Dear Ugo Nanni and Slawek Tulaczyk,

We appreciate your constructive comments to our manuscript tc-2020-94 entitled
“Monitoring the seasonal changes of an englacial conduit network using repeated ground
penetrating radar measurements”. On the following pages we have provided a point-by-
point response to your comments.

If you have any further questions, we would happily answer them, and we look forward to
hearing back from you regarding your decision.

Best regards,
Gregory Church and the co-authors.



List of substantial changes/comments:

Introduction: the introduction has been reworked such that there is now a clear focus on
what is missing from previous GPR studies and why this GPR study is unique. We have used
a previously proposed reflectivity extraction methodology but with application to a
glacioradar dataset in order to investigate the seasonal englacial conduit changes.

Methodology: In order to provide a manuscript that flows, we feel that the numerical
modelling needs to be placed after the results section. Therefore, we have altered the
names of the sections. The methods section has been relabelled as ‘Field Data and
Processing’ this includes all relevant information regarding the field acquisition and
processing. We have moved parts from the results section that were related to the GPR
processing to the Field Data and Processing part.

We feel that the numerical modelling section still needs to remain after the results section,
because we can only justify the use of the numerical modelling knowing the fact that we
have a thin englacial conduit. The thin water layer conduit GPR forward modelling is now in
a separate section after the results and before the discussion. The numerical modelling has
been split into two parts: Methodology and Results.

Uncertainties: A lack of uncertainties in both the reflectivity and the conduit geometry was
brought to our attention from both reviewers. Significant effort has been made addressing
this and the manuscript has been updated accordingly. A separate section in the discussion
has been added for the uncertainties in the EM wave-propagation velocities (CMP Analysis),
Channel Reflectivity, Channel Thickness and Channel Spatial Extent (Horizontal Resolution).

Conduit Geometry:

1. Lateral resolution/Channel Spatial Extent: The horizontal resolution is defined as the
first Fresnel zone prior to migration however, post-migration the horizontal
resolution is collapsed to the bin size. The GPR data have been 2D migrated and
therefore along the profile the resolution is the bin size of the migration (0.5 m).
Across the profile the horizontal resolution is the first Fresnel zone, this is 17 m for a
90 m deep reflector @ 0.1689 m/ns with a 25 MHz antenna. This is within the
vicinity of the conduit width. In order to offset having a large across-profile Fresnel
zone the acquisition grid was set-up such that perpendicular GPR profiles were
acquired. Therefore, within the cross profiles we have a horizontal resolution of 0.5
m. An issue of the lateral resolution comes from the interpolation of the reflectivity,
and therefore we estimate this to be around 6 m (half profile spacing) due to the
spacing of profiles ~12m. We have added a section in the discussion regarding the
horizontal resolution. A true 3D data acquisition and migration would reduce the
Fresnel zone to the bin size which is beyond the scope of this manuscript.

2. Conduit Thickness: We have addressed the uncertainty based upon three different
potential errors:

1. Picking error



2. Incorrect EM-propagation velocity
3. Error obtained from the numerical modelling (see next section)

These three errors have been discussed in the revised manuscript. In summary there
exist a large uncertainty on the thickness, within the range of £ 90%. However, even
with such a large thickness range we are able to state that the conduit network is
still thin and remains less than the wavelength of the GPR signal.

Channel Reflectivity: In order to evaluate the reflectivity uncertainty of the field data, we
acquired 4 coincident profiles in a single day and compared the reflectivity output. There
exists some variation in the reflectivity, likely caused by not being in exactly the same
position. We have produced an additional figure and included it in an additional document
(supplement figures) that highlights the variability and have updated the manuscript to
describe the uncertainties.

a) GPR Data Example

b) Reflectivity extracted along profile — red bar is the mean of the four coincident
profiles. Grey area represents the variability (minimum and maximum reflectivity
values). The uncertainty is £0.15.
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Figure: Uncertainty results from repeated GPR profiles undertaken in July 2018. a) GPR
imaging result for repeated profile. b) Apparent reflectivity extracted from the GPR field data.
The grey filled area represents the minimum and maximum reflectivity range from the four
repeated profiles. The red line is the mean of the four profiles.
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Numerical Modelling Uncertainties:

In addition to the uncertainties directly from the field data, we can use the synthetic data to
provide some statistical analysis of the uncertainties by introducing noise to mimic the field
data. There are two main types of noise for glacio-radar:

1. Random noise (background EM). Our GPR data does not suffer from a high level of
random noise. We investigated this by looking at the amplitude spectrum at the end
of the GPR record (where no coherent reflections or diffractions are present) and
compared it to the beginning of the GPR record, where reflections and diffractions
are present. The random noise was 40 dB below the coherent noise and we
therefore neglected this from our forward modelling routine.

2. Coherent noise generated by diffractions either from englacial water pockets or
surface streams can cause constructive or deconstructive interference with the
conduit reflection. In order to add coherent noise to the synthetic data, we selected
coherent noise from a field dataset acquired in 2018 and added this directly to the
synthetic data (prior to migration). A total of 48 different coherent noise datasets
were generated. Using the standard deviation of the extracted reflectivity and
thickness we are able to provide uncertainties to the forward modelling and
indirectly apply these uncertainties to the field data observations. The uncertainties
from the numerical modelling have been included in the discussion relating to the
conduit reflectivity values.



Ugo Nanni Review:

The study of Church and colleagues provides unique observations on the annual and
seasonal evolution of an englacial drainage system geometry. With the use of repeated GPR
measurements they are capable to estimate both size and spatial of an englacial conduit
and monitor its evolution through time. | find the observations presented in this study of
great importance for the glacial hydrology community. However, | find that the study focus
much on the methodological aspect and on the observation with a limited discussion of the
possible implications for englacial hydrology and glacier dynamics processes. | found the
structure of the paper sometime confusing, with methodology description in the Results
section, and results being discussed in the Results section. | suggest to rearrange the
concerned sections (see below and in-text comments).

Detailed comments can be found in the attached pdf and here are my general comments.
We have provided replies to your comments in the supplied PDF.

Introduction: The section present general aspects of GPR measurements and glacial
hydrology observations, but | found that it is difficult to understand which problem the
authors aims to tackle. The problematics of the study and the limitations of previous ones
are not well defined. In my opinion, the introduction should be re-worked with that in mind.
| suggest the authors to consider widening their Introduction on glacial hydrology and
including recent works on such environment for temperate glaciers.

See response in the list of substantial changes to the manuscript.

Methodology: | am not familiar with GPR measurements, but | find difficult to know is this
study propose an innovative GPR analysis or not. | would like to have more information on
what are the current limitations of GPR measurements. The authors devote large part of the
manuscript to their approaches and | found difficult to follow such descriptions if we do not
know why it is important beyond their study. In the results section you present several new
methodologies. That renders the sections very difficult to follow. | suggest to move the
methodological description in the Methodology section when possible, and try to reduce
the description when possible.

No such GPR reflectivity analysis has been completed on temperate glaciers or over
englacial conduits. See reply in the list of substantial changes regarding the reworked
Methodology/Field Data section.

Results: There is a general lack of quantitative uncertainties when presenting the results and
the conduits geometry. Some of the results are quite speculative and | suggest to be more
precise on this particular aspect and better describe the observations without jumping to
your own interpretation. Care should be taken to do not already discuss your results in this
section.



Discussion: This section contains numerous very short-sub-sections that | suggest to
collapse. The discussion on englacial hydrology mechanism and spatial extent is very short
and | do not find enough evidences for the author to propose such mechanism. | suggest to
add more details on these section. The discussion on the methodological aspect lacks of a
wider context and on how their approach really improve their observations. As previously
said, | find that the authors do not discuss enough the measurements uncertainties.

There is a section added into the discussion regarding the uncertainties for the EM wave-
propagating velocities, conduit reflectivity, conduit thickness and lateral extent. See the
reply in the list of substantial changes.

Figures/Tables: There are a lot of figure and Tables and | suggest to try reduce the number
of tables as it renders the reading difficult.

We feel that having 11 figures and 4 tables for a publication in the Cryosphere is not
excessive. All figures and tables are cross-referenced in the text and are of importance to
the manuscript.

| find the observation of particular importance but | find a general confusion throughout the
manuscript that impeach the reader to capture the importance of such observations and
the proposed methodology. | support the publication of this manuscript with the above
suggested modifications.

Many thanks for the constructive review and we hope that the modifications are
satisfactory to you.



Slawek Tulaczyk Review:

This manuscript reports on radar imaging of an englacial conduit located at ca. 100m below
the surface of Rhongletscher. The authors image this conduit repeatedly over several years
with a GPR using antennas with 25MHz center frequency. The radar data constrain the
seasonal and interannual evolution of this conduit. The authors use the radar data to put
constraints on conduit thickness, reflectivity, and width. They use full- waveform
simulations to tackle the fact that the conduit represents a thin layer, which is at times
near/below the vertical resolution of the radar data.

| found this manuscript to be interesting and insightful. For the most part, it is
methodologically sound. | am particularly impressed with the fact that the authors
recognized the need to tackle the thin-layer problem in a rigorous way. The investigation of
the dependence of conduit reflectivity on conduit thickness, which is near the resolution
limit, represents a valuable contribution to radioglaciology.

Many thanks for your positive review and providing constructive criticism in order to
improve the quality of the manuscript.

There are, however, several aspects of this manuscript that, in my opinion, can be
improved:

(1) Forinstance, | am uneasy about the fact that critical quantities such as the conduit
reflectivity and thickness are reported without error bars, even though they are
estimated from radar data that, naturally, contain noise. In all instances,
uncertainties in quantities derived from data should be reported.

See reply in the list of substantial changes section — in summary we have used repeated
GPR profiles acquired in July 2018 to show the variability in the extracted reflectivity and
to provide uncertainties.

(2) I find the repeated references to ‘dry’ and ‘wet’ glaciological environments to be not
salient to the interpretation of radar results presented in the manuscript. It is a
somewhat artificial distinction that worked in Baelum and Benn, 2011, but seems to
add little here. | think that the manuscript will improve if the use of this distinction
will be limited or eliminated.

We have removed the reference to the dry and wet throughout and have stated where
appropriate reflectivities indicate an ice-water or ice-wet sand interface or an ice-air
interface. The table that was based upon Baelum and Benn has been updated to include
uncertainties based upon zero-incidence reflectivity analysis using relative permittivity
ranges from Reynolds (2001).

(3) Whereas | appreciate the insights from the full-waveform modeling of the thin-layer
problem, | do not think that the model output can be used to fully quantify
uncertainties on conduit thickness and reflectivity derived from GPR data. Their
simulations do not include any noise, but the real GPR data do contain noise. If it is
possible, the authors should run additional simulations with a realistic level of noise
included in the model setup. If this is not feasible, at least a discussion of this
limitation should be provided.



See reply in the list of substantial changes section — in summary we have reworked the
modelling exercise to include coherent noise. By adding coherent noise into the modelling
exercise we have been able to define uncertainties to both the thickness and the
reflectivity.

(4) The authors invested a lot of effort into considering the impact of vertical resolution
(range resolution) on their data interpretation. However, there is no consideration
given to the effect of horizontal GPR resolution on their results. This impacts the
mapping of the conduit width and shape in particular. But it is also possible that the
calculated reflectivities result from the radar signal reflecting from a large area (the
Fresnel zone) with a mixture of different real reflectivities. It is relatively
straightforward to calculate the diameter of the Fresnel zone at any given depth. My
quick estimate indicates that, in this case, the Fresnel zone may be almost as wide as
the width of the conduit detected in this study. So, this could be a significant
complication.

See reply in the list of substantial changes section. We have added in the discussion a
section regarding uncertainties and this contains details of the horizontal resolution.

Specific Comments

Line 52 — ‘in cold ice’ rather than ‘on cold ice.’
Changed

Line 60 — By definition of the word ‘annual’ (occurring once a year), the sequence 2012,
2016, 2017 is not a sequence of annual measurements.

Altered to say ‘repeated GPR profiles from 2012, 2016 and 2017 and repeated GPR
seasonal profiles during 2018 and 2019’

Line 121 — geometrical is misspelled.
Changed

Lines 130-132 — When expressed in terms of energy ratio, a reflection coefficient cannot
have negative values. This is why the reflection coefficient defined as the ratio of the
reflected wave energy to the incident wave energy is equal to the second power of the
amplitude reflection coefficient. The latter is defined as the amplitude ratio of the reflected
and the incident wave. As written currently, this passage violates energy conservation
because reflection cannot result in negative energy. In reality, the authors are talking about
the amplitude reflection coefficient, which can have negative values because of phase
reversal. But they misrepresent this as the energy reflection coefficient.

Rephrased to state: “The amplitude reflection coefficient explains the proportions of
energy...”

Line 132 — Strictly speaking, the way that the reflection coefficient is treated here (e.g.,
Table 3), it is only a function of the dielectric permittivity, not electrical properties such as
electrical conductivity or electrical resistivity.

Table 3 — | appreciate that the authors are copying this table from a prior publication, but
some specific assumptions underly calculations of these reflection coefficients by the



original authors (Baelum and Benn, 2011). These values of the reflection coefficient have
been calculated with specific assumptions regarding the porosity of these materials (e.g.,
granite and sand). These values are not some generally applicable values for all granites or
wet sand. The footnotes to this table should state the assumptions underlying these values.
Also, it would be much more realistic to re-calculate a range of values for granite and wet
sand making assumptions that span some reasonable range of porosities for these two
materials.

Table 3 has been altered. Wet and dry environment labels have been removed and they
have been removed from the body of the manuscript. Zero-offset reflection coefficients
have been calculated for a range of electric permittivity using Reynolds (2011) and
therefore uncertainties have been provided. Granite has been removed from the table as it
was not required in the manuscript and provided confusion to the readers.

Line 152 — It does seem that there is at least a faint reflector on the right-hand side of the
image for September 2012. The strength of these faint reflectors from September 2012 data
appears about equal to the strength of reflectors from figure 3b.

We agree that there are hints of the beginning of an englacial conduit. However, we
wanted to emphasis the fact that it’s not as laterally continuous and well developed as in
2017. We have reworded such that it read: ‘there is no obvious reflection spanning across
the section in September 2012°.

Line 155 — | am not sure that this conclusion is well justified by observations (see my
comment above for Line 152).

We have reworded such that it states: ‘From these observations we conclude that this
englacial feature has undergone significant evolution between 2012 and 2017.’

Line 187 — | must admit that | do not understand the logic of picking -0.11 as ‘the boundary
between dry and wet glacial reflection environment’ in this study. Do the authors really
expect that there may be ‘granite’ in the middle of the ice column? Undoubtedly, the only
plausible materials in the conduit are either glacial meltwater, sediments, or air. The only
‘dry’ material that could be there is, then, air? This part of the discussion must be improved.
The entire distinction of dry vs. wet seems artificial and unnecessary in the context of this
paper. The authors are allowing themselves to be too influenced by Baelum and Benn, 2011.
This sentence has been removed as a result of removing the dry/wet reflectivity scenario
table.

Line 190 - The reflectivity of zero means that there is no reflection. If the channel was dry
(full of air), then according to Table 3 the reflection coefficient should be +0.28. Hence, the
logical interpretation of reflection coefficient being zero is that the conduits either close
entirely or become so thin that the radar wave passes through them without detectable
reflection. This should be the conclusion from the observation of near zero reflection, not
the relatively vague statement that ‘the channel is not a wet environment.’

We agree that the original reads difficult and therefore we have updated the manuscript
to read: “The reflectivity during the winter months (Fig. 5a-c & g-h) is around zero
indicating that there is a lack of a reflection and the190conduit is neither filled with a dry
or wet material.”



Table 4 - | find this table confusing. For one, conductivity and magnetic loss are given the
same symbol (Greek sigma). Are they the same thing? Rather not since they do not have the
same values. They may be interrelated since | do not recall that magnetic loss is part of
Maxwell’s equations, whereas the three other parameters are (permittivity, conductivity,
permeability). Since the governing equations for the related calculations are not shown, it is
difficult to really envision how these parameters are used in the forward modeling. Finally, |
am always bothered when such parameter values are given without uncertainty ranges. We
rarely know, or can assume, specific parameter values without considering what range they
can really have.

Fundamental electrical properties affecting the propagation of EM waves are (1) dielectric
permittivity, (2) electrical resistivity, (3) magnetic loss and (4) the magnetic permeability.
The modelling was complete using gprMax and the referenced papers provide an overview
of the forward modelling algorithm (Warren, C., Giannopoulos, A. and Giannakis, 1. 2016)
and is beyond the scope of the paper. As both materials for modelling are non-magnetic,
we assume the magnetic (relative) permeability to be 1 and we assume the magnetic loss
is 0. We have modified the Greek symbol for the magnetic loss to be o~

We understand the need for uncertainties for these parameters however these
parameters are for the GPR forward modelling and for this purpose we take only a single
value for such parameters. We have modified the table such that they provide a range but
state that we are only using single values for the modelling exercise:

Material Relative permittivity Conductivity (S m)
Temperate ice 3-4 / Modelling: 3.2 5e7-5e® / Modelling: 5e
Fresh water 80-81 / Modelling: 80 Modelling: 0.0005

Line 234 - Whereas | am impressed by the full-waveform modeling used to get around the
thin-layer problem, the approach taken here has at least one shortcoming. Unlike synthetic
data, real data are noisy. The authors contend that they can use their real, noisy data to
determine the conduit thickness to within +-0.15 based on idealized, noiseless simulations.
They make a similar claim about the reflectivity being within +-0.1. The noise-free
simulations represent a useful end-member but they cannot be used to determine the
uncertainty on conduit thickness and reflectivity based on real data. The authors should
analyze the power spectrum of noise in their GPR data and then add this noise to their
forward simulations. This approach will enable them to quantify more realistic ranges of
uncertainties on conduit thickness and reflectivity.

See reply in the list of substantial changes.

Figure 9 and its discussion in text - | got utterly lost in keeping track of what thickness and
what reflectivity the authors call ‘true’, ‘apparent’ ’calculated’ and ‘observed’. This needs to
get streamlined. | think that the best approach is to use only two of these terms. ’Apparent’
should be used when talking about conduit thickness and reflectivity derived from GPR data.
"True’ should be used to describe the equivalent quantities obtained from forward
simulations.

This has been streamlined. As the reviewer suggested, we have taken apparent
reflectivities and thicknesses to be from the output of the modelling and true thicknesses
to be from the modelling conduit input shape.



Line 287 - delete the unnecessary verb "are’
Changed

Line 292 - 'Remnants’ “are’ (not ’is’)
Changed

Line 299 - This artificial distinction between 'wet’ and dry’ glacial environment is really an
unnecessary oversimplification.

As in part (2) above, we have removed the wet/dry references. We have altered this line
to state the it would indicate an englacial environment without the presence of water.

Line 319 - "appears as a single specular reflection’
Changed

Line 325 -’ plotting the reflection normalized by the amplitude of the basal reflector’
Section 5.3 and Figures 10 and 11 - When discussing and plotting conduit shape, it would be
useful for the authors to calculate the Fresnel zone’s size for their radar at a depth of the
englacial conduit. | made a quick and dirty calculation and I’'m getting some dozens of
meters. So, the Fresnel zone for this 25 MHz radar at 100m depth below the surface can be
comparable to the conduit’s width. Perhaps the conduit width appears artificially larger
than it is because of this limit in horizontal radar resolution? In any event, the size of the
Fresnel zone should be considered here. The authors have invested a lot of effort to
investigate the limits of vertical resolution, but there is no effort to quantify the horizontal
resolution.

See response in the list of substantial changes to the manuscript.
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Monitoring the seasonal changes of an englacial conduit network
using repeated ground penetrating radar measurements
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Correspondence: Gregory Church (church@vaw.baug.ethz.ch)

Abstract. Englacial conduits act as water pathways to feed surface meltwater into the subglacial drainage system. A change
of meltwater into the subglacial drainage system can alter the glacier’s dynamics. Between 2012 and 2019, repeated 25 MHz
ground penetrating radar (GPR) surveys were carried out over an active englacial conduit network within the ablation area of
the temperate Rhonegletscher, Switzerland. In 2012, 2016 and 2017 GPR measurements were carried out only once a year,
and an englacial conduit was detected in 2017. In 2018 and 2019 the repetition survey rate was increased to monitor seasonal
variations of the detected englacial conduit. The resulting GPR data were processed using an impedance inversion workflow to
compute GPR reflection coefficients and layer impedances, which are indicative of the conduit’s infill material. The spatial and
temporal evolution of the reflection coefficients also provided insights into the morphology of the Rhonegletscher’s englacial
conduit network. During the summer melt seasons, we observed an active, water-filled, sediment-transporting englacial conduit
network that yielded large negative GPR reflection coefficients (<-0.2). For-al-the-The GPR surveys conducted during the
summer ;-provided evidence that the englacial conduit was 15-20 m & 6 m wide, ~0.4 m & 0.35 m thick, ~250 m £ 6 m long
with a shallow inclination (2°) and having a sinusoidal shape from the GPR data. We speculate that such-a-geometry-istikely
the resultof extensionakhydrautie fracturingextensional hydraulic fracturing is responsible for the formation of the conduit as a

result of the conduit network geometry observed and from borehole observations. Synthetic GPR waveform modelling using a
thin water-filled conduit showed that a conduit thickness larger than 0.4 m (0.3 x minimum wavelength) thick can be correctly

identified using 25 MHz GPR data. During the winter periods, the englacial conduit shtts-dewnno longer transports water and
either physically closed or becomes-became very thin (<0.1 m), thereby producing small negative reflection coefficients that
are caused by either sediments lying within the closed conduit or water within the very thin conduit. Furthermore, the englacial

conduit reactivated during the following melt season at an identical position as in the previous year.

1 Introduction

Surface meltwater is routed through the glacier’s interior by englacial drainage systems, before it reaches subglacial drainage
systems (Fountain and Walder, 1998; Cuffey and Paterson, 2010). Subglacial drainage systems play an important role on the
dynamics of glaciers (Iken et al., 1996; Bingham et al., 2008). For example, high-subglactal-water-pressure-cantubricate
water flowing along the base of a glacier can facilitate glacial sliding by lubricating the ice-bed interface +which-may-result
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(Hewitt, 2013). With an increase in subglacial water pressure, the ice-bed friction weakens, resulting in a faster sliding velocity
(Iken and Bindschadler, 1986; Zwally et al., 2002). The subglacial water pressure can dramatically increase, when-the-drainage
system-does-if either the englacial or subglacial drainage systems do not adapt quickly enough;-while surface mettwateris
routed rapidly through-the-englaciat o an increased melt water input. Furthermore, the water pressure can increase depending.
on how water is routed through the glacier’s drainage system. There is often a short time lagbetween-the-surface-meltwater
being-present-and-the-, in the region of hours and days, between the start of surface melting and an increase in glacier ve-
locity (Bingham et al., 2005). Englacial drainage systems often provide the meltwater pathways that can facilitate changes
in subglacial water pressure, and as a result they can impact the glacier’s dynamics. Furthermore, knowledge of the englacial

conduit’s seasonal evolution and geometry is important for a glacier’s hydrological modelling. Therefore, studying the seasonal
evolution of an englacial drainage system throughout the melt season is key to understanding-understand how and when they

transport water te-into the subglacial drainage systems.

Depending-on-the-temperature-of-theiee-there-There exist different mechanisms for developing-the formation of englacial

drainage networks and these are broadly dependent on the temperature of ice. Ice below the pressure melting point (cold
ice) is impermeable and until recently (Vatne, 2001; Boon and Sharp, 2003), it was assumed that surface melt water has

limited penetration within cold-ice glaciers. However, recent research has provided evidence that surface-to-bed-englacial
drainage networks are present in cold ice glaciers and they are formed by three distinct mechanisms (Benn et al., 2009;
Gulley, 2009). The first mechanism includes surface melt water that creates incisions on the glacier’s surface, and these sur-
face streams can become englacial, if their upper levels becomes blocked or closes due to ice creep. Such englacial streams
are known as ‘cut-and-closure’ conduits {Gultey-et-at;2669ajand first described by Fountain and Walder (1998) and later by
(Vatne, 2001; Gulley et al., 2009a). The second mechanism for the formation of englacial conduits within cold ice, is hydrauli-
cally assisted fracture propagation (Boon and Sharp, 2003; van der Veen, 2007). Englacial conduits can develop from water
filled crevasses where stressed ice and the water pressure within the fracture is large enough to overcome the fracture tough-
ness of the surrounding ice. The third mechanism is related to the exploitation of permeable structures within the body of the
glacier(Guley-et-al;2009a), such as fractures (Fountain et al., 2005) or debris-filled crevasses (Gulley and Benn, 2007).

The englacial drainage network theory was originally developed for ice at the pressure melting point (temperate ice) (Shreve,
1972; Rothlisberger, 1972). Temperate ice was assumed to be permeable and this led to the theoretical model that englacial
conduits form from water flowing between ice crystal boundaries within connected veins. As-Lliboutry (1971) argued that

englacial conduits have difficulty forming within connected veins as a result of theeretical-challenges-byEliboutry- (1971)-and

deformation and recrystallisation of the grains closing intergrannular channels. Furthermore, field observations by Gulley et al.
(2009b) have resulted in the formation mechanisms of englacial conduits within temperate ice has-been-being questioned. As

within cold ice, englacial conduits seem to form as a result of hydraulically assisted fracture propagation in temperate ice
(Gulley, 2009). Additionally, englacial conduits can form from the exploitation of pre-existing fractures (Fountain et al., 2005;
Gulley et al., 2009a).

There exist only a limited number of studies investigating englacial conduit conditions on temperate ice. Studies of glacier’s

drainage systems are based primarily on dye tracer experiments, speleology, borehole studies, geophysical measurements
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or a combination of these techniques. Englacial drainage systems have been interpreted from dye tracer testing on temperate
glaciers (Nienow et al., 1996, 1998; Hock et al., 1999), but difficulties arose, since tracer tests do not offer direct observations of
englacial drainage networks. Direct observations have been made into inactive englacial channels using speleology techniques
(Gulley, 2009; Naegeli et al., 2014; Temminghoff et al., 2019), but they were obviously conducted, only when the drainage
system was dry and inactive. Therefore, such observations do not provide temporal information on the englacial conduit’s
seasonal evolution.

Geophysical experiments can provide observations on active englacial conduit networks covering a large spatial distribution,
and they can be repeated, thereby providing information on the temporal evolution. Two geophysical methods have regularly
been used for studying the glacier’s hydrological systems, seismology (active and passive) and radar. Ground-penetrating-radar
(GPR) has been used to detect englacial drainage systems en-in cold ice (Moorman and Michel, 2000; Stuart, 2003; Catania
et al., 2008; Catania and Neumann, 2010; Schaap et al., 2019; Hansen et al., 2020) and temperate ice (Arcone and Yankielun,

2000; Hart et al., 2015). There exist only a small number of studies that investigate seasonal changes within the englacial

hydrological network and all of these have been undertaken on cold-ice glaciers. Across several years, GPR measurements
were performed by Balum and Benn (2011) over a small cold-ice valley glacier to investigate the glacier’s thermal regime.

Pettersson et al. (2003) used time-lapse GPR imaging, separated by 12 years, to detect changes to the cold-temperate ice
transition surface and Irvine-Fynn et al. (2006) used repeated GPR measurements to investigate hydrological seasonal changes
on a polythermal glacier. However, for these studies the GPR profiles were not repeated several times during a year and across

a number of years. Therefore, very limited information is available on the seasonal evolution of englacial drainage systems on

and there is little knowledge of these changes within temperate glaciers.

Reflectivity analysis is commonly employed on GPR data in order to provide subsurface properties and to identify subsurface
materials. The strength of the reflected GPR signal is a function of media’s electrical properties that form an interface and can
therefore be used to determine subglacial environments. Such studies have been conducted with an impulse ice-penetrating
radar system within a cold-ice environment (Macgregor et al., 2011; Christianson et al., 2016). however no such analysis have
been performed using a commercial GPR within a temperate ice environment or to characterise an englacial conduit network. In

order to extract the reflectivity from a commercial GPR system, an inversion workflow can be implemented (Schmelzbach et al., 2012).

Within a glaciological such an inversion workflow can provide hydrological temporal and spatial changes. Temporal and spatial
changes have be obtained using repeated GPR amplitude analysis and such studies have been completed on non-glaciological
settings (Truss et al., 2007; Guo et al.,

to detect hydrological changes.

2014). Such investigations have not yet been conducted within a glaciological environment

Alongside GPR, passive seismology has been employed to identify and characterise the subglacial drainage network (Gimbert et al., 201¢

Such an approach has recently been used to investigate subglacial conduits on temperate glacier (Vore et al., 2019; Lindner et al., 2019; Narn

Passive seismology can be a complimentary tool to GPR reflectivity analysis in order to monitor seasonal evolution of the
lacier’s hydrological system. Our primary focus of our study is to use the GPR reflectivity analysis to detect seasonal changes
within an englacial conduit network.
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In this study, we use a comprehensive GPR dataset that includes annual-measurements-GPR profiles from 2012, 2016, 2017
and seasonal-measurementsTepeated GPR seasonal profiles during 2018 and 2019. This-GPR imaging and reflectivity analysis
facilitates studying the temporal and spatial changes of an englacial conduit network on a temperate glacier. By repeating GPR
measurements several times throughout the melt seasons, we can gain insights into how an englacial network changes and
evolves in response to the meltwater supply. Additionally, by performing GPR measurements across subsequent melt seasons,
we can cheekverify, if these englacial networks were reactivated after the winter period in a similar location, or if they close
down and become inactive the following melt season. We detect these seasonal and annual changes by extracting the GPR
reflection strength (reflectivity) using a GPR impedance inversion scheme (Schmelzbach et al., 2012). The spatial extent of the
reflectivity patterns allows potential englacial flow paths to be imaged. Alongside the GPR data, we were able to use direct

observation into the englacial conduit network using a borehole camera in 2018. In brief, there are three main objectives of this
research, namely

1. to implement a GPR processing routine to extract GPR reflection coefficients related to englacial structures,
2. to interpret the spatial reflection coefficients in order to gain an understanding of the temporal conduit morphology, and

3. to correlate the englacial conduit’s dimensions to previous studies in order to understand the conduit’s formation mech-

anisms.

Furthermore, using-a-GPR-meodelling-algorithm—-we-are-able-we used a GPR data simulation algorithm using a variety of
3D englacial conduit models in order to quantify the spatial dimensions of an active englacial conduit network.

2 Study Site

This englacial network monitoring case study was conducted on the Rhonegletscher (Fig. 1), where an englacial conduit
network was previously detected using active seismic reflection data (Church et al., 2019). The Rhonegletscher is the sixth
largest glacier in the Swiss Alps (Farinotti et al., 2009), and it is the source of the Rhone river. The glacier has been well
studied and documented due to the ease of access from the nearby Furka pass, with the first measurements from the beginning
of the 17" century (Mercanton, 1916). The glacier flows southwards from 3600 down to 2200 m above sea level (asl) with a
surface area of approximately 16 km? (Huss and Farinotti, 2012). In recent years, a proglacial lake formed as a result of the
glacier retreating (Tsutaki et al., 2013; Church et al., 2018). This proglacial lake is dammed by a granite riegel, and there is
likely a hydraulic interaction between the lake and the glacier’s drainage network. The survey site was located within the lower

ablation area between 2280 m and 2350 m asl, where the ice thickness in 2017 was approximately 100 m (Fig. 1).
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Figure 1. Map of the Rhonegletscher’s lower ablation area, ice thickness (colour-coding), basal topography (black contour lines) updated
from Church et al. (2018) and GPR repeated survey site (black grid). The two thicker GPR profile lines (R-R’ and Q-Q’) are displayed in
Fig. 3 and Fig. 4. Five boreholes were drilled in August 2018 to provide ground-truths on the conduit and are marked as blue and red dots.

The red dot represents the borehole where the borehole camera acquired a video.

3 MethodsField Data and Processin

3.1 GPR Data Acquisition

To investigate seasonal englacial conduit variations, we performed several-13 GPR field campaigns from 2012 until 2019 (Table
1). Three GPR surveys, that covered a single profile across the survey site (Q-Q’ in Fig. 1), were conducted over three different
years (2012, 2016 and 2017). Upon detection of the-englacial-conduitnetworkin2017-(Church-et-al52619an englacial GPR

reflection, which was later identified as an englacial conduit network (details on the identification of the network can be found
in Church et al. (2019)), we performed a dense GPR grid at different times of the year in 2018 and 2019 over the englacial
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Table 1. Overview of the GPR surveys acquired over the englacial conduit network. Survey months in italic and bold represent winter (snow
covered) and summer (snow free) acquisition respectively and the asterisk marks the months where common midpoint measurements were

additionally acquired.

Year  No. of surveys Time of Year Survey Type
2012 1 Sep Single Profile
2016 1 Apr Single Profile
2017 1 Sep Single Profile
2018 7 Mar, Apr*, May*, Jul, Sep*, Oct*, Dec Grid
2019 3 Feb, May, Aug Grid

conduit network (grids of black lines in Fig. 1). The GPR grid includes 13 profiles oriented east-west (average length: 250 m)
and 10 profiles oriented north-south (average length: 150 m), with a spacing of 13 m between adjacent profiles.

AH-The majority of the field measurements were conducted as common offset (CO) surveys, and they were acquired us-
ing a Sensor & Software pulseEKKO Pro GPR system with 25 MHz antennas. CO measurements are acquired keeping the
transmitting and receiving antenna at a constant distance apart (known as offset) and allows large quantities of data to be
collected in a time-efficient manner. The GPR antennas were carried by hand during summer month acquisitions (snow-free,
June-October) and during winter month acquisitions (snow covered, November-May), they were mounted and pulled on pulk
sleds. The GPR antennas were positioned in a transverse electric (TE) broadside configuration and kept at a constant offset
of 4 m between transmitting and receiving antennas. Additionally, the orientation of the antennas were perpendicular to the
walking direction. For all GPR lines, a high precision global navigation satellite system (GNSS) continuously recorded the
GPR antennas mid-point and the accuracy given by the GNSS was generally below 0.05 m.

In addition to the CO profiles, we acquired common midpoint (CMP) data in order to evaluate the electromagnetic (EM)

wave velocity of the glacial ice. CMP’s are acquired by incrementally increasing the offset between the transmitting and
receiving antennas over a given central location such that we image a point in the subsurface with different offsets. These CMP
measurements were performed in April, May, September and October 2018 over the englacial conduit in order to detect any
seasonal changes to the EM-wave velocities. The location of the CMPs was directly over the englacial conduit (marked by the

3.2 Borehole Data Acquisition

In 2018, six boreholes were drilled around the englacial conduit network (Fig. 1) using a hot water drill. Two boreholes were
drilled directly into the conduit network, and we were able to lower a borehole camera (GeoVISION™ Dual-Scan) within

these boreholes to make direct observations within the englacial conduit network.
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3.3 GPR Data Processing

The raw CO GPR data were processed using a combination of an in-house MATLAB based toolbox (GPRglaz Rutishauser
et al. (2016); Langhammer et al. (2017); Grab et al. (2018)) and Seismic Unix. The processing scheme aims to recover the
GPR reflection coefficients from the englacial conduit reflections by means of an impedance inversion scheme. This inversion
scheme is based upon the seismic impedance inversion developed in the late 1970s and 1980s (Russell, 1988). The reflectiv-
ity is recovered by the inversion on pre-conditioned GPR data using the underlying assumption that the GPR reflectivity is
represented by a series of sparsely distributed spikes, this inversion is known as a sparse-spiking deconvolution (Velis, 2008).
The aim of the sparse-spiking deconvolution operator is to find the smallest number of spikes that, after convolution with the
GPR source wavelet, matches the pre-conditioned GPR data within a small error. Within a glaciological setting, the spikes
from the deconvolution would represent englacial reflectors or the glacier base. The workflow implemented was based upon
the processing described in Schmelzbach et al. (2012).

An outline of the GPR CO processing is described in Table 2. It consists of the following major steps: (1-6) pre-processing
by assigning the GNSS data with the GPR data, setting time zero and the record length, interpolating clipped data, bandpass
filtering to remove noise, trace binning to account for varying walking speeds, elevation static correction, (7) deterministic
amplitude correction to compensate for the amplitude decay due to gemeetrieal-geometrical spreading, absorption and trans-
mission losses, (8) GPR deconvolution to remove the GPR source wavelet and increase the vertical resolution (Schmelzbach
and Huber, 2015), (9) an amplitude preserving migration to re-position the reflections in their correct location and to increase
the horizontal resolution, (10) identifying an amplitude matching scalar in order to match the amplitudes across all GPR sur-
veys, (11-13) sparse-spike deconvolution to recover the reflectivity (Sacchi, 1997) and to calibrate the reflectivity and stretch
the reflectivity to depth below glacier surface. In order to calibrate the reflectivity, ground truth data were used. The reflectivity
within the vicinity of the borehole was calibrated to be the ice-water reflectivity as direct observations provided a flowing
water-filled conduit (Church et al., 2019). The outcome of this workflow after migration (9) is shown in Fig. 2 and Fig. 3a-e.
The final output (13), including the reflection coefficients, are displayed in Fig. 3f-i.

The spatial and temporal distribution of the reflection coefficients is the primary outcome of the processing workflow. The
amplitude reflection coefficient explains the proportions of energy that are reflected from a given interface. Its values range
between -1 and 1. Their magnitudes and polarities are indicative for the electrical material properties adjacent to an inter-
face. Belum-and-Benn(2011)-divided-the For zero-offset (vertical incidence) example reflection coefficients for glaciological
environments-into-dry-and-wet-groups(Fable 3-jenglacial environments are provided in Table 3 using relative permittivity

ranges from Reynolds (2011).
The GPR reflection coefficient has previously been used in order to determine the presence of water or bed conditions

on Matanuska Glacier in Alaska, USA (Arcone et al., 1995). In the Rhonegletscher case study, we will make use of the
reflection coefficient for imaging the spatial extent and the temporal evolution of the englacial conduit, and it will also provide

information, 4




Table 2. Common offset GPR processing workflow

Processing Step Comments
1. Merge GPR and GNSS data
2. Set time zero and record length 2000 ns (~170 m depth of penetration in ice)
3. Interpolate clipped GPR data
4. Butterworth bandpass filter 10-75 MHz
5. Trace Binning along profile Binned to 0.5 m spacing
6. Elevation static correction
7. Amplitude corrections Summer o = 0.0007, winter o = 0.0004 (see Schmelzbach et al. (2012) for details)
8. GPR deconvolution Schmelzbach and Huber (2015)
9. Phase Shift Migration Seismic Unix migration and constant velocity of 0.1689 m ns’'
10. Amplitude matching between all GPR

datasets
11.  Sparse deconvolution to recover reflectivity ~ Described in Sacchi (1997)
12.  Calibrate the reflectivity Setting the reflectivity to be the ice-water reflectivity at the borehole site in 2018

13.  Time to depth conversion Constant velocity 0.1689 m ns™

Table 3. GPR reflection coefficients from typical glaciologieal—englacial conduit environments using zero-offset measure-

ments(Belum-and-Benn;, 20 Wetand-dry-environmen s-are-highlighted-by-dark-grey-and-light-grey-ecell-shadingrespe

Upper Medium
Ice Water

g oo - +0.67£0.01

S Air +0.28 £0.02 -

Q

2 Granite Wet Sand/Gravel ~ -0-H-0.39 £0.03  +0:6Wet-Sand-0:47~

Z Water 0.67£0.01 -

—

be-assumedon the filling material within the conduit.
The GPR reflectivity workflow provides both the englacial conduit top and bottom reflection time (thickness if the filling
185 material is known) and the englacial channel reflectivity. To provide details on seasonal evolution, both the extracted reflectivity
and conduit thickness from the field data were interpolated and smoothed for each seasonal GPR acquisition.
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The CMP measurements were also processed using GPRglaz, but SeisSpace ProMAX 2-D was used for the EM wave-propagation

velocity analysis. The pre-processing included assigning the geometry and amplitude correction for geometrical spreading. As
described by Booth et al. (2010), we applied a static shift prior to picking the velocities in ProMAX in order to remove the sys-
tematic error in semblance analysis of GPR CMP data. The ¥ i i i

were-EM wave-propagation velocities were picked on the englacial reflection using a second order normal moveout correction
this velocity was used for the migration velocity in the workflow indicated in Table 2.

4 Field Data Results
4.1 GPR Imaging Results

For studying the general evolution of the englacial conduit network we analysed all GPR profiles, however we consider profile
Q-Q’ (Fig. 1) as an example for the annual evolution. In Fig. 2, the GPR sections acquired during the summer months are
displayed. Due to the increased presence of water during the summer melt season (average daily discharge in Figure S4),

the signature of a potential englacial conduit is expected to be most pronounced during this time of the year as a result of

water filling the conduit. As shown in Fig. 2a, in September 2012 there is no clearenglacial-reflection—visible-in-September
20420bvious englacial reflection spanning across the section, but in September 2017, we observe a eonspicuousstrong englacial

reflection pattern at about 2210 m asl (Fig. 2b). This feature is also visible in the GPR sections acquired in summer 2018 and
2019 (Figs. 2c and 2d), although its shape and strengths exhibits some minor variations. From these observations we conclude
that this englacial feature is-reeent-and-it-musthave-formed-has undergone significant evolution between 2012 and 2017.
Besides the general-appearance-annual changes of this englacial feature, it is also interesting to study its seasonal variability.
We analysed all GPR profiles within the grid between 2018 and 2019, however, we consider profile R-R’ (Fig. 1) as an example
for the seasonal imaging results. In Fig. 3, the GPR sections, acquired in 2018 and 2019, are displayed. Additionally, the spatial
distribution of the reflectivity (reflection coefficients) is provided. The single continuous englacial reflector is present across the
majority of the acquired profile during the summer months (Fig. 3c and e), whereas in April 2018 (winter) it is almost absent
(Fig. 3b), and its reflection strength is also reduced in May 2019 (winter) (Fig. 3d). The reflectivity (Fig. 3f-i) emphasises
the contrasting englacial environment between summer and winter. Similar observations were also made in profile Q-Q’ (net

shownFig. S2) and across the majority of GPR profiles acquired, but in profile R-R’ they are slightly more pronounced.

4.2 GPR Common Midpoint (CMP) Results
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Figure 2. GPR imaging results from a repeated profile (Q-Q’ in Fig. 1) over a single line after migration from 2012 until 2019. The yellow
line represents the ice-bedrock interface and the red arrows represent the englacial conduit network reflection appearing from summer 2017.
The green line in c) marks the location of the CMP acquired. Zoomed GPR profile images are available in Fig. S1.
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Figure 3. a) GPR imaging results over a single repeated GPR profile (R-R’ in Fig. 1) in 2018. The yellow line represents the ice-bedrock
interface, white line represents the glacier surface, and the red box is the zoom box for GPR imaging and reflectivity results b)-i). b)-e) are
seasonal GPR imaging results and f)-i) are the seasonal GPR reflectivity results from b)-e). The red arrows represent the top of the englacial

conduit network and the blue arrows represent the bottom of the englacial conduit network (g & i).
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propagation—veleeityfor-the-EM wave-propagation velocity for the winter CMP measurement (Fig. 4a) was picked en-the
semblanee-to-be-between-0-16-and-0:17-t0 be 0.165 £0.05 m ns~! (Fig. 4b-c). The EM wave-propagation-wave-propagation

velocity during the summer CMP measurement (October 2019) was between-0-+65-and-0-175-picked at 0.170 +0.05 m ns~ 1.

There exist some-uneertainty-an uncertainty in the EM wave-propagation velocities as a result of limited transmitter-receiver
offsets in comparison to the target depth (offset-depth ratio: 0.5), and the low frequency antenna with a dominant period of
15 ns create large semblance bullseyes in Figs. 4c and f. Two more CMP gathers were recorded in May and September 2019,

which show a similar velocity, but with a larger uncertainty (&= 0.1 m ns~ ') due to poorer data quality.

As a result of the uncertainties on the propagation velocities from the CMP measurements, the migration velocity was kept

constant for both summer and winter at 0.169 m ns~! as used in previous temperate ice GPR studies (Glen and Paren, 1975;
Rutishauser et al., 2016).

4.3 GPR Seasonal Reflectivity Results

area—Figure 5 highlights the seasonal
spatial reflectivity over 16 months from May 2018 until August 2019. The-white-lines-inFig—5-correspond-to-isolines—with

~During the

summer months, when the englacial conduit is active and transporting melt water through the glacier’s body we observe large
negative reflectivities (<-0.2). The spatial extent of the englacial network is elearly-visible in the summer months acquisition.
The reflectivity during the winter months (Fig. Sa-c & g-h) is around zero indicating that thechannelisnota-wetenvironment:
Whereas,during there is a lack of a reflection, and the conduit is neither filled with air, water, nor wet sand. During the summer
months (Fig. 5d-f & 1) the reflectivity varies between -0.2 and -0.6, corresponding to the-wetreflectivity-seenarios-in-Table

3either an ice-wet sand interface or an ice-water interface (Table 3). At the beginning of the melt season in July 2018 (Fig.
5d), the englacial conduit network does not appear to be fully developed-and-connected throughout the survey site, while in

September and October 2018 (Fig. 5e & f), the conduit is connected across the survey site. Furthermore, in August 2019 (Fig.
5i), we observe wet-environment-reflectivities—in-an-identical-reflectivities between -0.2 and -0.6 in a similar location as in

summer 2018.
4.4 GPR Conduit Thickness Results

In addition to the seasonal reflectivity results, the conduit thickness was calculated for those surveys, where the top and bottom

reflections could be identifiedelearly. The travel time differences between the top and bottom reflections was converted to

12
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Figure 4. Common mid point gather and velocity determination. Winter (April 2018): a) The raw CMP gather. b) Zoom of the raw gather
over the englacial reflection with second order normal moveout (NMO) curves using 0.16, 0.17 and 0.18 m ns ™. ¢) Semblance display using

second order NMO for the zoom section from b). Summer (October 2018): d)-f) as per winter a)-c).

thickness using the velocity of an EM wave travelling through water (0.0333 m ns~!). Figure 3g and i shows a negative
reflectivity for the top of the conduit (red arrows) and a positive reflectivity for the bottom of the conduit (blue arrows). Upon

extraction of the conduit thickness, the spatial extent of the conduit thickness was determined by interpolating between the

13
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profiles acquired for each month respectively. The white contour represents the reflectivity at -0-44-0.1 providing an approximate outline of
the englacial conduit.

GPR profiles and smoothing (Fig. 6). The conduit thickness is between 0.2 and 0.5 m throughout the melt season (Fig. 6),
and there is little variability in the conduit thickness throughout the summer. We performed a thin-layer forward modellin
255 investigation, with which we tried to appraise the reliability and robustness of the thickness estimates.
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englacial conduit reflectivity at 0.1, same contour as displayed in Fig. 5.
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5 Numerical Modelling: Thin Channel Water Layer GPR Forward Modellin

5.1 Thin Channel Water Layer GPR Forward Modelling Methodolo

Reynolds (2011) states that, in theory, the vertical resolution of a GPR signal is a quarter wavelength, assuming the source
wavelet is two half cycles. This theory is based upon the seismic wave propagation theory as described by Widess (1973). In
reality the GPR source wavelet is typically longer than a single wavelength, with this being the case, the vertical resolution is
reduced as a result of the complex nature of the transmitted GPR source wavelet (Reynolds, 2011). For an EM wave propagating
within a water-filled conduit the wavelength of a 25 MHz system is 1.333 m, and therefore the theoretical vertical resolution
(M\/4) for a conduit filled with water using 25 MHz antennas is 0.33 m. The true conduit thickness can be determined from
the reflectivity inversion if the thickness of the conduit is larger than the theoretical vertical resolution. The thicknesses shown
in Fig. 5 are thus within proximity of the theoretical vertical resolution limit. Fherefore;we-performed-a-thin-layerforward

A forward modelling approach was adopted in order to investigate how a thin water filled channel layer, below the theoretical

vertical resolution, affects the ebserved-thickness and reflectivity that we recover from the processing workflow described in

Table 2. From this point the thickness and reflectivity derived from the modelled GPR data is known as the apparent thickness

and reflectivity, whereas the known model thickness and known ice-water reflectivity is known as the true thickness and
reflectivity. We generated synthetic radargrams using the open source software gprMax (Warren et al., 2016). This is a finite-

difference time-domain solver for EM wave propagation. We employed a simple 3D model, as sketched in Fig. 7a. It includes
a single thin water filled conduit that is invariable in the third dimension. The associated material parameters are summarised
in Table 4. All four boundaries of the model had absorbing boundary conditions in order to prevent multiple energy interfering
with the top and bottom reflection from the conduit. The synthetic GPR data (Fig. 7b) were modelled using transmitting and
receiving antennas separated by 2 m, and they were moved from 2 until 18 m along the x axis in Fig. 7a at 0.5 m increments.

The model space did not contain a free surface in order to have a clear interpretation of the top and bottom conduit reflector

without any multiple energy being present. The numerical simulations and thickness extraction procedures were repeated with
arange of conduit thicknesses between 0.05 and 2 m.

‘Fhe synthetie- GPR-data; Noise free simulations were initially performed, but for uncertainty analysis coherent noise was
added prior to migration. The coherent noise was extracted from the GPR field data acquired in July 2018 and it was added
directly to the synthetic data. The synthetic GPR with coherent real noise can be directly compared with the field data in
order to make conduit thicknesses and reflection strength deductions. In order to determine how the the coherent noise effects

the apparent reflectivities and thickness, we used 48 different noise types and performed statistical analysis to determine

16
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Figure 7. Forward modelling results. a) Geometry model for gprMax forward modelling with temperate ice, 2 m thick water-filled conduit
and absorbing boundaries labelled. The circle and the triangle represent the transmitting and receiving antenna. b) The processed synthetic
data generated from the model in a) after step 10 in Table 2. ¢) The reflectivity from the data b) after processing through the entire workflow
described in Table 2. The green arrows represent the direct arrival, the red and blue represent the top and bottom reflection from the englacial

conduit respectively.

5.2 Thin Channel Water Layer GPR Forward Modelling Results

The synthetic GPR data with an example of coherent noise added, shown in Fig. 7b, were generated with a 2 m thick water-

filled englacial conduit, and the red and blue arrows represent the reflection from the top and bottom conduit respectively.
There is-elear-exist a 120 ns separation between the top and bottom reflections (red and blue arrows in Fig. 7) from the conduit
using a 2 m thick englacial conduit model, but, as shown in Figure 8, these two reflectors interfere with each other, when the
conduit thickness reaches the vertical resolution (0.3 m in Fig. 8). The horizontal width of the water-filled conduit remained at
5 m for all tests and is below the horizontal resolution after migration. In order to extract the reflectivity (Fig. 7c and Fig. 8b)
from the synthetic GPR data, the data were processed using an identical processing workflow, as applied to the field data.

The n
0:65-and2-m-Fhe resultsTesults on the apparent channel thickness as a function of the true model channel thickness are shown
in Fig. 9a. We were able to determine-the-correct-conduit-thicknessresolve the true conduit thickness of the conduit from the

GPR data, when the true thickness was greater than 0.4 m (0.3)). However, when a water filled conduit was less than 0.4 m

thick, the observed-apparent thickness from the inversion was within £0.15 m (yellow shaded area in Fig. 9a). In the summer,
the majority of the Rhonegletscher imaged englacial conduit network is less than 0.4 m (Fig. 6) and therefore, the conduit

thickness from Rhonegletscher does not represent the true thickness but the ealeutated-apparent thickness is within £0.15 m
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Figure 8. Forward modelling results for 0.3 m water-filled conduit. a) The processed synthetic data after step 10 in Table 2. ¢) The reflectivity
from the data a) after processing through the entire workflow described in Table 2. The green arrows represent the direct arrival, the red and

blue represent the interfering top and bottom reflection from the englacial conduit respectively.

of the actuaktrue conduit thickness. The error bars show the effect of the coherent noise added into the model. There is little
effect on the thickness estimation with coherent noise added to the model.

In addition to the discrepancies between observed-apparent channel thickness and true channel thickness (Fig. 9a), the GPR
zero-offset reflectivity can be analysed as a function of channel thickness (Fig. 9b). The solution for an ice-water reflection is
in Fig. 9b. In order for the channel to have an ice-water reflectivity of -0.67 (Table 3), using noise-free data, the conduit must be
greater than 0.6 m thick (0.45)), as represented by the green shaded area in Fig. 9b. With the addition of coherent noise in the

simulations, the uncertainty for true thicknesses above 0.6 m is 4= 0.1. When the conduit is between 0.1 and 0.6 m thick (0.07A
- 0.45)), the ealeutated-noise free apparent reflectivity is equal to the true reflectivity & 0.1 (shaded yellow area in Fig. 9b).

With the addition of the coherent noise to the simulations the uncertainty doubles to = 0.2. When the conduit is thinner than
0.1 m, the ealeulated-apparent reflectivity is below 0.5 (shaded red area in Fig. 9b). From these results, a likely explanation for

the low reflectivities observed from the conduit (Fig. 5) could be the result of the conduit being below the vertical resolution.
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Table 4. Material properties for the forward modelling, taken from (Plewes and Hubbard, 2001; Reynolds, 2011; Langhammer et al., 2017).
The values within the brackets represent the range of uncertainty.

Material Relative permittivity ¢~ Conductivity o [S/m]  Relative permeability y  Magnetie- ossQfme-EM wave-propagating Velocity [m
Temperate ice 3.2(3-3.3) 5% (5e"-5¢ %) 1 6-0.1689
Fresh water 80 (80-81 0.0005 1 0-0.033

6 Discussion

6.1 Uncertainties

6.1.1 EM wave-propagation velocities

The EM wave-propagation velocity for the four CMP’s had a maximum uncertainty of £0.1 m ns”" and the mean EM

320 wave-propagating velocity was 0.1675 m ns_". The EM wave propagation velocities within ice is a function of water content,
and guoted values in literature are between 0.167 and 0.169 m ns " (Fujita et al., 2000; Murray et al., 2000; Plewes and Hubbard, 2001; Re
therefore the EM wave-propagation velocity was kept constant for all GPR migrations at 0.1689 m ns™" and time-to-depth

conversions.

6.1.2 Conduit Reflectivit

325 In order to evaluate the reflectivity uncertainty of the field GPR data we acquired four coincident profiles in a single day in July
2018 and compared their reflectivity results from the GPR processing flow. There exists some natural variation in the englacial
reflectivity that is likely caused by a combination of minor changes in the walking path leading to different imaging points, and
differences in the coherent noise. From these repeated measurements the variability has been quantified to be + 0.15 (Fig. S3).

330 In addition to the field data, an estimate of the channel reflectivity uncertainty has was additionally completed using the
synthetic testing, when adding coherent noise. The uncertainty on the reflectivity using coherent noise within the numerical
modelling is & 0.2 independent of the conduit thickness (grey shaded area in 9). Both of these errors provide similar uncertainty.
ranges and therefore, the uncertainty on the apparent reflectivty is estimated to be £ 0.2

GPR reflection coefficients are a function of the incidence angles. As the GPR antennas were constantly separated by 4

335 m, and the target was around 80-100 m below the glacier surface, the angle of incidence is less than 1 degree, and vertically

incident waves were therefore assumed for all reflectivity analysis.

6.1.3 Conduit Thickness
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Figure 9. Forward modelling apparent thickness and reflectivity results plotted against the true model conduit thickness. a) The ebserved
apparent thickness in the GPR inversion processing as a function of the true channel thickness in the model (Fig. 7a using 25 MHz antennas).

b) The ealeulated-apparent reflectivity from the ehannet-englacial conduit top as a function of the true channel thickness. The error bars
represent the two standard deviations around 48 different noise records added to the synthetic.

The uncertainty in the true channel thickness is a function of the picked two-way time, the EM wave-propagation velocit
through the conduit filling material and the apparent thickness. Our borehole camera observations provided evidence that
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the filling material is water (see supplement video), and there exists small amounts of loose sediments. Therefore, a EM
wave-propagation velocity of fresh water (0.0333 m ns~!) was employed for the time-to-thickness conversion. The small
quantity of sediment could potentially increase the EM-propagation velocity. As far as we are aware, there are no studies
providing the EM wave velocity through water with a small quantity of sediment. A fully saturated till layer within the conduit
would alter the propagation velocity to be within 0.05-0.06 m ns —! (Reynolds, 2011). Given the borehole observations, it can
be assumed safely that the EM-propagating velocities are between 0.033 and 0.05 m ns !, Therefore, we have attributed a
lower bound uncertainty of 50% to the apparent thickness related to the time-to-thickness conversion velocity. An upper bound
of 0% exist for the velocity error as the lowest potential velocity within an englacial conduit is the EM-wave propagation
velocity through water.

The picking error is within a sample (1 ns) as a result of picking the reflectivity (Fig. 3g) and not the actual GPR wavelet
Fig. 3c). This small
source of uncertainty and can be neglected.

The GPR forward modelling exercise provided evidence that when the true channel thicknesses was below 0.4 m the apparent
thickness does not represent the true conduit thickness (Fig. 9a). For true conduit thickness less than 0.4 m the apparent
thickness is within 0.15 m of the true model (40% error). Whereas, for apparent thickness above 0.4 m represent the true model
and therefore there is no significant error.

Compounding the conduit thickness uncertainties for apparent conduit thickness below 0.4 m, we have large errors (lower

bound: -90%, upper bound: +40%). Whereas, for apparent conduit thickness greater than 0.4 m the uncertainty is only a

icking error in time equates to only a 1.5 cm error in the conduit thickness and is therefore not a large

function of the filling EM-propagating velocity (lower bound: -50%, upper bound: apparent conduit thickness). Despite these

relatively large errors we are able to confidently state the englacial conduit on Rhonegletscher is still a thin-layer and below
the wavelength of the GPR signal.

6.1.4 Horizontal Resolution

The first Fresnel zone defines the horizontal resolution (the ability to distinguish two closely laterally separated reflectors)
for GPR, The first Fresnel zone is approximately 17 m for the geometry of our reflector (90 m depth) with a 25 MHz GPR
system and the EM wave-propagation velocity through ice (0.1689 m ns”1). The GPR data have been migrated using a 2D
Kirchhoff migration algorithm and therefore within the profile the first Fresnel zone is reduced to the bin size (0.5 m). However.
the Fresnel zone out of the GPR plane remains 17 m. The acquisition of the GPR was set-up to have profiles along and
perpendicular to the glacier flow. Acquiring profiles in these orientations ensured that we have a horizontal resolution of 0.5
m in both directions in order to delineate the englacial conduit network. There exists an uncertainty of the spatial extent as a
result of the linear interpolation of the reflectivities. The spacing between profiles are approximately 12 m, and therefore we
would estimate that the uncertainty to be around half the profile spacing (6. m).
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6.2 Conduit ExtensionGeometry
6.2.1 Conduit Extension

During the melt season (July-October), when the englacial conduit is active, the conduit is around 250 m & 0.6 m in length
and between 20-45 m £ 0.6 m wide. During all the summer acquisitions, the englacial conduit thickness was estimated to
be between 0.2 and 0.4 m exhibiting little variability (Fig. 6). Therefore, the conduit was far wider than thick and it does not
follow the typical cylindrical englacial conduit cross-sectional shape, as observed in other GPR surveys (Stuart, 2003), or as

described by englacial conduit theory (Shreve, 1972; Roethlisberger, 1972).
6.3 Conduitinelination
621 Conduit Inclination

There is a ten metre global elevation difference in the conduit’s topography (Fig. 10) across the entire imaged englacial conduit
network, thereby indicating that the conduit has a low inclination (approximately 2°). ¥The inclination is similar to englacial
conduits drainage networks found on a cold-ice glacier in Svalbard (Stuart, 2003; Hansen et al., 2020). Such a small dip
provides evidence that the movement of englacial water is not related with the hydraulic gradients and therefore, does not
supports the englacial conduit formation models described by Shreve (1972), which postulates englacial conduits formation

through upward branching of an arborescent network.
6.3 Conduit-Shape

6.2.1 Conduit Shape

The shape of the englacial conduit shows a meandering and sinusoidal outline that runs perpendicular to the ice flow direction.
The outline (white contour in Fig. 6) has similar geometry to sub-sections of englacial conduits that have been mapped using

speleology within cold glaciers (Gulley et al., 2009a), which have been formed as a result of the cut-and-closure mechanism.

A cut-and-closure englacial conduit forms as a result of surface streams or streams within crevasses incising towards the
lacier bed and subsequently becoming isolated from the surface as the ice flows due to ice creep (Fountain and Walder, 1998).

Similarly, a sinusoidal shape could result from turbulent water flowing englacially. To the best of our knowledge this is the
first example of a temperate glacier to have an active englacial system surveyed using geophysical techniques and showing a

sinusoidal shape.
6.3 Conduit Formation

The conduit’s sinusoidal shape provides some evidence that this englacial drainage system could be the result of a cut-and-
closure drainage system. However this hypothesis can be ruled out, as no large visible supraglacial stream has been observed

on Rhonegletscher within the proximity of the englacial conduit in previous years. Moreover, comparing the conduit’s profile
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Figure 10. Elevation above mean sea level from the top of the englacial conduit network in August 2019.

and cross sections with those described by Gulley et al. (2009a) and summarised in Fig. 2 in their publication, the likely
formation mechanism is extensional hydrofracturing. Hydrofracturing on extensional stressed glacial ice provides a horizontal
profile (shallow dip) and an englacial conduit cross-section that is thin and wide. Such extensional stresses may result from
the turning-of-the Rhonegletseher-ice flow turning at the survey site towards the proglacial lake. As discussed in Church et al.
(2019), the drainage network is likely fed from numerous streams running along the glacier margin and from the surrounding
moraine. Additionally, the hydrofracturing can be supported by the fact that periods of high water pressure was observed as a
result of the borehole expelling water 3-4 m above the glacier surface in August 26482018 (Fig. S5).

We were unable to determine the englacial water flow direction from either the GPR data or from the borehole camera.
Tracer studies might be an option (Hooke and Pohjola, 1994; Hock et al., 1999). Unfortunately, this would be difficult, as
the studied englacial network is expected to flow into the proglacial lake, and therefore monitoring the tracer quantity would

require samples to be taken directly from a borehole instead of an outflow stream from the glacier’s tongue.
6.4 Conduit’s Seasonal Variations

The conduit morphology alters throughout the year as a result of the varying discharge from the glacier. Fer-Theory states that
a steady-state englacial conduit, where the conduits opening rates equals the conduits closure rate, the size and shape of the
conduit remains constant —Changes-(Cuffey and Paterson, 2010) and changes in water supply can alter the opening and closure
rates and thereby alter the conduit’s morphology. Englacial conduits can shrink and disappear, when discharge quantities are
low, whereas high discharge rates can cause a conduit to expand. Runoff and discharge data are available at a gauging station
in Gletsch (1800 m a.s.1), 2 km downstream from Rhonegletscher —(Fig, S4). The peak discharge occurs annually between 24
July and 17" August. The end of the peak discharge correlates with the time of the year, where the conduit was well developed

in 2019 (Fig. 6d). We can speculate that during August, when there «
englaetal-conduitis peak discharge, the englacial network is fully-developed—The-timingfurther-correlates-with-observations
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-atits maximum observed extent.

There exists a winter shut-down of the englacial conduit network between 2018 and 2019, indicated by a near-zero reflectivity
(Fig. 5e). Remnants of the englacial conduit is-are detectable on the winter reflectivity, when restricting the colour scale from
-0.05 to -0.15 (Fig. 11, grey line). If the conduit is fully open (thickness > 0.5 m), then it is neither water or air filled during the
winter as a large negative reflectivity (ice-water: -0.67) or positive reflectivity (ice-air: +0.3) is not observed. During August
2018, we were able to make direct borehole measurements using a borehole camera and observed sediment being transported
along the base of the conduit (see video supplement S1). Therefore, as a result of the lower reflectivity and the lower discharge,
we speculate that during winter the conduit either physically closes or becomes very thin (< 0.1 m) and remains water filled. If
the conduit physically closes, the sediments lying within the closed conduit are likely the cause of the low winter reflectivity,
and the reflectivity values around -0.1 indieate-a-dry-—glactal-environment(Fable 3jywould indicate an englacial environment
without the presence of water. Whereas, if the conduit thinned to less than 0.1 m and remained water filled the reflectivity
values are around -0.1 (red area in Fig. 9b). The repeated GPR summer measurements in 2018 and 2019 provided evidence
that the conduit networks reopens in an identical location. In order for the conduit to be reactivated during the 2019 melt
season, either the sediments lying within the closed during the winter months provided a potential permeable flow path in
2019, or the englacial conduit remained connected after becoming a very thin water-filled (<0.1 m) conduit during the winter.
Furthermore, we speculate that the hydraulic potential is similar during both melt seasons as the englacial conduit is reactivated
in an identical position after the winter shutdown.

The GPR wavelet character from the conduit’s top remains a constant negative high amplitude reflector over the three melt
season (2017, 2018 and 2019), which indicates the presence of water within the system during our GPR summer acquisitions.
From the GPR data, we are able to determine that the englacial conduit network is at-er-above atmospheric pressure. If the
system would be belew-at atmospheric pressure, the top reflector would be an interface between ice and air and result in a
positive amplitude reflector. Such an unpressurised englacial network was observed by Stuart (2003), where the conduit’s top
reflection was a high positive amplitude reflector. The fact that the conduit is at-er-above atmospheric pressure is additionally
supported by our borehole camera observations, where the borehole water level that was 1-2 m above the englacial network

during observations, suggesting that the water pressure was slightly above atmospheric pressure.
6.5 General Applicability and Limitations of GPR to Characterise Englacial Conduits

So far, there exist a few studies, where englacial conduits have been characterised using a combination of GPR with speleology
or borehole observations (Moorman and Michel, 2000; Stuart, 2003; Catania et al., 2008; Temminghoff et al., 2019; Schaap
et al., 2019). In these studies, englacial conduits were imaged as point diffractors. Without speleology or boreholes, the inter-
pretation of these point diffractors is typically ambiguous. In the Rhonegletscher case study, the interpretation is unambiguous
with the ground-truth borehole observations, because the englacial conduit appears as a single specular reflection.

For future studies investigating englacial conduits, the GPR reflectivity workflow can be used to identify englacial conduits

and conditions on the glacier’s bed, but it is essential to calibrate the ebserved-apparent reflectivities with known reflectivi-
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Figure 11. Winter GPR reflectivity from the top of the englacial channel reflection plotted between 0 and -0.15 reflectivity values, highlight-
ing remnants of the englacial conduit network that exist during the winter months. The grey line represents the summer englacial conduit
shape. The black grid lines represent the GPR acquisition profiles acquired for each month respectively. The white contour represents the

reflectivity at -0.05.

ties on site. As far as we are aware, there does not exist such reflectivity analysis for glacial drainage networks on temperate

glaciers. For the Rhonegletscher data, this was obtained from borehole observations. However, for others studies, a known
reflectivity point may not be available in order to calibrate the reflectivity, and therefore by plotting the uncalibrated reflectivity
of an englacial reflector potential flow paths could be delineated, however the filling material would remain unknown. Such
an approach was adopted in Belum and Benn (2011) (plotting the reflection normalised amplitude of the glacier’s bed). The
workflow could be extended to specular glacier basement reflectors in order to detect subglacial conduit networks. However,
the GPR processing workflow does not correct for the anisotropic GPR radiation pattern. In this case, dipping specular re-
flectors will have amplitudes dependent on both the radiation pattern and the angle dependent reflection coefficient. Therefore
an extension of the workflow needs to be made and a migration accounting for GPR antenna radiation pattern needs to be
implemented prior to the impedance inversion in order to extract the reflectivity coefficient.

This study has also provided evidence that the glacier’s bed needs to be interpreted with care. The Rhonegletscher case
study has identified an englacial conduit as a specular reflector 10-15 m above the glacier’s bed during the melt season. If a

single GPR profile would have been acquired during the melt season (e.g. August 2019, Fig. 3e), the englacial conduit may

25



470

475

480

485

490

495

have been mis-interpreted as the glacier bed. Therefore, it is essential to understand the hydrological conditions of the glacier,
when designing GPR surveys in order to successfully interpret the GPR data. For GPR surveys, where the ice thickness is
the objective on temperate alpine glaciers, then GPR acquisition should be undertaken during winter in order to minimise the
englacial water storage limiting penetration depth. On the contrary, for GPR surveys investigating the glacier’s hydrological
conditions it is intuitive that acquisition should take place during summer.

From the forward modelling, the vertical resolution for GPR was found to be 0.3)\. If two interfaces are spaced less than
0.3 X\ metres vertically apart, then there exists interference between the two reflectors which leads to an erroneous thickness
interpretation (Fig. 9). This GPR vertical resolution is larger than seismic vertical resolution found through forward modelling

on ice-water reflectivities (King et al., 2004), as a result of the complex nature of the GPR source wavelet.

7 Conclusions

By using repeated GPR measurements and processing the data with an impedance inversion to extract the reflectivity, we have
mapped the changing spatial extent and thickness of an active and dynamic englacial conduit network on a temperate glacier.
The repeated seasonal GPR measurements in 2018 and 2019 and the reflection coefficient analysis of the englacial conduit
provided an insight into the evolution of an active englacial hydrological network.

In summer the englacial conduit was aetivetransporting water through the glacier, leading to large negative reflectivity values
(<-0.2). The Rhonegletscher’s englacial network followed a meandering and sinusoidal shape throughout the melt season. The
conduit is 15-20 m wide and between 0.2 and 0.4 m thick. Such a conduit cross section (wide and thin) can occur as a result
of hydraulic fracturing with extensional stresses acting on the ice, based upon the englacial conduit shape review by Gulley
et al. (2009a). Furthermore, water flowing through the englacial conduit during the melt season feeds the subglacial drainage
network, which likely increases subglacial water pressure and facilitates basal sliding.

The englacial conduit was found to be-tnaetive-have reduced in thickness and was not transporting water during the winter
period, with reflectivity values between -0.05 and -0.15. Therefore, we speculate that during the winter the conduit network
either physically closes or is very thin (<0.1 m). Either, sediments that were being transported within the conduit in the summer
or water within a thin-layer conduit are likely responsible for the reflectivity visible during the winter GPR acquisition. The
englacial conduit became active in an identical location after a winter shut down. The conduit’s shape remained similar in the
winter compared to the summer.

Difficulties arise when interpreting a series of reflectors that are separated by the vertical resolution. The forward modelling
has shown that two horizons are perfectly distinguishable when they are separated by more than 0.3\. Whereas, the amplitude
or reflectivity of the top interface is only resolved when the thickness is greater than 0.45\. We conclude that care must be
taken when inferring material properties from a reflectivity processing workflow with the presence of thin layers that approach

the vertical resolution of the GPR source wavelet.
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Video supplement. Movie S1 https://doi.org/10.3929/ethz-b-000406689 shows the borehole camera observations made directly into the ac-
500 tive englacial conduit on 24™ July 2018.
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Figure S1. GPR imaging results from a repeated profile over a single line after migration from 2012 until 2019 showing zoomed in area of
englacial conduit reflection. The yellow line represents the ice-bedrock interface and the red arrows represent the englacial conduit network

reflection appearing from summer 2017.
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Figure S2. a) GPR imaging results over a single repeated GPR profile (Q-Q’ in Fig. 1) in 2018. The yellow line represents the ice-bedrock
interface, white line represents the glacier surface, and the red box is the zoom box for GPR imaging and reflectivity results b)-i). b)-e) are
seasonal GPR imaging results and f)-i) are the seasonal GPR reflectivity results from b)-e). The red arrows represent the top of the englacial

conduit network and the blue arrows represent the bottom of the englacial conduit network (g & i).
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Figure S3. Uncertainty results from repeated GPR profiles undertaken in July 2018. a) GPR imaging result for repeated profile. b) Apparent
reflectivity extracted from the GPR field data. The grey filled area represents the minimum and maximum reflectivity range from the four

repeated profiles. The red line is the mean of the four profiles.
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Figure S4. Average daily discharge measured in Gletsch (2 km downstream of Rhonegletscher) between 1957 and 2017. The error bars

represent two standard deviations. The yellow and green dots represent the GPR survey dates for 2018 and 2019 respectively.



Figure S5. Borehole surface observations taken on 24th July 2018 showing water being forcibly spouted from the borehole head upto a

height of approximately 4 m. Such observations were also recorded on 3rd August 2018.
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