
25 kHz to 35 kHz only, Sine-bursts 2 kHz to 25 kHz only, 4Signal

generator switched off, “Hole 4 deepened to 6 m

four oscillations per bit (Barker, 1953). These signals are used to determine the speed of sound. The chirps are also used for a
second attenuation measurement with independent data.
An overview on the measurement runs that are used for the further data analysis is given in Table 2. Test runs and runs with

data failures have been excluded from the list.
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Figure 4. Waveform from measurement series 12 at 12 kHz (top) and the synchronously measured sending amplitude (bottom). The indicated

windows 1 to 3 are relevant for the data analysis and are discussed in the text.

2.4 Waveform processing and amplitude extraction

Figure 4 shows as example a recorded waveform from the r asurement series 12 for a 12 kHz burst at 40 m distance and the
synchronously recorded signal that drives the emitter.

The recorded waveform features several characteristic properties that are explained in the following. From —20 ms to 0 ms
pure noise is recorded. Starting with the signal at 0 ms, we observe cross-talk from electromagnetic interference in the
received signal, identified due to '}Gsck of propagation delay. After a delay of about 10 ms the acoustic signal sets—in
&Bd—is—iﬂ{eff%iﬂg—wi{-h—ehe-eress—t-aﬂ(—sigﬂal—cause the electromagnetic and acoustic signal have a constant relation in relative
phase, the superposition is coherent. After 50 ms the sine-burst is switched off and immediately the interference in the received

signal disappears. The now clean acoustic signal continues for the propagation delay up to about 60 ms, where it stops and the

receiver rings down.
2.4.1 Selection of analysis time windows in the waveforms

The electro-magnetic interference is caused by the high-power audio amplifier and the sensitive oscilloscope being packed
very tightly in the metal box on the glacier. In the field we have verified by unplugging the emission cables that the cross-talk
happens locally in the metal box and not at the receiving transducer. The amplitude of the cross-talk has been found to be
proportional to the sending amplitude. Note, that the frequency of the electromagnetic and the acoustic signal are the same for
each measurement but the relative phase varies due to different propagation delays for different measurement. As result, we

have observed both constructive as well as destructive interference between the two signals in the data. For the data analysis
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we therefore use only acoustic data without interference. This can be easily accomplished, because for hole distances d < 15m
sending amplitudes are small and received acoustic amplitudes are so large that the cross-talk can be neglected. At larger
distances where the sending signal and corresponding cross-talk signal becomes larger, the propagation delay of the acoustic
signal allows for a proper separation in time.

The selected windows are displayed in the example shown in Fig. 4. For the data processing we have selected for each
measurement a window, (2) in Fig. 4, that contains the acoustic signal but no electromagnetic interference. Two windows of
the same size are used to determine the noise in the causally unrelated region before the signal, (1) in Fig. 4, and, corrected for
the propagation delay, in the recorded sending signal to determine the normalization of the sending signal, (3) in Fig. 4.

For distances d < 15m, where the electromagnetic interference is negligible, we chose a signal window which is 20 ms
delayed with respect to the start of the acoustic signal (to avoid ring-in effects) and a width of 19 ms. For larger distances, the
window starts with a margin of 2 ms after the end of the 50 ms long emission burst. The duration of the window depends on

the distance assuming a propagation velocity of 3.6 mms~!

minus a margin of 0.5 ms. For distances of 80 m and above, the
window width is limited to of 19 ms. The proper adjustment of these windows has been applied for each measurement by an

automated procedure but has been also visually verified during the analysis.
2.4.2 Fourier transformation

In the next step the data in each of the three time windows is Fourier transformed.

Though the three windows are already matched to the same width, they are further optimized with respect to the frequency
of the respective sine burst such that exactly /N complete periods are inside the window, preventing spectral leakage due to
incomplete periods. Furthermore, from the ratio of the signal- and sampling-frequencies the optimum number of data points
fitting into this window is estimated. All signal windows are shortened accordingly. The shortening amounts to a maximum
0.5 ms for the 2 kHz signal.

Prior to the Fourier transformation, each signal window is multiplied with a Blackman window to further reduce bound-
ary effects and spectral leakage. Since only the amplitude is of interest for the analysis, the absolute values of the Fourier
transformation coefficients are taken, discarding the phase information.

¥he—1=esu-lrt—the transform is shown in Fig. 5 for the largest measured distance of 90 m. The signal clearly exceeds
the noise level with a SNR of about 10: he noise estimate in the noise window matches the noise-level for the signal window
reasonably well. However, a precise prediction based on fhefferent time window cannot be expected because of transient

noise fluctuations.
2.4.3 Noise reduction by spectral subtraction

During the measurements we have observed that the noise level strongly varies with the time of day, i.e. the human activity on
the glacier. Therefore the noise is subtracted from the signal Fourier spectrum for each measurement repetition ¢ individually.

In order to avoid fluctuations, we average the values of the noise floor in a window £0.5kHz around the respective target
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Figure 5. Frequency spectra for noise and signal windows for a burst measurement during series 19 at 9 kHz.

frequency. The subtraction is performed quadratically S;(f) =/ Y2(f) — EQ, where Y; is the measured signal and N is the
frequency averaged noise for the repetition i. This is based on the assumption, that the noise is uncorrelated in the time-domain.
We find generally a good SNR for all measurements and the noise subtraction is a rather small correction in most cases.
Only for one waveform Y% (f) < EZ was found, probably due to a strong transient signal overlapping with the measurement.
This waveform from measurement series 7 over 70 m at 29 kHz has been discarded from the analysis.
Besides the subtraction of noise, the measured noise-level serves as certainty estimate of the measured signal .S; and
we have usedgi =N;,.

2.4.4 Normalization to the emission power

Synchronously to the measured acoustic data, the nder’s voltage V and current I are measured and stored as waveforms as
shown in Fig. 4. These waveforms are Fourier transformed as well and the peak sending power P; = V' - A is determined by the
multiplied coefficients of the target frequency. The normalized signal amplitude is given by S;=S5; / %, where the factor
/2 corrects the peak power to the effective sending power. The uncertainty og, is multiplied with the same factor.

In the measurement series 8 and 9 we have verified the correctness of this normalization, by performing the same measure-
ment but changing the emission power by a factor 200 resulting in highly different amplitudes, once close to the detection

threshold and once close to saturation. The normalized amplidudes are found fully consistent.
2.4.5 Data averaging

The amplitude extraction is repeated for each repetition within one series, see Table 2. We have observed, that particularly

during long measurement series both extracted signal and noise level can vary significantly between measurements. Therefore
— va=1 Si/o ?

we calculate for each series n the error weighted mean of all N repetitions .S, = SR/ g?
=1 B3

and the corresponding error o, =

10
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. /ﬁ. Deviations from these averages are assumed to be caused by systematic uncertainties and will be investigated in
i=1 i
the following.

2.5 Stability of data in time

For the estimation of the total uncertainty of each measurement, we have to take into account several effects

1. Changes of the extracted signal for different repetitions during long measurement series result in an error os; of the

averaged value in addition to the propagated errors o,.

2. Differences of the extracted signal for repeated measurements in the same hole but different dates n and m indicate
systematic variations of the glacial conditions during the measurement campaign. This additional uncertainty is named

gs

n,m"*

3. Differences of the extracted signal ratio for pairs of two holes at the same distanct different positions on the glacier
and dates of the measuremendicate the uncertainty related to the local position on the glacier. This additional uncer-

tainty is called og_ ¢

nydm*

The total uncertainty for each signal .S; is then given by

7= \/O?L + U%7i + O—%n m + 0"2371,7Sm ’ (])
where each uncertainty lated to the respective effect.

2.5.1 Observed changes during measurement series

The repeated measurements during long measurement series allow for the investigation of systematic changes of the measured
amplitudes over time. Figure 6 and 7 showthe results from two measurement series of more than 10 h run time and
a large number of repetitions. While the results in the first example are stable within their uncertainties, the second example
shows a systematic variation exceeding the assumed errors.

The origin of this effect remains unclear. However, we can exclude instrumental effects because all diagnostic data indicates
stable operation for these runs. Therefore, we suspect variations of the glacier itself, i.e. spontaneous relaxation of cracks,
refreeze of melting water within cracks during night as well as changes of the geometry of the melted holes including the
water-level and the acoustic coupling of thensor and emitters to the bulk ice.

In order to account for such changes in the error budget, we calculate the standard deviation std(.S;). If this error is in
excess of the previously estimated error from the mean of the repeated measurements it is added to the totalﬁrror by 0?971- =
sup(0, std(S;)* — o2).

11
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Figure 6. Measured amplitude for repeated measurements within series 7, 19 kHz
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Figure 7. Measured amplitude for repeated measurements within series 11, 27 kHz.

2.5.2 Reproducibility of measurements for repeated series

To assess the reproducibility of full measurement series, three pairs of measurement series were taken between the same holes:
9 and 10 (10 m, directly consecutive), 6 and 24 (60 m, 4 days apart) and 15 and 19 (90 m, 1 day apart). In between, the setups
had been removed from their holes and then reinstalled.

Figure 8 shows the amplitude plotted against the frequency for all six measurement series. Overall, all three pairs show
a reasonably good consistency of the amplitude and shape of the curve within the estimated uncertainties. However, also

significant differences can be seen, e.g. for measurement series 6 and 24.

12
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Figure 9. Histogram of the relative variations between repeated measurements of the same hole pairs for all frequencies

In order to account for the variations in reproducibility we have investigated all measured relative differences s, = (S, —
Sim)/(v/2+S,, ). We find no dependency on the frequency and use the standard deviation std(s,,) = 0.45 of this distribution

(see Fig. 9) to account for the systematic uncertainty of time variations at fixed locations on the glacier g = 0.45-S;.

n,m

2.5.3 Systematic differences related to different pairs of holes

Figure 10 shows as an example the measured amplitudes as a function of the hole distance for 16 kHz sine bursts. The semi-
logarithmic plot displays a roughly linear dependency of amplitude and distance as expected. However, variations in amplitude

exceeding the uncertainties of the individual measurements are visible at distances 20 m, 40 m and 60 m, see Table 2 for details

13
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Figure 10. Normalized amplitudes 16 kHz sine bursts. Variations in measured amplitudes for measurements of different hole pairs at 20 m,
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Figure 11. Histogram of the relative difference between measurements of hole pairs of the same distance for all frequencie

on the measurement series. Note, that this figure also displays the variations of repeated measurements of the same hole-pairs
0 m, 60 m and 90 m) that are discussed in the previous section.

In order to estimate the uncertainty due to the propagation of signals through different ice masses, we have again investigated
all relative differences of measured amplitudes of different hole pairs (S, —S,,)/(v/2 - Sy.m) and estimated the standard
deviation std(sy, Sm ) = 0.68. As this variation includes also the variation due to the time dependencbserved when using
same holes, we subtract this respective uncertainty as estimated above 0 ¢ = std(s,,5m)°—0% = (0.68>—0.45%)-S7 =
0.512-S2.
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Figure 12. Measured propagation delay for 5 ms chirp signals
Table 3. Measurement of the propagation speed of sound vprop.
2
Uprop X / Ndof

m/s

chirp (3 ms) 3443.0+0.2  5.31/10
chirp (5 ms) 3443.2+0.2  5.31/10
chirp (10ms)  3447.9+0.2  0.70/10
barker 3477.0+0.1 116.9/10

2.6 Speed of Sound Measurement

An important verification of the in situ performance of the setup is the measurement of the speed of sound. For this mea-
surement, we use the transmitted chirp and barker signals and estimate the propagation delay by the maximum correlation of
emitted and received signals.

The used signals of 3 ms to 10 ms are shorter than the typical propagation delay of the acoustic wave. To avoid any influence
of the electromagnetic induced signals, only measurements of distances larger than 10.8 m (3 ms), 18.0m (5ms) and 36 m
(10 ms) are used as the signal emission is terminated before the acoustic signal reaches the receiver. The time-window of the
electro-magnetic interference is excluded from the analysis.

The propagation delay is calculated by correlating for each measurement the recorded emitter voltage with the received
signal with a variable time offset. The time offset of maximum correlation determines the signal propagation time. The median
from all repetitions of the same measurement is taken as well as the difference of the 15.85 % and 84.15 % quantiles for an

estimate of the error.
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The result of the measured propagation delay is summarized in Table 3 and shown in Fig. 12 for the example of 5 ms chirps.
We observe a good linear behavior of the propagation delay with distance. From the chirp signals, a combined speed of sound
of (3444.7 £ 1.6) m/s is observed. The dominant systematic uncertainty on the absolute value of the speed of sound is related
to the determination of the hole locations. The location of each hole has been measured with a GPS probe that showed a drift
of about 80 cm during the procedure. This drift corresponds to an uncertainty of about 30 m/s.

The results for different chirps signals are, however, fully correlated with respect to this uncertaintiesd can be directly
compared. The results of the 3 ms and 5 ms chirps are consistent with each other within their estimated fit-errors. The speed
of sound derived from the 10 ms chirps deviates by about 5m/s from those, and is thus not consistent within the errors that
have been estimated from the fit. The barker signals show substantially stronger fluctuations in the propagation time which is
also reflected by a large x? value. The observed speed of sound deviates by 30 m/s from the results of the chirps. The barker
signals are thus not taken into account in the further analysis.

We conclude, that the measured propagation delay sufficiently verifies the stability of the measurement setup. However, it
also indicatt fully understood systematic uncertainties related to barker signals.

Our measured value of the speed of sound is smaller than 3880 m/s as measured for deep rctic ice but larger than the
observations for firn ice (Abbasi et al., 2010). It is only slightly smaller than a previous measurement near the surface of alpine
glaciers and rctic glaciers with about 3660 m/s to 3700 m/ d 3500m/ spectively (Helbing et al., 2016). However,
there it was also observed that the propagation delay strongly depends on the direction and depth in the ice with variations up
to =10 %. This indicates a strong dependency on the structure of the ice and the morphology of the glacier. When taking into
account these systematic uncertainties, we consider our observed value as a reasonably good confirmation of our measurement

procedures.
2.7 Attenuation using Chirp signals

The measured chirp signals can also be used to measure the attenuation of sound. For this, we have adopted a procedure that is
mostly identical to the above described procedure in terms of estimation of uncertainties. Unlike the above procedure, the total
received chirp signal as well as a noise window are Fourier transformed and the amplitude at the respective frequency is used
after noise subtraction. The Fourier transformation is recalculated for each frequency with a window length adjusted to this
frequency in order to minimize spectral leakage. In comparison to the sine-burst measurement we do not measure a frequency
clean signal and e.g. transient ringing of the receiver cannot be fully excluded from the measurement as easy. Furthermore, an
uncertainty in the frequency dependency of the speed of sound and surface reflections may result in an uncertainty due to the
dispersion of received signal. As the analysis of this data is thus less robust against these uncontrolled uncertainties we use this
independent data-set for a second measurement confirming our main result that is based on the sine-bursts.

As detailed for the measurement for the speed of sound, electromagnetic interference is no problem in case of chirps. Since
the emission is terminated quickly, an overlap of the interference and the received acoustic signal happens only for short
distances below 10.8 m (3 ms), 18.0 m (5 ms) and 36 m (10 ms) with an speed of sound of 3600 m/s. As for the sine bursts, for

all measurements up to distances of 20 m the electromagnetic interference is negligible due to the combination of high received
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Table 4. Estimated values for the relative systematic uncertainties os,, ,,, and os,,,s,, for the chirp measurements. For comparison, also the

results from the sine burst measurements are listed.

Signal OSn,m  OSn,Sm

3 ms chirps 0.39 0.34
5 ms chirps 0.41 0.40
10ms chirps ~ 0.32 0.51
all chirps 0.38 0.48

sine 0.45 0.51

acoustic amplitude and low sending power. Thus we have excluded only the 10 ms chirp measurement series 14, 26 and 27
which are in the range of 20 m to 35 m.

and og, g, are listed in table 4 for the three chirp durations separately and for

n,m nyPm

The relative systematic uncertainties og
the combination of all chirps.
When fitting for the attenuation lengths (see below), we observe no systematic differences for chirps of different duration.

Therefore we combine the full data set of all chirps, without distinction by duration for the final result.

3 Result of the Attenuation measurement

The acoustic attenuation is measured by fitting the determined sound amplitudes as a function of distance d for each frequency
with the function

A(d):%-e*ﬁ +N. @

Free parameters of the fit are the amplitude normalization A, the attenuation length A,;; and the amplitude of the noise floor
N. Note, that this function ignores the effect of surface reflections.

The error of each data point includes the estimations of the individually measured signal to noise ratio but also accounts for
systematic variations that we have observed in the data as described above. For each frequency f and measurement series n,

this results in the amplitude and error

A(d) = S, + \/a,%+a§i+sg -(0.452 +0.512) . 3)

In order to increase the robustness of the analysis we include all 20 measured data series but repeat the fit multiple times
with a subset of these points. Each of this subset contains 20 random data points where each point can appear multiple times
but the total number of points remains constant. This is a resampling technique called bootstrapping which provides a rather
robust estimate of the uncertainties driven by the fluctuations in the data, i.e. outliers (Narsky and Porter, 2013).

We repeat this bootstrapping 1000 times for each frequency and perform the fit. For a robust estimate against stochastic

outliers we then use the median (50 % quantile) as well the 15.85 % and 84.15 % quantiles from the results of the 1000 fits as

17
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Attenuation length fit 16 kHz

. Median fit
Ao [V] 28.24143%8%2
_ Aate[m] 8.17%048
N [V] (4.67%33%)e-6
X2/ndf 12.32/17

Normalized amplitudes A [V]

20 40 60 80
Distance d [m]

Figure 13. Fit of attenuation length Aqs; for 16 kHz. The line and the x? is calculated with the median parameters from the 1000 bootstrap

estimates.
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Figure 14. Attenuation lengths for all frequencies. Shown are the results based on sine-bursts (red bullets) as well as chirps (black stars)

the asymmetric error of the fit results. An example for 16 kHz is shown in Fig. 13. The averaged fit agrees well with the data
points within uncertainties and is not driven by outliers. All fitted parameters with their estimated uncertainty are listed for
each frequency in Table 5. The fitted attenuation length versus frequency is shown in Fig. 14.

The resulting uncertainties of the attenuation length are typically 20 % and include systematic uncertainties as described
above. Note also that the measurement of each frequency is based on independent data. The values of the x? represent a y2-test
of all data points with respect to the average fit. The number of degrees of freedom slightly varies, because for the lowest and

largest frequencies data has not been taken for the largest distances as the observed signal was too weak. The values of the x?
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$s920y uadQ

fIHZ | AgIVI darml  N[V-107%]  x2/ndf | Ap[V] Xate [m] N [V-107°]  x?/ndf
2 1.2494 13.6732 17067882 107/16 | 3.2t 1687932 203513875 180.1/16
3 5.079-9 12.9738  35.85F128%  16.6/16 51798 1587420 43.67+1532  82.5/16
4 13.1799 126728 873ti202 12.9/16 7.0552 13.972% 12427538 12.1/16
5 20.6 5% 94721 25.001%5%5  10.7/16 13.6153 11.5732 1710358 8.2/16
6 2127188 72f12 11254740 23.3/17 | 21.8F11 9.6735 1656157 10.8/17
7 4747387 77t08  10.60t1286  13.7/17 | 41.67114 86738 12651209  8.2/17
8 50.01318  76t5S  860+1-dT  11.9/17 | 35.5F1TS 8.6758 6.661377 8.5/17
9 10.00399  9.6%12  0.00£042  20.6/17 | 27.673% 8.8%%3 5267393 10.5/17
10 24.2%20:2  grtll 3677081 11.3/17 | 58.5720% 7.6752 6.081149 7.8/17
11 88.8 %% 6.2fl% 233103 152/17 | 85.8T{22 74194 4.3975:82 5.0/17
12 104725 103513 0.001885  13.1/17 | 50.2T108 8.3753 2.7019-29 5.0/17
13 40.2%289 83+y3 2327080 s56/17 | 67.3TE0Y 8.075-2 3.501975 2.6/17
14 2034872 83F19 0274333 16.1/17 | 45.8%355 8.0752 4174132 10.2/17
15 4671579 73802 0328825 13.5/17 | 78.013%4 76195 4474121 7.7/17
16 2821308 got08 474028 12.3/17 | 93.1+2%8 75753 5.5013-97 9.7/17
17 48.0%2%9 80197 0.38%040  7o0/17 | 1441725 7atd: 1156718E 45/17
18 30.67301 83T 0211948 11.6/17 | 264.9T251 66193 20431628 6.0/17
19 105.01538 737852 1.14%320  6.4/17 | 449470 61183 209.90TH 2 7.2/17
20 186.419°% 62758 3.01F379  15.9/17 | 425.9T%58  6.279%  46.037%5:11  s8.8/17
21 119.01429 67755 0.64%325  12.5/17 | 601.973153 58197 3r.retoY  10.7/17
22 187.3 1189 58709 053191 38.4/17 | 640.4FT544  a9tll 36.47TL090  15.7/17
23 166.3 1155 58%99  057T010  ge/17 | 328811208 6.0105 23377385 7.7/17
24 83.3729:5  6.0T05 03719902 9.2/17 | 23441207 61194 19601392 6.8/17
25 1289 499 50159 0.28%019  102/17 | 417778907 50198 19827305 55/17
26 7.7 150 artid 0997082 20.2/15 | 44497508 47t33 22507590 4.3/17
27 2627295 56702 0214320 85/15 | 208.8F323  4.8795  1859F5%  55/17
28 4472 72408 0338035 12.7/15 | 10428330 5.3%00 27.93739%  ra4/17
29 16.875%  57tL9 0181948 20.7/15 | 83.9%4T% 51197 28861551 3.8/17
30 8.670:2 551239 0477043 8.0/15 | 6857503 517407 28.991%3.80  47/17
31 0.6%39 83710 011783 11.8/15 | 56.5T158 50708 200471599 3.8/17
32 6.6172:1 56789 0387515 43.3/15 | 41.87333 54108 35627228 3.7/17
33 34738 59728 0.31+355  19.9/15 | 48.41318 55782 35.090%9:%%  4.4/17
34 0.6743 8097 0.25%317  87/15 | 48.0138% 54702 36501282 6.5/17
35 0.6734 72724 0451837 125/15 | 7451859 50729 436411005 8.8/17

are found to be reasonable for all fits. Note also, that the fit values for the noise floor N are for all fits in agreement with zero,

thus verifying the noise reduction is working well and does not introduce a bias to the fit.
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Also shown in the figure is the result of the chirp measurement. The attenuation that is obtained with this independent data
set is found to be consistent with the sine-burst measurement in absolute and remarkably even structures of the frequency
dependency. We interpret this as a good confirmation of the result.

Two systematic effects that are hard to control experimentally have to be addressed. That is first the coupling of the sound
from and into the water-filled holes. In the holes standing waves are expected to build up at characteristic frequency which
may modify the angular response. Secondly reflections from the surface will constitute a coherent wave that may interfere
constructively or destructively with the received signal. Both effects are expected to vary strongly with distance, depth of
holes and probed frequencies but will not constitute as an exponential-like distance dependence given the large lever-arm
of performed measurements. No obvious contribution from these effects has been found neither in the raw waveform data
nor in the frequency and distance dependency of measured amplitudes. The absence of strong surface reflections is in fact
plausible because of the highly uneven and rough surface on scales of the wave-length that diminishes the coherence of reflected
signals, see Fig. 2. The remaining contribution leading to fluctuations of individual data points are included in the estimation
of systematic errors by repeated measurements. Any further impact of such fluctuations on the fit are further suppressed by
the bootstrapping method. The validity of these assumptions is confirmed by the consistency of results of the chirp and the

sine-burst measurements because both would be affected differently by these effects.

4 Discussion and Conclusions

In this paper we report the measurement of the acoustic attenuation length on the alpine glacier Langenferner in the frequency
range from 2 kHz to 35 kHz. The range of values are typically 5m to 15 m with larger attenuation length for lower frequency.
These values include a detailed investigation of systematic uncertainties and are based on two independent measurements using
sine—bursand chirp signals. The measured speed of sound is3447 + /s.

Figure 15 shows a comparison of our result to that of Langleben (1969) obtained for sea ice. Despite the large spread
in the sea ice data, our result agrees well with &h&g@ the range 10 kHz to 25 kH we find a smaller attenuation. Also
compared to Westphal (1965) we find a result that is consistent in magnitud we observe a weaker frequency dependen
In Conclusio data ek-)es favor the model of Rayleigh scattering as dominant the attenuation. According to
Price (1993, 2006) the dominant nergy loss of acoustic waves in warm ice is grain boundary relaxation, i.e. sliding.
This process has a weaker frequency dependency than scattering and depends on the texture of the ice and its grain size. For
colder ice, this process is suppressed.

When comparing to the results for the alpine glaciers Pers and Moteratsch, reported in Helbing et al. (2016) we find an
attenuation length that is shorter by approximately a factor a similar frequency dependence glacial
environment and measurement strategies are quite similar, however, the origin of this difference is unclear. We note, that
despite of these differences, the measured attenuation of sound is remarkably similar in scale for very different locations, e.g.
sea-ice and different alpine glaciers when taking into accounts the large difference to deep ctic ice. Even unpublished

measurements by ourselves during a campaign on the non-tempered Canada glacier in Antarctica (Kowalski et al., 2016)
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Figure 15. Comparison of our measurement to the results from Langleben (1969) for sea ice and Helbing et al. (2016). Shown are our results

based on sine-bursts (dark grey band) as well as chirps (light red band) and the other reported results as data points

resulted in similar values. Further follow-up measurements on different glaciers would be required to confirm whether the
effective attenuation of a general property and whether it is related to the specific properties of ice.

In view of in-ice navigation of melting probes as described in Kowalski et al. (2016), our results confirm the possibility of the
transmission of acoustic signals over tens of meters and thus allowing the determination of the position of a melting probe by
the trilateration of acoustic signals. From our observations ‘, er frequencies below 20 kHz or even below 5 kHz are preferable
for this application.

For the application of sub-glacial exploration, e.g. of deep sub-glacial lakes in Antarctica or a space mission to the moon
Enceladus, the here observed attenuation would not allow for a navigation volume with sides much larger than typically 100 m.
However, the ice quality in other environments can be much improved. ETg—basi etal. (2011) observe an attenuatio about
@)0 m in deep Antarctic ice. This would allow for a much larger propagation distance of sound and consequently a much larger
navigation volume that scales with the cube of the maximum propagation distance. The feasibility of acoustic trilateration for
the navigation in the ice shield of Enceladus remains an open question that depends strongly on the modeling of the local
glacial environment. An ice-structure deviating from that of alpine glaciers could strongly enhance the performance of such a
navigation system.

Geﬂel-&dri-ng,—t-h&hef%sented measurement of the acoustic attenuation length is robust in terms of systematic uncertainties.
The obtained values are encouraging for the development and the use of sonographic technologies for the exploration of natural
glaciers, even in the presence of cracks and crevasses. An improved theoretical understanding of the effective damping of sound
during propagation in such natural glaciers would allow determining whether the measured attenuation and its frequency

dependencyi@n be beneficial in characterizing basic properties of the glacier ice.
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Code and data availability. The in-situ data are stored in the format of ROOT trees and is pre-processed with tools from the ROOT framework
(Brun et al., 2018). The final analysis is done by a series of custom scripts in the python (Python Software Foundation, 2018) programming
language using tools from the publicily available library NumPy (NumPy Developers, 2018). The analysis itself is documented in more

details in (Meyer, 2018). Data and example scripts can be obtained on request from the authors.
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Abstract. The acoustic damping of sound waves in natural glaciers is a largely unexplored physical property that has relevance
for various applications. We present measurements of the attenuation of sound in ice with a dedicated measurement setup in
situ on the Italian glacier Langenferner —from August 2017. The tested frequency ranges from 2kHz to 35kHz and probed
distances between 5 meter and 90 meter. The attenuation length has been determined by two different methods and-including
detailed investigations of systematic uncertainties. The attenuation length decreases slowly-with increasing frequencies. Ob-
served values range between 13-meter-meters for low frequencies and S-meter-meters for high frequencies.The here-presented

results—strongly—presented results improve in accuracy with respect to previous measurements. However, quantitatively—the
found-atienuation-is-the observed attenuation is found remarkably similar to observations at very different locations.

1 Introduction

The aceustieal-acoustic properties of ice are of interest for a large variety of applications ranging from the measurement of
seismic waves (Robinson, 1968) to the detection of ultra-high-energy neutrinos (Abbasi et al., 2010). Recently, the application
of sonographic methods has received increased interest in the context of the exploration of subglacial lakes in Antarctica or
even water oceans below the ice surfaces of moons in the outer solar system. Particularly the joint research collaboration
Enceladus Explorer, (Kowalski et al., 2016) has developed a maneuverable melting probe in glacial ice. It incorporates two
acoustic systems operating in the range of 1 kHz to 1000 kHz. One is based on trilateration of the arrival times of acoustic
signals from pingers and allows for the localization of the probe. The other system is based on phased piezo arrays and is used
for the sonographic fore-field reconnaissance e.g. the detection of obstacles on the planned trajectory or water pockets when
approaching the region of interest.

In water, sonographic imaging and acoustic localization techniques are well established technologies. In ice, however, acous-
tic navigation techniques are largely unexplored though they may provide a number of applications. Unlike water, not only
pressure waves but also shear waves can propagate in the solid state ice. Since pressure waves are easier to generate and have a
faster propagation speed (Vogt et al., 2008; Abbasi et al., 2010), they seem more suited for navigation purposes and are focused
on in the following.

A limiting parameter is the damping of acoustic signals with distance, that-which strongly depends on the respective glacial
environment and the frequency of the signal. In the following we refer to the attenuation length as that distance r at which

the amplitude of a spherical signal is reduced by 1/e after correcting the amplitude for the 1/r reduction due to geometric
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spreading. This parameter itself is an interesting physical property as it depends on beth-the-small structures on scales of the
wave-length and-smaler-but-effectively-integrated-over-but at the same time effectively integrates the overall glacial structure.
For the purpose of navigation it ultimately limits the maximum distance to which pairs of receiver and emitters can exchange
signals. The design and optimization of acoustic transducers of high emission power strongly depends on the frequency and
prefers higher frequencies as well as a better beam resolution of phased arrays does.

The acoustic attenuation length in ice is not well known in the range from 1 kHz to 100 kHz which corresponds to typical
wavelengths from 350 cm to 3.5 cm, respectively. While in water the attenuation length in this frequency range exceeds orders
of kilometers (Fisher and Simmons, 1977; Schulkin and Marsh, 1962) and only slightly varies with temperature and chemical
composition, the attenuation in the solid state material ice is more complicated. Even for simple polyerystaline-poly-crystalline
ice, calculations range over orders of magnitude from a few 10 meters to several kilometers depending on the temperature and
assumed grain sizes (Price, 2006, 1993).

In a natural glacier environment the situation is even more complicated. Ice cracks filled with air and inclusions of dust and
rocks will attenuate-sound-strongly—Their-occurrence-depends-the-general-strongly attenuate sound. This will depend on the
overall environmental conditions of the glacier such as its formation and flow.

Only few in situ measurements exist in the literature for very different glacial environments. The largest measured attenuation
length is eonsistent-with-about-300 m=£20 % (Abbasi et al., 2011). It has been observed for the glacial ice at depths 190 m to
500 m below the surface at the geographical South Pole, for frequencies between 10 kHz to 30 kHz. This attenuation is however
substantially stronger than the earlier predictions (Price, 2006). Measurements in sea ice by Langleben (1969) for 10 kHz to
500 kHz resulted in the range of 9 m to 2 m for 10 kHz to 30 kHz, respectively. For frequencies >100 kHz see also Lebedev and
Sukhorukov (2001). Mesurements of seismic explosion shocks in a temperate glacier are reported in Westphal (1965). These
measurememts result in an amplitude attenuation length that ranges between 70 m to 4.6 m for frequencies from 2.5 kHz
to 15kHz, respectively. This strong frequency dependency is interpreted as Rayleigh scattering on ice grains as dominant
attenuation process. Recent measurements on the alpine glaciers Morteratsch and Pers (Helbing et al., 2016; Kowalski et al.,
2016) with acoustic transducers reported an attenuation of similar scale with a length of 31 m for 5 kHz and 15 m for 18 kHz.
Geal-The goal of this work has-been-is to provide a robust measurement that properly addresses and reduces experimental
uncertainties with respect to previous measurements.

The measurement of the seund-attenuation of sound in situ is in fact challenging, and the accuracy is limited by the quality
of the measurement setup and the systematic uncertainties related to the environment. In particular two aspects are important.
First, sensors-and-emitters-receiver and emitter are inserted into the glacier by holes. The structure of such holes depends
on the production process. It differs from hole to hole and changes with time, e.g. because the water-level can change with
time due to leakage and refreezing of the walls. As result, the acoustic coupling to the ice differs not only from hole to hole
but also for repeated measurements in the same holes. Secondly, the natural glacial environment contains cracks and other
absorbing structures. The subsurface ice-structure is unknown. The phase of reflected signals e.g. from the surface, depends on

the specific emitter-receiver measurement geometry and thus can interfere with the direct acoustic signal.



The basic concept of the here-presented measurement addresses these issues. It is based on the deployment of an acoustic
emitter and a receiver a few meter deep into the glacier using holes that are produced with a melting probe. From the relative
amplitude of the signal registered for different distances we can infer the attenuation length.

In order to produce an-as-robustrestltas-possiblea robust result, we have established the following strategy:

1. In all measurement the same pair-of sender-and-reeeiver-emitter-receiver pair is used. Therefore the emitter and receiver
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sensitivities cancel in the ratio of received signals of different distances.

. We use an emitter and a receiver that are largely spherically symmetric in emissivity (<1dB at 18 kHz according to

the manufacturer) and also in sensitivity. This reduces systematic differences due to variations of the orientation of the

instruments in the holes for different measurements.

. We perform our measurements for a large number of distances from 5m to 90 m. This allows for the determination of

the attenuation with a large lever arm of multiples of the attenuation lengths as well as the suppression of local glacial

effects like cracks or reflections.

. We include multiple measurements for the same distance but different-tocations-on-at different locations and depths in

the glacier for the estimation of systematic uncertainties related to local properties of the glacier and reflections.

. We include repeated measurements using the same holes that have been used a few days earlier, or of changed depth

below the surface, to include uncertainties related to changing hole properties and thus acoustic coupling to the ice.

. In each measurement, emitters and receivers are covered by a column of melted water at the bottom of the holes. The

water interface impreves—the—reprodueibility—of-the-is advantageous compared to dry holes because it improves the

coupling of the transducers to the ice.

. We have developed a dedicated electronic setup for this measurement and tested it in the laboratory. The setup produces

long signals of sine waves that are thus well defined in frequency. An appropriate time window of the registered sine-
burst signals rejects transient ring-in phases until the receiver oscillates in phase as well as phases of electro-magnetic

interferences.

. In order to match the dynamic range for different distances to our setup, the amplitude of the sender-emitter can be

changed. The emitted acoustic power is monitored in our setup for each measurement and differences are corrected for
in the analysis by normalizing to the amplitude of the emitted signal. This approach also corrects for a possible long-term
variation of the electronic setup in terms of gain. The validity of this normalization is verified in situ by measurements

of different amplitude.

. We perform the analysis very carefully by estimating and subtracting noise, identifying systematic uncertainties and a

robust error propagation using advanced bootstrapping techniques.
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Figure 1. Extend-and-thickness-map-Map of the Langenferner glacier and its thickness based on a modified figure in Stocker-Waldhuber
(2010). The Casati hut and camp site of the field test are indicated. Coordinates are in UTM coordinates with east on the x-axis and north on

the y-axis

2 The Measurement Setup
2.1 The Langenferner Site

The Langenferner glacier is a high altitude glacier in the Ortler-Alps in Italy, that extends from its highest point at 3370 m a.s.1.
to the lowest point at 2711 m a.s.1. at the terminus. Gales(2017)-Galos et al. (2017) reports a covered area of ef-about 1.6 km?
5 (in 2013) and an estimated volume of 0.08 km? (in 2010).

The site of the field testcampaign in August 2017 was located in the upper part of the glacier at about 3260 m a.s.l. close to
the Rifugio Casati (46.46 °NI10.60 °E), see Fig. 1. The depth of the glacier in the region of the test site was estimated 90 m to
100 m in 2010 (Stocker-Waldhuber, 2010). Based on detailed studies of the mass balance by Gates-(26+7)Galos et al. (2017)
, the site is part of the ablation zone and the depth was reduced by at least 7m since 2010. During the field campaign, the

10 glacier was not covered by snow and the ice could be accessed directly. The average density of the bulk ice estimated in

The instrumentation was deployed in-the—glacier-by-into holes prepared with a 12 cm diameter melting probe that was
developed within the EnEx initiative (Heinen et al., 2017). The layout of the holes at the test site is shown in Fig. 2 their
coordinates and depths are detailed in Table 1. The figure shows that the test site includes complex ice structures though the

15 main axis has been largely parallel to the largest visible cracks at the surface.
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Table 1. Measurement holes. Coordinates are given in the UTM coordinate system (notation eastinorthlup) relative to hole 1 that is located
at (32U:623382.6315146718.5813281.84).

# Pos. Coordinates Depth
(m] (m] (m]
1 0 0.0010.0010.00 2.6
2 -5.021-0.251-0.36, 1.8
3 10  -10.091-0.501-0.81 2.1
4 30 -30.271-4201-0.85 25,6
5 50 -50.181-2.751-1.19 2.7
6 70 -70.951-0.911-1.05 2.6
7 90  -90.7810.471-0.64 2.5

“changed 27" August

M

Figure 2. Aerial view of the measurement site with the location of the measurement holes. Modified photo from Markus Bobbe, TU Braun-

schweig.

Inside the holes we have measured temperatures close to 0 °C and the glacier appears largely tempered. However, we have
observed over night that water surface of holes refroze and in some cases the acoustic transducers froze to the wall of the holes.

Therefore domains in the bulk ice of slightly lower temperature cannot be excluded.
2.2 Instrumentation and setup

The schematic overview of the measurement setup is shown in Fig. 3. Two spherical, 4.25 inch, acoustic transducers of type
ITC-1001 from International Transducer €ooperationCorporation are used for sending and receiving the signals. This type
of transducer provides a high-pewer-high-power broadband acoustic omni-directional emissivity from 2kHz to 38 kHz and
equally good receiving properties. These transducers are connected to the setup-acquisition system using coax cables and are
lowered into the prepared-and-water-filled holes. All other equipmentis-components of the acquisition system are contained
in a seetred-weather-proof metal box on the glacier to shield it from the outdoor environment. In each measurementthe-tiseet

transdueer-, the transducers are not inter-changed for emitting and receiving the acoustic signals.
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Figure 3. Schematics of the instrument setup.

The setup is controlled through Ethernet connections by a notebook running LabVIEW. Signals are generated with a function
generator (Rigol DG5072), amplified with a power amplifier (Monacor PA-4040) and sent to the emitter. The function generator
also triggers the data acquisition that is done with a digital oscilloscope (Tektronix DPO4034). The signal of the acoustic
receiver is amplified and synchronously recorded with this oscilloscope with a sampling rate of 1 MHz. Because of the large

5 difference of probed distances the electrical amplitude driving the emitter is dynamically adapted with peak-to-peak amplitudes
ranging from 2V to 500 V. The LabView program automatically adjusts the dynamic range of the oscilloscope for maximum
resolution of the received signal. Furthermore, we measure the power of the emitted signal during each measurement by
monitoring the voltage and the current at the emitter input with a 1.1 ) power resistor that is connected in series with the
emitter. In the data analysisthe-nermalization—, the amplitude of the received acoustic signals is corrected for the different

10 emission power based on these recorded values.
2.3 Measurement procedures

Each measurement was carried out according to a strict procedure to ensure consistent data throughout the campaign. The

spherical transducers were lowered to the bottom of the holes and were always covered by at least 30 cm of water. The main

attenuation measurement is based on repeated sine bursts of 50 ms duration. We scan for each pair of holes the frequency band

15 of 2kHz to 35 kHz in steps of 1 kHz. To reduce ambient noise, the repeated burst signals of each frequency are averaged within
the oscilloscope as indicated in Table 2. After one full frequency scan, the full procedure is repeated several times.

A measurement window of 100 ms was selected for the recording of data. This is substantially longer than the signal duration

and allows recording 20 ms of ambient noise before a signal is emitted, and is sufficient to capture the complete signal including

a propagation delay of up to 30 ms that corresponds to a distance of more than 100 m. The burst duration of 50 ms results in

20 a minimum of 100 oscillations for the lowest frequency. This ensures a sufficiently long stable phase of forced resonance. By



Table 2. Measurement runs

# Date Dist. Holes Avg. Rep. Dur.

[m] [hh:mm)]

6 60 6—3 512 3 04:33
23.08

7 70 6—1 512 7 11:31

8P 10 1—-3 512 1 00:35

9 10 1—-3 128 4 01:53
24.08

10 10 3—>1 128 4 01:58

11? 50 5—1 128 35 17:08

12 40 53 128 4 01:51

13 20 4—3 128 4 01:58
25.08

14 30 4—1 128 4 01:51

15¢ 90 7—1 521 2 02:09

16 20 54 128 4 01:52

17 40 6—>4 128 4 01:52
26.08

184 60 7—4 128 2 01:01

19 ¢ 90 7—1 512 13 15:33

20 40 7—5 128 4 01:52

21 20 6—>5 128 4 01:51
27.08

22 5 21 32 4 00:49

24% 60 6—>3 512 9 15:18

25°¢ 20 43 32 6 02:02

26 28.08 30 41 32 4 01:08

27 25 42 32 1 00:26

“During night, ®100% sending power, sine-bursts 2 kHz to 5 kHz,
25 kHz to 35 kHz only, ¢Sine-bursts 2 kHz to 25 kHz only, 9Signal

generator switched off, °Hole 4 deepened to 6 m

appropriate windowing during the offline analysis, phases of unstable amplitudes at the start and end of the burst are omitted.
Similarly, phases of electromagnetic interferences are excluded from the analyzed time-windows, as described below.

In addition to these sine bursts, we have regularly recorded logarithmic chirps of 3ms, 5ms and 10 ms duration within
frequency ranges between 0.5 kHz to 42.5kHz as well as 11 bit Barker codes of 10 kHz and 20 kHz carrier frequency with
four oscillations per bit (Barker, 1953). These signals are used to determine the speed of sound. The chirps are also used for a

second attenuation measurement with independent data.



10

15

Received signal

| @]

o
N

4
N

Amplitude [V]
“o =
= =)

|
©
N

-20 0 20 40 60 80
Time [ms]

Amplifier voltage

(3)

200 -

Voltage [V]
o

—200 -

—400- ] ] ) ' '

=20 0 20 40 60 80
Time [ms]

Figure 4. Waveform from measurement series 12 at 12 kHz (top) and the synchronously measured sending amplitude (bottom). The indicated

windows 1 to 3 are relevant for the data analysis and are discussed in the text.

An overview on the measurement runs that are used for the further data analysis is given in Table 2. Test runs and runs with

data failures have been excluded from the list.
2.4 Waveform processing and amplitude extraction

Figure 4 shows as example a recorded waveform from the measurement series 12 for a 12 kHz burst at 40 m distance and the
synchronously recorded signal that drives the emitter.

The recorded waveform features several characteristic properties that are explained in the following. From —20 ms to 0 ms
pure noise is recorded. Starting with the signal at 0 ms, we observe an-cross-talk from electromagnetic interference in the
received signal;-that, This is identified due to its-the lack of propagation delay. After a delay of about 10 ms the acoustic signal
sets in and is interfering with the electromagnetic cross-talk signal. Because the electromagnetic and acoustic signal have a
constant relation in relative phase, the superposition is coherent. After 50 ms the sine-burstsending of the signal is switched off
and immediately the interference in the received signal disappears. The now clean acoustic signal continues for the propagation

delay up to about 60 ms, where it stops and the receiver rings down.
2.4.1 Selection of analysis time windows in the waveforms

The electro-magnetic interference is caused by the high-power audio amplifier and the sensitive oscilloscope being packed
very tightly in the metal box on the glacier. In the field we have verified by unplugging the emission cables that the cross-talk

happens locally in the metal box and not at the receiving transducer. The amplitude of the cross-talk has been found to be
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proportional to the sending amplitude. Note, that the frequency of the electromagnetic and the acoustic signal are the same for
each measurement but the relative phase varies due to different propagation delays for different measurement. As result, we
have observed both constructive as well as destructive interference between the two signals in the data. For the data analysis
we therefore use only acoustic data without interference. This can be easily accomplished, because for hole distances d < 15m
sending amplitudes are small and received acoustic amplitudes are so large that the cross-talk can be neglected. At larger
distances where the sending signal and corresponding cross-talk signal becomes larger, the propagation delay of the acoustic
signal allows for a proper separation in time.

The selected windows are displayed in the example shown in Fig. 4. For the data processing we have selected for each
measurement a window, (2) in Fig. 4, that contains the acoustic signal but no electromagnetic interference. Two windows of
the same size are used to determine the noise in the causally unrelated region before the signal, (1) in Fig. 4, and, corrected for
the propagation delay, in the recorded sending signal to determine the normalization of the sending signal, (3) in Fig. 4.

For distances d < 15m, where the electromagnetic interference is negligible, we chose a signal window which is 20 ms
delayed with respect to the start of the acoustic signal (to avoid ring-in effects) and a width of 19 ms. For larger distances, the
window starts with a margin of 2ms after the end of the 50 ms long emission burst. The duration of the window depends on

the distance assuming a propagation velocity of 3.6 mms~!

minus a margin of 0.5 ms. For distances of 80 m and above, the
window width is limited to of 19 ms. The proper adjustment of these windows has been applied for each measurement by an

automated procedure but has been also visually verified during the analysis.
2.4.2 Fourier transformation

In the next step the data in each of the three time windows is Fourier transformed.

Though the three windows are already matched to the same width, they are further optimized with respect to the frequency
of the respective sine burst such that exactly N complete periods are inside the window, preventing spectral leakage due to
incomplete periods. Furthermore, from the ratio of the signal- and sampling-frequencies the optimum number of data points
fitting into this window is estimated. All signal windows are shortened accordingly. The shortening amounts to a maximum
0.5 ms for the 2 kHz signal.

Prior to the Fourier transformation, each signal window is multiplied with a Blackman window to further reduce bound-
ary effects and spectral leakage. Since only the amplitude is of interest for the analysis, the absolute values of the Fourier
transformation coefficients are taken, discarding the phase information.

TFhe-result-An example of the transform is shown exemptary-in Fig. 5 for the largest measured distance of 90 m. The
signal clearly exceeds the noise level with a SNR of about 10:+—Fhe-neise-estimate—in-1_at the tested frequency of 9 kHz
._The noise-level estimated from the noise window matches the apparent noise-level for-from the signal window reason-
ably well. However, a precise prediction based on the-a different time window cannot be expected because of transient-noise

fluetuationsfluctuations of transient noise.
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Figure 5. Frequency spectra for noise and signal windows for a burst measurement during series 19 at 9 kHz.

2.4.3 Noise reduction by spectral subtraction

During the measurements we have observed that the noise level strongly varies with the time of day, i.e. the human activity on
the glacier. Therefore the noise is subtracted from the signal Fourier spectrum for each measurement repetition ¢ individually.
In order to avoid fluctuations, we average the values of the noise floor in a window +0.5 kHz around the respective target
frequency. The subtraction is performed quadratically S;(f) = \/Y2(f) — ﬁz where Y; is the measured signal and NN is the
frequency averaged noise for the repetition i. This is based on the assumption, that the noise is uncorrelated in the time-domain.

We find generally a good SNR for all measurements and the noise subtraction is a rather small correction in most cases.
Only for one waveform Y2 (f) < ﬁiz was found, probably due to a strong transient signal overlapping with the measurement.
This waveform from measurement series 7 over 70 m at 29 kHz has been discarded from the analysis.

Besides the subtraction of noise, the measured noise-level serves as an uncertainty estimate of the measured signal S; and

and-we have used the standard deviation o', = NV;.
2.4.4 Normalization to the emission power

Synchronously to the measured acoustic data, the seaderemitter’s voltage V' and current I are measured and stored as wave-
forms as shown in Fig. 4. These waveforms are Fourier transformed as well and the peak sending power P; = V- A is determined
by the multiplied coefficients of the target frequency. The normalized signal amplitude is given by S; =5, / %, where the
factor v/2 corrects the peak power to the effective sending power. The uncertainty 0s, is multiplied with the same factor.

In the measurement series 8 and 9 we have verified the correctness of this normalization, by performing the same measure-
ment but changing the emission power by a factor 200 resulting in highly different amplitudes, once close to the detection

threshold and once close to saturation. The normalized amplidudes are found fully consistent.

10



10

15

20

25

2.4.5 Data averaging

The amplitude extraction is repeated for each repetition within one series, see Table 2. We have observed, that particularly
during long measurement series both extracted signal and noise level can vary significantly between measurements. Therefore
— vazl Si/ ‘7?

we calculate for each series n the error weighted mean of all N-JV repetitions S,, = ST and the corresponding error o, =
i=1 k3
1

SN 70 Deviations from these averages are assumed to be caused by systematic uncertainties and will be investigated in
i=1 i

the following.
2.5 Stability of data in time

For the estimation of the total uncertainty of each measurement, we have to take into account several effects

1. Changes of the extracted signal for different repetitions during long measurement series result in an etror og,; of the

averaged value in addition to the propagated errors o,.

2. Differences of the extracted signal for repeated measurements in the same hole but different dates n and m indicate
systematic variations of the glacial conditions during the measurement campaign. This additional uncertainty is named

gs

n,m "

3. Differences of the extracted signal ratio for pairs of two holes at the same distance, but different positions on the glacier,
and dates of the measurement indicate the uncertainty related to the local position on the glacier. This additional uncer-

tainty is called g, s

nsym

The total uncertainty for each signal .S; is then given by

=R roRth, th ™
where each uncertainty inctudes-the-additional-uneertainty-is related to the respective effect.

2.5.1 Observed changes during measurement series

The repeated measurements during long measurement series allow for the investigation of systematic changes of the measured
amplitudes over time. Figure 6 and 7 show as-examples-the-example results from two measurement series of more than 10 h
run time and a large number of repetitions. While the results-amplitude in the first example are-stable-within-their-is stable
within uncertainties, the second example shows a systematic variation of the amplitude that is exceeding the assumed errors.
The origin of this effect remains unclear. However, we can exclude instrumental effects because all diagnostic data indicates
stable operation for these runs. Therefore, we suspect variations of the glacier itself, i.e. spontaneous relaxation of cracks,
refreeze of melting water within cracks during night as well as changes of the geometry of the melted holes including the

water-level and the acoustic coupling of the senser-and-emittersreceiver and emitter to the bulk ice.

11
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Figure 6. Measured amplitude for repeated measurements within series 7, 19 kHz
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Figure 7. Measured amplitude for repeated measurements within series 11, 27 kHz.

In order to account for such changes in the error budget, we calculate the standard deviation std(S;). If this error is in excess

of the previously estimated error from the mean of the repeated measurements it is added to the total error by-in Eq.1 via
0?% = sup(0, std(S;)? — o2).

2.5.2 Reproducibility of measurements for repeated series

To assess the reproducibility of full measurement series, three pairs of measurement series were taken between the same holes:

9 and 10 (10 m, directly consecutive), 6 and 24 (60 m, 4 days apart) and 15 and 19 (90 m, 1 day apart). In between, the setups

had been removed from their holes and then reinstalled.

12
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Figure 9. Histogram of the relative variations between repeated measurements of the same hole pairs for all frequencies

Figure 8 shows the amplitude plotted against the frequency for all six measurement series. Overall, all three pairs show
a reasonably good consistency of the amplitude and shape of the curve within the estimated uncertainties. However, also
significant differences can be seen, e.g. for measurement series 6 and 24.

In order to account for the variations in reproducibility we have investigated all measured relative differences s,,,, = (S,, —
Sm)/(v/2-Sp m). We find no dependency on the frequency and use the standard deviation std(s,,, ) = 0.45 of this distribution

(see Fig. 9) to account for the systematic uncertainty of time variations at fixed locations on the glacier cg_ = 0.45-.5;.

n,m
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Figure 11. Histogram of the relative difference between measurements of hole pairs of the same distance for all frequencies.

2.5.3 Systematic differences related to different pairs of holes

Figure 10 shows as an example the measured amplitudes as a function of the hole distance for 16 kHz sine bursts. The semi-
logarithmic plot displays a roughly linear dependency of amplitude and distance as expected. However, variations in amplitude
exceeding the uncertainties of the individual measurements are visible at distances 20 m, 40 m and 60 m, see Table 2 for
details on the measurement series. Note, that this figure also displays the variations of repeated measurements of the same

hole-pairst}6-;-60-m-and-96+)-, 10 m, 60 m and 90 m, that are discussed in the previous section.
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Figure 12. Measured propagation delay for 5 ms chirp signals

In order to estimate the uncertainty due to the propagation of signals through different ice masses, we have again investigated
all relative differences of measured amplitudes of different hole pairs (S, — Sy,)/(v/2+S,.m) and estimated the standard

deviation std(s,, sm) = 0.68. As this variation includes also the variation due to the time dependency +that is observed when

using same holes (as estimated above), we subtract this-respeetive-uneertainty-as-estimated-abeve-that respective uncertaint

5 0% s, =std(sp,sm)? —0%, ~=(0.68%—0.45%) 57 =0.51%- S? -before including it to the total error in Eq.1.

2.6 Speed of Sound Measurement

An important verification of the in situ performance of the setup is the measurement of the speed of sound. For this mea-
surement, we use the transmitted chirp and barker signals and estimate the propagation delay by the maximum correlation of
emitted and received signals—signal (Lueke, 1975).
10 The used signals of 3 ms to 10 ms are shorter than the typical propagation delay of the acoustic wave. To avoid any influence
of the electromagnetic induced signals, only measurements of distances larger than 10.8 m (3 ms), 18.0m (5 ms) and 36 m
(10 ms) are used as the signal emission is terminated before the acoustic signal reaches the receiver. The time-window of the
electro-magnetic interference is excluded from the analysis.
The propagation delay is calculated by correlating for each measurement the recorded emitter voltage with the received
15 signal with a variable time offset. The time offset of maximum correlation determines the signal propagation time. The median
from all repetitions of the same measurement is taken as well as the difference of the 15.85 % and 84.15 % quantiles for an
estimate of the error.
The result of the measured propagation delay is summarized in Table 3 and shown in Fig. 12 for the example of 5 ms chirps.
We observe a good linear behavior of the propagation delay with distance. From the chirp signals, a combined speed of sound

20 of (3444.7+1.6) m/s is observed. The dominant systematic uncertainty on the absolute value of the speed of sound is related
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Table 3. Measurement of the propagation speed of sound vprop-

2
Uprop X /Ndos

m/s

chirp (3 ms) 3443.0+£0.2 5.31/10
chirp (5ms) 34432402  5.31/10
chirp (10ms)  3447.94£0.2  0.70/10
barker 3477.0+0.1  116.9/10

to the determination of the hole locations. The location of each hole has been measured with a GPS probe that showed a drift
of about 80 cm during the procedure. This drift corresponds to an uncertainty of about 30 m/s.

The results for different chirps signals are, however, fully correlated with respect to this tneertainties-uncertainty and can be
directly compared. The results of the 3 ms and 5 ms chirps are consistent with each other within their estimated fit-errors. The
speed of sound derived from the 10 ms chirps deviates by about 5m/s from those, and is thus not consistent within the errors
that have been estimated from the fit. The barker signals show substantially stronger fluctuations in the propagation time which
is also reflected by a large x? value. The observed speed of sound deviates by 30 m /s from the results of the chirps. The barker
signals are thus not taken into account in the further analysis.

We conclude, that the measured propagation delay sufficiently verifies the stability of the measurement setup. However, it
also indieate-indicates not fully understood systematic uncertainties related to barker-stgnals—

Barker signals. Our measured value of the speed of sound is smaller than 3880 m /s as measured for deep antaretie-Antarctic
ice but larger than the observations for firn ice (Abbasi et al., 2010). It is only slightly smaller than a previous measurement near
the surface of alpine glaciers and antaretie-Antarctic glaciers with about 3660 m/s to 3700 m/sand-3506+/s-, and 3500 m/s
. respectively (Helbing et al., 2016). However, there it was also observed that the propagation delay strongly depends on the
direction and depth in the ice with variations up to £10 %. This indicates a strong dependency on the structure of the ice and
the morphology of the glacier. When taking into account these systematic uncertainties, we consider our observed value as a

reasonably good confirmation of our measurement procedures.
2.7 Attenuation using Chirp signals

The measured chirp signals can also be used to measure the attenuation of sound. For this, we have adopted a procedure that is
mostly identical to the above described procedure in terms of estimation of uncertainties. Unlike the above procedure, the total
received chirp signal as well as a noise window are Fourier transformed and the amplitude at the respective frequency is used
after noise subtraction. The Fourier transformation is recalculated for each frequency with a window length adjusted to this
frequency in order to minimize spectral leakage. In comparison to the sine-burst measurement we do not measure a frequency
clean signal and e.g. transient ringing of the receiver cannot be fully excluded from the measurement as easy. Furthermore, an

uncertainty in the frequency dependency of the speed of sound and surface reflections may result in an uncertainty due to the
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Table 4. Estimated values for the relative systematic uncertainties os,, ,, and os,, s, for the chirp measurements. For comparison, also the

results from the sine burst measurements are listed.

Signal os OSy,

n,m

3 ms chirps 0.39 0.34
5ms chirps 0.41 0.40
10ms chirps  0.32 0.51
all chirps 0.38 0.48

sine 0.45 0.51

dispersion of received signal. As the analysis of this data is thus less robust against these uncontrolled uncertainties we use this
independent data-set for a second measurement confirming our main result that is based on the sine-bursts.

As detailed for the measurement for the speed of sound, electromagnetic interference is no problem in case of chirps. Since
the emission is terminated quickly, an overlap of the interference and the received acoustic signal happens only for short
distances below 10.8 m (3 ms), 18.0 m (5 ms) and 36 m (10 ms) with an speed of sound of 3600 m/s. As for the sine bursts, for
all measurements up to distances of 20 m the electromagnetic interference is negligible due to the combination of high received
acoustic amplitude and low sending power. Thus we have excluded only the 10 ms chirp measurement series 14, 26 and 27
which are in the range of 20 m to 35 m.

The relative systematic uncertainties o, ,, and o, s,, are listed in table 4 for the three chirp durations separately and for
the combination of all chirps.

When fitting for the attenuation lengths (see below), we observe no systematic differences for chirps of different duration.

Therefore we combine the full data set of all chirps, without distinction by duration for the final result.

3 Result of the Attenuation measurement

The acoustic attenuation is measured by fitting the determined sound amplitudes as a function of distance d for each frequency
with the function

A
A(d)="2-e % +N. @)

Free parameters of the fit are the amplitude normalization Ay, the attenuation length A,;; and the amplitude of the noise floor
N. Note, that this function ignores the effect of surface reflections.

The error of each data point includes the estimations of the individually measured signal to noise ratio but also accounts for
systematic variations that we have observed in the data as described above. For each frequency f and measurement series n,

this results in the amplitude and error

A(d) =S, + \/a,%—&-a?g)i + 52 (0.45% +0.512) . 3
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Figure 13. Fit of attenuation length )\, for 16 kHz. The line and the % is calculated with the median parameters from the 1000 bootstrap

estimates.

In order to increase the robustness of the analysis we include all 20 measured data series but repeat the fit multiple times
with a subset of these points. Each of this subset contains 20 random data points where each point can appear multiple times
but the total number of points remains constant. This is a resampling technique called bootstrapping which provides a rather
robust estimate of the uncertainties driven by the fluctuations in the data, i.e. outliers (Narsky and Porter, 2013).

We repeat this bootstrapping 1000 times for each frequency and perform the fit. For a robust estimate against stochastic
outliers we then use the median (50 % quantile) as well the 15.85 % and 84.15 % quantiles from the results of the 1000 fits as
the asymmetric error of the fit results. An example for 16 kHz is shown in Fig. 13. The averaged fit agrees well with the data
points within uncertainties and is not driven by outliers. All fitted parameters with their estimated uncertainty are listed for
each frequency in Table 5. The fitted attenuation length versus frequency is shown in Fig. 14.

The resulting uncertainties of the attenuation length are typically 20 % and include systematic uncertainties as described
above. Note also that the measurement of each frequency is based on independent data. The values of the 2 represent a y2-test
of all data points with respect to the average fit. The number of degrees of freedom slightly varies, because for the lowest and
largest frequencies data has not been taken for the largest distances as the observed signal was too weak. The values of the x?
are found to be reasonable for all fits. Note also, that the fit values for the noise floor N are for all fits in agreement with zero,
thus verifying the noise reduction is working well and does not introduce a bias to the fit.

Also shown in the figure is the result of the chirp measurement. The attenuation that is obtained with this independent data
set is found to be consistent with the sine-burst measurement in absolute and remarkably even structures of the frequency
dependency. We interpret this as a good confirmation of the result.

Two systematic effects that are hard to control experimentally have to be addressed. That is first the coupling of the sound
from and into the water-filled holes. In the holes standing waves are expected to build up at characteristic frequency which

may modify the angular response. Secondly reflections from the surface will constitute a coherent wave that may interfere
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Figure 14. Attenuation lengths for all frequencies. Shown are the results based on sine-bursts (red bullets) as well as chirps (black stars)

constructively or destructively with the received signal. Both effects are expected to vary strongly with distance, depth of
holes and probed frequencies but will not constitute as an exponential-like distance dependence given the large lever-arm
of performed measurements. No obvious contribution from these effects has been found neither in the raw waveform data
nor in the frequency and distance dependency of measured amplitudes. The absence of strong surface reflections is in fact

plausible-expected, because of the highly uneven and rough surface on scales of the wave-length that diminishes the coherence
of reflected signals, see Fig. 2 —Fheremaining-contributionteading-in combination with the relatively short attenuation length
compared to the scale of probed distances. A remaining contribution to fluctuations of individual data points are included in

the estimation of systematic errors by repeated measurements. Any further-impact of such fluctuations on the fit are-is further
suppressed by the bootstrapping method. The validity of these assumptions is confirmed by the consistency of results of the

chirp and the sine-burst measurements because both would be affected differently by these effects.

4 Discussion and Conclusions

In this paper we report the measurement of the acoustic attenuation length on the alpine glacier Langenferner in the frequency
range from 2 kHz to 35 kHz. The range of values are typically 5m to 15 m with larger attenuation length for lower frequency.
These values include a detailed investigation of systematic uncertainties and are based on two independent measurements using
sine-bursts-sine-burst and chirp signals. The measured speed of sound is abeut-(3447 + 3) m/s.

Figure 15 shows a comparison of our result to that of Langleben (1969) obtained for sea ice. Despite of-the large spread
in the sea ice data, our result agrees well with that-those in the range 10kHz to 25 kHz—Abeve-, above which we find a

smaller attenuation. Alsocompared-to-Westphal-1965)-we-find-aresultthatis-consistentin-maenitudebut-we-observe-a-weake

20 attenuation, compared to the measurement from Westphal (1965) (70 m to 4.6 m for frequencies from 2.5 kHz to 15 kHz) w
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Table 5. Results of the fitting for all frequencies. Left values for sine signals, right for chirps.

J [kHz] Ao [V] Agtt [m] N [V-107%]  x?/ndf ‘ Ao [V] Agte [m] N [V-107°]  x?/ndf
2 1.2404 13.613:2  17.06758  10.7/16 3.21139 16.8733:2 293573875 189.1/16
3 5.019:9 120138 358571283 16.6/16 5.1%9% 15.81120 436771833 82.5/16
4 131728 126723 873202 129/16 7.075:2 13.972-8 12421538 12.1/16
5 206 5% 9421 250013555 10.7/16 13.6752 11.5732 1710358 8.2/16
6 2124458 72742 11254740 23.3/17 | 2181119 9.6738 1656 5%, 10.8/17
7 47.47F387  77t08 106071288 13.7/17 | 41.6%114 86730 12651299 8.2/17
8 50.07318  7.6%L8  se0fldl 11.9/17 | 35.5F1%8 8.6%38 6.667 507 8.5/17
9 10.07325 9615 0.00%3L2  206/17 | 27.67229 8.8+%3 5267192 10.5/17
10 242722 g7l 367+081  11.3/17 | 5851209 76752 6.0811-49 7.8/17
11 88.8+32 624t 233808 15.2/17 | 85.8fl1i2 74703 4.3970-82 5.0/17
12 104125 103%13 0008300  13.1/17 | s50.2T08 8.3193 2707529 5.0/17
13 402733 83FE 23270855 5.6/17 | 67.3T0 8.0%92 3.505:79 2.6/17
14 2037873 83*10 027703 16.1/17 | 45.873S 8.0%32 4177182 10.2/17
15 4678379 73109 0.32%025  13.55/17 | 78.0%3%4 76753 4471327 7.7/17
16 2821308 got08 0471038 12.3/17 | 93.112%8 75102 5.5013-97 9.7/17
17 48.0724-2  8.0%37T 0387949 v7.o/17 | 14417228 7afd4 11567185 4.5/17
18 30.67301 8307 0211948 116/17 | 264.91431 66795 20431928 6.0/17
19 105.0752-8  7.3%0-2 1147827 6.4/17 | 449.4T9001  6.1F03 2090t 7.2/17
20 186.4199% 625505 3.01F479  15.9/17 | 425912258 6.270%  46.03%3511  8.8/17
21 119.01429 67103 0641925 125/17 | 601.9F313%  5.8F0T  37.76t0  10.7/17
22 187.3 1189 58+19 0531014 38.4/17 | 640.4F7744  49tll 36477009 157/17
23 166.314%6 58199 0571310 86/17 | 32887248 60193 23371385 77/17
24 8331235 6.0t55 0377390 9.2/17 | 2344737 6.17Q4  19.607232  6.8/17
25 1289 492, 5.0%L9  0.28*81%  102/17 | 417.7F80T 50103 19.82F385  55/17
26 97.71%%  4rtld 0991852 20.2/15 | 444.91578  47tQ3 22501399 4.3/17
27 2627296 56132 0217320 g5/15 | 208.812%3  48t05  18597G2  s55/17
28 44782 72706 033F3% 127715 | 10424330 53F09 27937590 74/17
29 16.87%% 5780 018848 20.7/15 | 83.971T% 51707 28.861551  3.8/17
30 8.679:9 55729 0471843 80/15 | 6851103 51757 28.99133:89  4.7/17
31 0.6739 83110 011F93  11.8/15 | 56.51188 50708 20.041t09  38/17
32 6.6+2-1 56759 038015 43.3/15 | 41.8%235 54798 35627226 3.7/17
33 34758 59728 0311956 19.9/15 | 48.4F218 55752 35.00798¢ 4417
34 0.675:2 80107 0.25%017  87/15 | 48.01382 54703 36501282 6.5/17
35 0.6734 72724 0453837 12.5/15 | 7457869 50729 43.641005  8.8/17

find an attenuation length similar in magnitude, but observe a much weaker frequency dependence that is not consistent with
the expectation oc v~ for Rayleigh scattering (Price, 2006) as observed by Westphal (1965). Our data rather favors internal

friction as dominant cause. According to Price (1993, 2006) the dominant effect of energy loss of acoustic waves in warm ice

is grain boundary relaxation, i.e. sliding. This process has a weaker frequency dependency than scattering and depends on the
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Figure 15. Comparison of our measurement to the results from Langleben (1969) for sea ice and Helbing et al. (2016). Shown are our results

based on sine-bursts (dark grey band) as well as chirps (light red band) and the other reported results as data points

texture of the ice and its grain size. For-colderice—~The temperature dependence of the elastic ice properties have recently
been studied by Vaughan et al. (2016) under laboratory conditions for the here relevant frequency range. These measurements
confirm a strong increase of the attenuation with temperature and a moderate increase with frequency - consistent with our
observation. However, as dominant effect they present preference for the attenuation of sound to quasi-liquid films on ice
boundaries (Dash et al., 1995). This effect thus is similarly consistent with our measurements. As this process is suppressed

for colder ice, we would expect to observe longer attenuation lengths in non-tempered glaciers.
When comparing to the results for the alpine glaciers Pers and Moteratsch, reported in Helbing et al. (2016) we find an

attenuation length that is shorter by approximately a factor 2butremarkably-, but a similar frequency dependeneydependence.
The glacial environment and measurement strategies are quite similar, however, the origin of this difference is unclear. We

note, that despite of these differences, the measured attenuation of sound is remarkably similar in scale for very different

locations, e.g. sea-ice and different alpine glaciers when taking into aceounts-account the large difference to deep antaretie

s-Antarctic ice. Further follow-up measurements on different glaciers of different
temperature and internal structure would be required to confirm whether the effective attenuation of sound is-a-general-property

and-whetheritis-and thus dissipation of elastic energy can be related to the specific properties of ice such as boundary wettin
that is discussed above.

In view of in-ice navigation of melting probes as described in Kowalski et al. (2016), our results confirm the possibility of the
transmission of acoustic signals over tens of meters and thus allowing the determination of the position of a melting probe by
the trilateration of acoustic signals. From our ebservationstower-observation, frequencies below 20 kHz or even below 5 kHz

are preferable for this application.
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For the application of sub-glacial exploration, e.g. of deep sub-glacial lakes in Antarctica or a space mission to the moon
Enceladus, the here observed attenuation would not allow for a navigation volume with sides much larger than typically 100 m.
However, the ice quality in other, environments can be much improved. E—g-The attenuation by internal energy dissipation
is strongly reduced for colder ice. Abbasi et al. (2011) observe an attenuation length of about 300 m for frequencies between
10kHz to 30 kHz in deep Antarctic ice. This would allow for a much larger propagation distance of sound and consequently
a much larger navigation volume that scales with the cube of the maximum propagation distance. The feasibility of acoustic
trilateration for the navigation in the ice shield of Enceladus remains an-epen-guestion-that-promising but depends strongly on
the modeling of the local glacial environment. An ice-structure deviating from that of alpine glaciers could strongly enhance
the performance of such a navigation system.

Concluding;-the-here-The presented measurement of the acoustic attenuation length is robust in terms of systematic uncer-
tainties. The obtained values are encouraging for the development and the use of sonographic technologies for the exploration
of natural glaciers, even in the presence of cracks and crevasses. An improved theeretieal-understanding of the effective damp-
required before the attenuation and its frequency dependeney-dependence can be beneficial in characterizing basic properties
of the glacier anehits-ice. For this, attenuation measurements in future field campaigns should be done for differently tempered
glaciers and combined with measurements of glacial parameters that characterize the heterogeneity of the ice.

ing of sound during

Code and data availability. The in-situ data are stored in the format of ROOT trees and is pre-processed with tools from the ROOT framework
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Resonse to Reviewers

The authors

January 31, 2019

Dear Reviewers, dear Editor

we are very thankful for your thoughtful review and have tried to address all your
comment in a satisfactorily manner. In this resubmission, you’ll find the following doc-
umentation:

e The new, revised paper
e The same paper but with printed differences to the previous version
e Responses to your main comments

e As we have received many of your comments as acrobat inline, we have added a
printout of the previous version with your responses and our comments on it.

We thank you for your valuable suggestions that have in our view substantially
improved the paper We hope that this format is appropriate and look forward to your
feedback.

Best regards

Christopher Wiebusch for the authors



1 Response to reviewer #1, Henning Lowe

1.

10.

(p.11.6): here presented results — results presented here

= fixed, removed here
& (p.21.9): polycrystaline

= fixed.
(p4. 1.21): maybe I missed it but when was the
field campaign carried out?

= good catch. added “August 2017”
(p.10 1.19): N — N

= fixed
(p.11 1.27): what does sup stand for?

= Wiki: The supremum (abbreviated sup; plural suprema) of a subset S of a
partially ordered set T is the least element in T that is greater than or equal to
all elements of S, if such an element exists.Consequently, the supremum is also
referred to as the least upper bound (or LUB).
...s0 it is the value is 0 unless the second argument is > 0, then it is the second.
(Fig 6/7): should be combined to a single
figure

= This is a difficult request, because this is distinct data that cannot be easily
compared. The measurement time and span and measured amplitudes differ. We
could put the figures side-by-side. We would need a specific suggestion how to
combine - Otherwise we would prefer to keep it as it is.
(p.151.4): a reference should be given for the used method

= fixed
(p-20 1.11): the wave lengths (9 — 60 cm) as estimated from frequencies and mea-
sured speed of sound should be stated somewhere explicitly (not necessarily here,
but the occurrence of wave length” reminds me of that) I think its helpful for the
discussion later.

= Agree. We added right at the beginning that 1-100kHz corresponds to 350-3.5
cm
(p.20 1.22): The statement about the comparison to Westphal in the frequency
dependence is not clear. From which part of Fig 15 does this follow?

= Westphal is not included in the figure. The text is now modified to make this
clear
(p.20 1.24): I cannot follow why the present data is not consistent with Rayleigh
scattering. Here it seems necessary to recall the prediction of Rayleigh scattering
on the frequency dependence and maybe include an inset in Fig 15 to show how
this compares to the collected data. In addition, the discussion and comparison to
other work should be a bit more comprehensive in view of the similarities in view of
of temperature, depth, ice porosity, etc. Given the range of wave lengths, the origin
of attenuation by dissipative or scattering mechanisms may be quite different.

= For rayleigh scattering we would expect an attenuation length dependence



11.

12.

13.

14.

with the fourth power on the frequency. Our result is more in agreement with
a dissipative loss, i.e. internal friction as suggested in the literature to be the
dominating effect in warm ice.
We have improved the text by making it more comprehensive and clarer

(p.20 1.29): Again, the conclusion about the frequency dependence is appears to be
an overstatement if numbers (or
figures) are not shown.

= we have improved the text to be clearer here

(p.20 1.32): accounts — account

= fixed

(p.211.2): Isn’t it possible to discuss/include at least the prediction of the attenua-
tion coeffcient/length (maybe derived from the quality factor” as often used in the
geo context) for homogeneous, polycrystalline ice in Fig 157

= The predicted attenuation is at least wrong by a factor 10 as detailed in the
introduction.

(p.21 1.17): Acoustic scattering in heterogeneous materials is reasonably well un-
derstood, but it needs additional measurements to characterize the heterogeneities
and the state of the material to infer potential origins.

= Yes, we agree. But it is not necessarily scattering. Changed to: An improved
understanding of the effective damping of sound in natural glaciers is required
before the attenuation and its frequency dependence can be beneficial in charac-
terizing basic properties of the glacier ice. This will require to combine attenuation
measurements with measurements of glacial parameters that characterize the het-
erogeneity and also to study temperature-dependent effects.



2 Response to anonymous reviewer #2

1.

However, I find the conclusions rather lacking, especially the comment regarding
the attenuation mechanism as it relates to Rayleigh scattering. I think the authors
would do well to reconsider this conclusion and really make an effort to discuss
their reasoning and evidence for this conclusion...

= We agree and have substantially reworked the discussion.

. Pg 8 L1 (point 6): The water is necessary to propagate the compression wave.

It is also there to keep the hole open I would assume and occurs no matter what
because of the drilling method. I do not see the need for this statement. Why not
just say water is present in the hole outside of this enumerated list? For instance
on page 5 line 5 can be used for this.

= Added text: The water interface is advantageous compared to dry holes because
it improves the coupling of the transducers to the ice.

. It would be great to have a map inset to see what in Italy this is located

= You can find it on google: https://www.google.com/maps/place/Rifugio+
Casati+al+Cevedale+mt+3269/046.4703661,10.5718486, 13z/data="'4m5!3m4 !
1s0x0:0xc0afb8a88£5d1295!8m2!13d46.463158!4d10.602489
We prefer not to change the figure to an even smaller scale., and the geographic
locations are well defined.

What was the surface-air temperature during these experiments?

= Outside air was up to +10 C during day but below 0 C during night.

. Paragraph structure (for example the first sentence in Section 2.4): A single sen-

tence is not a paragraph. Please revise these sentences throughout the manuscript
= OK, we did throughout the document.

Why is the electronic noise so strong? Did you use shielded cables? Was the excess
cable wrapped in loops?

= Sure, cables are shielded and not looped, except for a few simple connectors.
However, we generate 500V pulses for the largest probed distances inside the same
DAQ box to which the signal comes back. We think, that the observed cross-talk
on the few 10 mV level is actually really good.
Pg. 9 L5: Is the crosstalk in the source signal as well? If it is, then how can you
remove that cross talk from the amplitudes before you normalize?

= The cross talk is generated by the source signal. We do measure the amplitude
of this signal and normalize the received acoustic signal to the emitted amplitude.
This normalization is not affected by cross talk.

. Pg 9 L26: What does the following sentence actually mean? It does not make sense

to me. “The noise estimate in the noise window matches the noise-level for the
signal window reasonably well.”

= Changed to: “The noise-level estimated from the noise window matches the
apparent noise-level from the signal window reasonably well.”

Throughout document: Please use emitter and do not switch between emitter and
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10.

11.

12.

13.

14.

15.

16.

“sender.” This is confusing. You do the same thing with sensor and receiver.
Please stick to receiver.

= Fixed, thanks.
Pg 10 last line: Where is the normalization by N to make this equation represent
a mean? Also, the 0? terms cancel, so how is this an error weighted mean?

= These are standard text book formulas. The sigmas are inside the sum and
do not cancel. If all sigma are the same, you get an division by N as expected for
constant weights.
Pg 16 L18: Is this variation due to fabric-induced anisotropy? If so, can you please
discuss. The term “glacier geomorphology” is not very intuitive as it pertains to
sound speed. I do not think readers will understand how geomorphology can cause
velocity variations. I am not sure that I understand what you mean here.

= It is hard to interpret the origin of the effect that is reported in the cited
reference. No definite statement can be done from our side. Sentence reads: “This
indicates a strong dependency on the structure of the ice and the morphology of
the glacier.” and this seems to reflect the situation well.

You discuss the influence of temperature changes on your measurements, but you
do not cite recent and relevant work that studied attenuation as a function of tem-
perature: “Monitoring the temperature-dependent elastic and anelastic properties
in 1sotropic polycrystalline ice using resonant ultrasound spectroscopy”, https:
// www. thecryosphere. net/10/2821/2016/ tc-10-2821-2016. html

= Thank you for pointing us to that interesting reference. We have integrated it
into the discussion.

Your final comment on Rayleigh scattering in the conclusion section seems un-
founded.

= That part is substantially reworked

You reference the Westphal 1965 paper in your introduction, do some experiments,
and then say, “look, we found it is not Rayleigh scattering”. This is not rigorous,
nor is it convincing. You pose no other mechanism and it seems like you would
do the community a favor by providing a discussion as to why you think Rayleigh
scattering is not the mechanism. FEven explaining to the reader what Rayleigh
scatter is would be a useful first step. Are you making this claim simply because
your data do not follow an attenuation of frequency to the 4th power?

= Yes, that would be expected (see price et al.) . Maybe not a strict power of 4,
to account for additional effects but a strong frequency dependence as is the claim
in Westphal 1965 is not observed here. We have reworked the discussion.
Please also note the supplement to this comment:

= Thank you for the very detailed review. All comments have been addressed.
And with very few exceptions that are noted below we have followed your advice.
For the full set comments please check the pdf with comments printed as well as
the revised document with the highlighted changes.
P8, L6: Change “After a delay of about 10 ms the acoustic signal sets in and
is interfering with the cross-talk signal. — arrives (40 m from emitter) with an
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17.

18.

amplitude above the electronic noise.

= This change would change the intention of the sentence. Important is the
interference of the signal with a fixed phase w.r.t. the electronic cross talk of the
same frequency. Added “electromagnetic”
P11, L26: using the term total here is confusing because I take equation to represent
the TOTAL error, not this.

= We think "total” is correct here, because this is what enters equation 1. to
make it clearer we have reformulated and added ”in Eq.1”
P14, L2: This is not correct.

= Why do you think that this is this not correct?” We do not understand this
remark.
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