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Abstract The interior dynamics of Helheim Glacier were monitored using an autonomous
phase-sensitive radio-echo sounder (ApRES) during two consecutive summers. The return signals from all
observational sites exhibited strong non-tidal, depth-dependent diurnal variations. We show that these
variations in the glacier interior can be explained by an englacial diurnal meltwater cycle: a data
interpretation that assumes constant ice-column composition through time leads to dynamical
inconsistencies with concurrent observations from GPS and terrestrial radar. The observed diurnal
meltwater cycle is spatially variable, both between different sites and in the vertical, consistent with the
existence of a dense and complex englacial hydrologic network. Future applications of this observational
technique could reveal long-term meltwater behavior inside glaciers and ice sheets, leading to an improved
understanding of the spatiotemporal evolution of the basal boundary conditions needed to simulate
them realistically.

Plain Language Summary Realistic glacier models require accurate description of the material
properties of glacial ice and of its behavior at the boundaries. Meltwater transport through the glacier
plays an important role in controlling these material properties and boundary conditions. However, the
glacial interior is underobserved in both space and time and little is known about how this meltwater
transport occurs. We used a new type of radar to monitor the interior of a Greenland outlet glacier to
gain insight of its meltwater behavior. We found that the amount of meltwater present inside the glacier
column changes through the day, and this daily meltwater cycle can occur at all depths of the glacier.
Our observations indicate that the hydrologic network inside a glacier is dense and complex.

1. Introduction

The Greenland Ice Sheet (GrlS) is an important component of the climate system, yet attempts to model it
suffer from our limited knowledge of the boundary conditions at its base and at its seaward margin (Vaughan
& Arthern, 2007). The basal boundary conditions control glacier flow and are sensitive to changes in the vol-
ume (Schoof, 2010) and location (Parizek & Alley, 2004) of surface meltwater transport to the bed, which is
thought to occur primarily via crevasses and moulins formed by hydrofracture at regions where meltwater
supply is abundant and surface stresses are high (Alley et al., 2005; Boon & Sharp, 2003). Hourly to seasonal
changes in glacier surface velocities have been related to changes in the amount of meltwater at the glacier
base (Bartholomew etal.,, 2010,2012; Das et al., 2008; Zwally et al., 2002). Further, at alpine glaciers diurnal sub-
glacial meltwater changes have been inferred from radar observations of diurnal changes in the nature of the
basal reflector and attributed to englacially routed surface melt (Kulessa et al., 2008). However, processes in
the glacier interior, which control the surface-to-bed meltwater transport across all of these timescales remain
underobserved. Knowledge of the glacier interior of the GrlS comes from borehole measurements at slower
moving regions of the ice sheet (Luthi et al., 2002; Ryser et al., 2014) and from ice-penetrating radar observa-
tions (Bell et al., 2014; Catania et al., 2008), which have good spatial but limited temporal coverage. To extend
our knowledge-base of this environment, we collected minute-by-minute observations with an autonomous
phase-sensitive radio-echo sounder (ApRES) at four locations near the terminus of Helheim Glacier, a large and
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Figure 1. (a) Helheim Glacier with deployment sites (background image from Landsat-8 on 19 August 2016).
(b) Unwrapped phase and (c) return amplitude from unfiltered ApRES data at H1Y15 (left) and H1Y16 (right).
TRI = terrestrial radar interferometer.

fast-flowing outlet glacier in East Greenland. ApRES and its predecessor pRES have been successfully used to
obtain high-precision measurements of basal melt rates and vertical strain rates in Antarctica (Corr et al., 2002;
Nicholls et al., 2015). Here we explore the utility of this observational technique in a more dynamic, Greenland
outlet glacier environment.

2. Methods

In August 2015, we conducted a pilot study in which we deployed one ApRES unit for 2 days ~2 km from
Helheim’s calving front, at site H1Y15 (Figure 1). In August 2016, we deployed three ApRES units, which col-
lected data for 9-14 days. The instruments were placed ~4 km apart along a flow line at sites H1Y16, H2Y16,
and H3Y16; the near-glacier front site H1Y16 was within ~600 m of H1Y15. GPS units were collocated at each
of the four installations to provide a spatial reference for the ApRES Lagrangian measurement. All instruments
were placed on the glacier in boxes fitted with crampons. Additionally, in 2016 a terrestrial radar interferom-
eter (TRI) was installed on each side of the fjord to monitor the final ~5 km of the glacier surface. Thus, H1Y16
was well within the view of the TRIs, but H2Y16 and H3Y16 were farther upstream and out of their view. An
automatic weather station near the glacier front recorded air temperature and incoming shortwave radiation
during both years; a sea-floor mooring ~30 km down the fjord monitored sea surface displacements with a
pressure sensor.

ApRES is a phase-sensitive radar that operates at a center frequency of 300 MHz (1-m wavelength in air), and
its angle of view in ice is ~30° either side of nadir (technical specifications are described in Brennan et al.
(2014)). ApRES detects internal reflectors inside the conical section of a glacier (i.e., glacier cone; Figure 4)
viewed over a two-way-travel time based on the change in electromagnetic properties of the material. The rel-
ative motion of individual internal reflectors can be calculated by differencing the phase between subsequent
measurements (Nicholls et al., 2015). Assuming constant composition of the glacier cone, the unwrapped
phase of the return signal is used to convert changes in radio-wave travel time to displacement time series of
depth-cumulative motion of internal reflectors above. Each ApRES sampled at 1-min intervals and the data
were processed following Brennan et al. (2014) and Nicholls et al. (2015). Typical uncertainties estimated from
signal-to-noise ratio were ~0.3 mm in the top 200-300 m and then increased with depth until at most 30 mm
for H1Y16 and H1Y15 and at most 10 mm for H2Y16 and H3Y15.

The TRIs were used to generate line-of-sight velocity maps from line-of-sight displacements constructed by
comparing the phase of subsequent measurements (Caduff et al., 2015; Voytenko et al., 2015). Between 6 and
11 August 2016 the two TRIs operated simultaneously, across the fjord from each other, in a near-optimal
imaging configuration for constructing a 2-D glacier surface velocity field following Voytenko et al. (2017).
Uncertainties, estimated based on a reference nonmoving target, were 0.6 and 1.0 m/day for the east-west
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Figure 2. Time series from August 2016. Linear trend was removed from signal in panels (a)-(e). (a—c) Examples of
ApRES depth-cumulative displacements at different depths. (d) TRI horizontal divergence at H1Y16. (e) GPS
displacement at H1Y16. (f, g) Air temperature and incoming shortwave radiation at nearby station. (h) RACMO2.3p2 daily
total surface melt.
and north-south velocity components, respectively. The velocity maps, available at 2-min intervals, were first
averaged over 30-min segments to reduce spatial gaps arising as a result of line-of-sight obstacles on the
irregular glacier surface (i.e,, crevasses). Permanent spatial gaps in the data were filled using inward interpo-
lation. The velocity maps were spatially smoothed via a combination of median and Gaussian filters and then
used to calculate surface horizontal divergence.
The on-glacier GPS data were analyzed using the TRACK version 1.30 kinematic processing software (Chen,
1998), yielding position time series relative to a rock-based site HEL2 at 30-s intervals. To minimize potential
jumps at boundaries of each day, for each session, we processed 48 hr of data centering at the middle of
each day then removed position estimates the day before and after. Typical uncertainties in the horizontal
coordinates were 3—6 mm, and in the vertical component 2-3 times larger.
We do not have concurrent measurements of surface melt and therefore rely on the daily RACMO2.3p2 output
(Noél etal., 2018). The modeled mean surface melt near the terminus agrees well with values previously found
by Andersen et al. (2010) for the summers 2007 and 2008. Assuming melt rate varies sinusoidally through
VANKOVA ET AL. 8354
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the day with the mean melt rate of ~0.044 m/day (RACMO2.3p2 for H1Y16), the diurnal peak-to-peak vertical
displacement is ~0.01 m (Figure S6 in the supporting information).

To focus on diurnal variations in the ApRES, GPS, and TRl signals, a linear trend was removed from each time
series, which were then low-pass filtered with a 6-hr fourth-order Butterworth filter (Figure 2). To extract
the amplitude of the ApRES diurnal variations in the depth-cumulative displacement time series, these time
series were first vertically averaged into 10-m depth bins (if strong off-nadir reflectors are present, a depth
bin may consist of ice at different depths) and then low-pass filtered. A composite diurnal variation for each
depth bin was then formed by splitting the time series into 1-day segments, subtracting the line connect-
ing the starting and ending point from each segment (end points were chosen to correspond to diurnal
minimum ice thickness occurring at 5 a.m. local time), and pointwise averaging over the segments to get
the amplitude and standard deviation of the mean diurnal variation (Figures S3-S5). The same time inter-
val (6-15 August) was used for all August 2016 stations, but only one 1-day segment was available for the
2015 deployment.

3. Results

A key feature of the ApRES return signal are diurnal variations, which are clearly visible even in the unfiltered
data (Figures 1b, 1¢, S7, and S8). Example time series of low-pass-filtered depth-cumulative displacements
from the three August 2016 instruments are shown in Figures 2a—2c. The diurnal variations are in-phase with
depth as well as between the three different sites. They are stronger at the glacier front and weaker at the
two upstream sites, and their amplitude varies with depth. At the frontal sites, the diurnal amplitude of the
depth-cumulative displacement could imply diurnal vertical strain rates of up to 1year~', which would be
an order of magnitude larger than the background vertical strain rate suggested by the ApRES data. Possible
causes of these diurnal variations are investigated in section 4.

The amplitude of the diurnal variations as a function of depth is shown in Figure 3a. There is significant spa-
tial variability in the vertical structure of these variations. At both H1Y15 and H1Y16 the diurnal amplitude
increases with depth nearly linearly except for three large dips at H1Y16. At H2Y16 it increases linearly over
the first 150 m but then sharply drops and remains approximately constant below 200 m. At H3Y16 the diur-
nal amplitude increases linearly to a depth of 200 m, then gradually decreases until 350 m, with little variation
below this depth. Sharp drops in the diurnal amplitude observed at the three 2016 sites coincide with loca-
tions of enhanced amplitude (bright spots) of the return signal (Figure 3b). Since at each site the diurnal
variations in depth-cumulative displacements are in-phase, a decrease in the diurnal amplitude with depth
implies an out-of-phase behavior. The vertical structure of the diurnal variations is interpreted in section 5
once the diurnal forcing has been identified in section 4.

4. Causes of ApRES Diurnal Cycle

We consider the following explanations for the diurnal variations in the ApRES signal: instrument temperature
sensitivity, ocean tidal forcing, ice dynamics, and changes in glacier meltwater content. Next, we show by the
process of elimination that the only explanation consistent with the ApRES, GPS, and TRI instruments is that
the observed diurnal variations are caused by changes in meltwater content inside the glacier.

4.1. Instrument Temperature Sensitivity

To test the temperature sensitivity of an ApRES, we reduced its temperature from 20° to —25° and the appar-
ent change in length of 200 m of coaxial cable was monitored. This experiment showed that distance to a
target appears ~0.3 mm greater if the ApRES is warmed by 1°. The amplitude of the observed diurnal varia-
tions is 1-2 orders of magnitude larger than any possible apparent ice extension due to diurnal temperature
change. Further, the instrument’s temperature sensitivity is largely depth independent; therefore, changes in
the instrument temperature would result in a near-constant offset at the surface (same as surface melt) and
cannot cause the depth-dependent diurnal variations that are observed at all sites.

4.2. Ocean Tidal Forcing

The ocean tidal forcing near Helheim’s front is predominantly semidiurnal (Davis et al., 2014) with the M2
constituent being ~5.5 times stronger than the sum of the diurnal constituents (Figures S1 and S9). Both GPS
(horizontal and vertical displacement) and TRI (surface horizontal divergence) show primarily semidiurnal
motion, although their diurnal variations are enhanced compared with the amplitude of the ocean’s diurnal
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Figure 3. Vertical structure of the ApRES-derived diurnal variations. (a) Diurnal depth-cumulative peak-to-peak
displacement of each 10-m depth bin; shaded region (shown for records longer than 1 day) lies within one standard
deviation from the mean (black line). (b) Time average of the return signal amplitude; strong bright spots are
highlighted with dotted line in all panels. (c) Mean diurnal meltwater exchange in each 10-m depth bin (based on
low-pass-filtered orange line in column (a). Depth below sea surface is shaded in blue.

constituents. The ApRES signal is dominated by diurnal variations. Therefore, any potential tidally forced signal
in the ApRES data is overshadowed by a much stronger, diurnal forcing of different origin.

4.3. Ice Dynamics

At H1Y16, there is a ~5 day overlap of ApRES, GPS, and the two TRIs. Since each instrument measures a differ-
ent aspect of glacier motion, their combination allows us to investigate whether the diurnal variations in the
ApRES signal could result from ice dynamics. If that were the case, the amplitudes of diurnal surface horizon-
tal divergence (TRI), diurnal vertical strain rate (ApRES), and diurnal vertical displacement (GPS) would need
to be consistent.
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Figure 4. Schematic diagram showing independent modes of composition change due to meltwater cycle inside a cross
section of a glacier cone viewed by the ApRES. Each mode goes between two states: State 1 containing the minimum
amount of meltwater and State 2 containing the maximum. Mode 1—meltwater is added/removed as a horizontal layer,
increasing/decreasing the cross-section thickness. Mode 2—meltwater replaces ice/ice replaces meltwater while
cross-section thickness remains constant. Mode 3—meltwater replaces air/air replaces meltwater while cross-section
thickness remains constant.

First, we compare the ApRES and TRI observations at H1Y16. A diurnal vertical ice extension implies a diurnal
vertical strain rate w, superimposed on the background vertical strain rate w,. To relate w, to the diurnal
horizontal divergence at the glacier surface u)’(+v)’/, we need to make the following assumptions: (a) the glacier
is incompressible and (b) w/, is constant with depth. Incompressibility is a good assumption as long as air and
meltwater fractions in the glacier are small; whether that is the case at Helheim is a priori unknown. To a first
approximation the diurnal amplitude of the depth-cumulative vertical displacements increases linearly with
depth (Figure 3a2), which would imply a constant w, should the diurnal variations be due to ice dynamics.
With these assumptions u/, + v}’, compensates w/, following

/ /
u, + v, =-w,, (1)
whered’ = (u', v/, w')isthe diurnal perturbation of the background 3-Dice velocity field U = (u, v, w). Average
w,, over the time T during which the glacier goes from maximum vertical compression to maximum vertical

extension is given by
(AH’ )
— H

w. =

7= 2L, )

where AH' is the vertically integrated ice extension at its peak and H is the glacier thickness at maximum
compression. At H1Y16, the representative values are H ~ 730 m, T ~ 0.5 day, and AH" ~ 0.75 m. These
values give |W£| ~ 0.75 year~" and |u; + vj’/| ~ 0.75 year~" using (2) and (1), respectively. To compare with the

TRI, we consider |u! + v}’/ over a 200-m by 200-m box, which encloses the Lagrangian path traveled by H1Y16.

Over this region |u] + v; reaches at most 0.1 year~' (Figure 2d), implying an upper bound on the diurnal ice
extension of AH" < 0.1 m using (1) and (2). Thus, this upper bound is ~7.5 times smaller than the average
ApRES-observed value of AH'.

Next, we turn to the GPS data and investigate whether the ApRES-observed AH’ at H1Y16 is reflected in the
vertical displacement of the glacier surface. The GPS diurnal peak-to-peak vertical displacement is at most
~0.02 m (Figures 2e and S1), and maximum possible cancelation due to diurnal tidal constituents in the ocean
forcing would be an order of magnitude smaller. Cancelations due to diurnal glacier surface melt can be up to
~0.01 m (see section 2). With that, the maximum diurnal vertical displacement amounts to ~0.03 m. Therefore,
if H1Y16 were grounded, the maximum observable AH would be only ~0.03 m, which is ~25 times smaller
than observed. Otherwise, if H1Y16 were ungrounded and in hydrostatic balance, the vertical displacement
of ~0.03 m would allow a maximum AH’ of ~0.3 m, based on the density contrast between ice and sea water.
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This value is ~2.5 times smaller than observed. We note that with at least partial grounding of H1Y16 the
GPS diurnal vertical displacement can satisfy the TRI-derived upper bound on AH’ of 0.1 m. Present data are
insufficient to assess whether the site H1Y16 is floating or grounded as vertical tidal signal does not neces-
sarily imply flotation (de Juan et al., 2010). However, sites H2Y16 and H3Y16, which are farther upstream, are
very likely grounded. These two sites behave similarly, showing the ApRES-derived AH" ~ 0.1 m and diurnal
peak-to-peak vertical displacement ~0.02 m (accounting for surface melt). Therefore, at the upstream sites
the vertical GPS displacement would need to be ~5 times larger to explain the AH" observed by the ApRES.

We used the diurnal amplitudes of TRI-derived surface divergence and GPS-observed surface vertical dis-
placement to derive upper bounds on the diurnal vertical ice extension. These upper bounds give values
that are an order of magnitude smaller than the typical ApRES-observed vertical ice extension. Depth inde-
pendency of the vertical strain rate is implied by the observed nearly linear increase of the diurnal variations
with depth and cannot be relaxed. Allowing for crevasses increases the horizontal divergence required
to produce the observed vertical extension; thus, relaxing the assumption about incompressibility cannot
explain the discrepancy shown by the above calculations. We conclude that ice dynamics cannot explain the
ApRES-observed diurnal variations.

4.4. Changes in Meltwater Content

We now investigate the effect that changes in the glacier meltwater content could have on the phase of the
ApPRES return signal and calculate the amount of water needed to produce the observed diurnal variations.
The speed (v) of an electromagnetic wave through a medium is given by v = % where c is the speed of light
in a vacuum and n is the refractive index of the medium. Since n and therefore v are material dependent, tem-
poral change in the glacier cone composition results in an apparent motion of the internal ice reflectors. At
the 300-MHz center frequency at which ApRES operates, the refractive indices of water (n,,), glacial ice (n,),
and air (n,) are 8.85, 1.78, and 1, respectively. When the ApRES data are processed and radio-wave travel time
is converted to distance, nis assumed constant and equal to ny. Since n,, > ng and n,, > n,, itis always the case
that an increase in meltwater fraction causes apparent vertical glacier extension. To quantify the amount of
meltwater needed to produce the observed amplitude of the diurnal variations, we consider different ways
by which meltwater can change the composition of the glacier cone viewed by ApRES. These can be concep-
tually decomposed into three independent modes (schematically shown in Figure 4). First, we analyze each
mode individually to assess whether meltwater can explain the ApRES-observed diurnal cycle. Once this has
been established, we discuss in section 5 how these modes relate to physical mechanisms. The apparent ver-
tical depth-cumulative displacement AH’' (measured by the ApRES) is related to the equivalent thickness of
meltwater AH! by comparing radio-wave travel time (RWTT) through the different states of composition each
mode undergoes.

« Mode 1: Meltwater is added/removed in the vertical. The glacier thickness changes by AH, , and its surface
is displaced vertically, but there is no diurnal horizontal divergence. Before adding meltwater, the RWTT
through the glacier is

ng
tback =H- ? (3)

After adding meltwater of AH], thickness, the new RWTT becomes
/ ! nW
t), = toga + AH,, - . 4)

If added meltwater is misinterpreted as ice by assuming constant glacier cone composition, the recorded
RWTT can be used to calculate AH’ from

Ng
t'= fhack T AH - ? (5)
Finally, equating (5) and (4) relates AH" and AH :

AH' - ng
AH, = —2. ©)
n
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+ Mode 2: Meltwater replaces/is replaced by ice. The glacier thickness remains constant, and the displaced
ice moves horizontally in and out of the ApRES view implying horizontal divergence. Before meltwater is
introduced, the RWTT through the glacier is given by (3). When AH thickness of ice is replaced by meltwater
the new RWTT becomes

’ ’ ng r Nw
t,=(H=AH,)- 2 +AH, - 2. 7)
The relation between AH/ and AH’ is found by equating (5) and (7):

AH' - ng
AH = . (8)

n, —ng

+ Mode 3: Meltwater replaces/is replaced by air. The glacier thickness remains constant, and there is no
horizontal divergence. Before meltwater is introduced, RWTT is

nEl
. )

n
g
tback= (H_AH\’/V) . ?+AHCV ?

When AH! thickness of air is replaced by meltwater, it leads to a new RWTT
o (H=aH )-8 apy T 10
tw_( - w)'?+ W'T' ( )
Again, equating (5) and (10) relates AH! and AH':

AH' - ng
AH, = ‘ (1)
ny —ng

The ApRES-observed AH' ~ 0.75m at H1Y16 requires AH! ~0.15, 0.19, and 0.17 m for Modes 1, 2, and
3, respectively. Additionally, Mode 1 requires a diurnal vertical displacement of ~0.15 m if grounded or by

~0.015 m if afloat. With the assumption of depth independence we can estimate the |u; + v)’/| required by
Mode 2 by combining (1) and (2) and setting AH' = AH, . This gives ’u)’( + v)’,‘ ~ 0.19year™', which is
twice the maximum value of the observed diurnal surface divergence. However, having established that the
nearly linear increase in the diurnal variations with depth is not indicative of constant vertical strain rate (see
section 4.3), we cannot argue that depth independence of horizontal divergence is a good assumption; in
fact, at some glaciers there exists direct evidence that it is not (Pfeffer et al., 2000). As a result we cannot use
the bounds from section 4.3 to establish which of the modes dominates.

The amount of meltwater needed to explain the ApRES-observed AH’ is comparable for all three modes.
At H1Y16 the required diurnal thickness change in meltwater for the full glacier thickness amounts to
0.15-0.19 m/day. Although this value is 3-4 times larger than the mean surface melt estimate of 0.044 m/day,
it is reasonable to expect higher englacial meltwater cycle near the terminus where meltwater is collected
from the much larger upstream catchment area. We conclude that diurnal meltwater englacial cycle can fully
explain the observed diurnal variations.

5. Interpretation of Meltwater Cycle

To interpret the vertical structure of the diurnal variations, we discuss known physical mechanisms by which
meltwater can appear/disappear from the glacier cone. These include the following:

« P1: Water fills/drains from preexisting air-filled cracks (Mode 3). Surface crevasses are a fundamental entry
point for surface meltwater inside the glacier (Colgan et al., 2016). We expect this process to be important at
Helheim, since its surface is heavily fractured. It should dominate above the sea surface, but below that its
action will be limited if the englacial network is well connected with the ocean preventing water drainage.

+P2: Preexisting water-filled near-vertical cracks (moulins, basal crevasses, or network of fractures)
widen/shrink, or new ones open/close (Mode 2). Full-depth and partial-depth penetrating moulins have
been observed at the ablation zone of GrlS by Catania et al. (2008), who found strong correlation between
moulin density and elevated surface tensile stresses associated with crevassing. Based on this result, we
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would expect high moulin density in our study region. Existence of basal crevasses near Helheim front
was inferred from glacier surface observations by James et al. (2014). These basal crevasses can have high
water-storage capacity and may extend deep inside the glacier; for example, Harper et al. (2010) found that
on a ~200-m-thick Alaskan glacier water-filled basal crevasses penetrated tens of meters above the bed and
contained ~10 cm equivalent of water. A hydrological system dominated by fractures at all depths, with a
slow circulation of water, was observed at Storglacidren (Sweden) by Fountain et al. (2005).

« P3: Preexisting water-filled horizontal layers (e.g., meltwater at the base or englacial lakes) widen/shrink,
or new ones open/close (Mode 1). Support for this mechanism to act at the base of Helheim comes from
Andersen et al. (2010) who observed a dependency of surface glacier velocities on runoff variations and
attributed this to meltwater-induced diurnal changes at the base.

« P4: Preexisting water-filled horizontal channels widen/shrink, or new channels open/close (Modes 1 and 2).
Englacial channels have been observed at many glaciers directly (Benn et al., 2009; Gulley & Benn, 2007) or
using surface-based methods (Baelum & Benn, 2011; Moorman & Michel, 2000; Stuart et al., 2003). A chan-
nelized englacial network has not been directly observed at Helheim; however, its existence could explain
observed surface lake drainage patterns (Everett et al., 2016) and flow speeds inside a firn aquifer located
~60 km West from H3Y16 (Miller et al., 2018).

« P5: Water inside a glacier freezes/ice inside a glacier melts (Mode 1 and/or 2). Catania et al. (2008) directly
observed refrozen meltwater inside moulins. Bell et al. (2014) used airborne radar observations to infer the
presence of large units of refrozen basal water all over Greenland. Diurnally, melting and refreezing could
act at Helheim as a result of variations in meltwater flow through englacial channels, although direct obser-
vations to confirm this are lacking. Further, diurnal melting and refreezing is expected to take place at the
base of surface crevasses (Fountain & Walder, 1998).

Different mechanisms of meltwater exchange are likely to prevail at different parts of the glacier. There-
fore, we consider all four ApRES data sets to gain further insight into the vertical structure of the diurnal
water cycle and its spacial characteristics. The diurnal variations in apparent depth-cumulative displace-
ments are in-phase at all depths for each ApRES. This implies that the meltwater cycle at all depths is either
exactly in-phase (depth-cumulative displacement increases) or exactly out-of-phase (depth-cumulative dis-
placement decreases). As a result, the vertical gradient in the amplitude of the diurnal variations may be

used to infer the strength of the diurnal meltwater cycle AH, at a depth bin located between depth
j+1/2
levels j and j + 1. The different modes of diurnal meltwater exchange apply to each glacier parcel in the
same way as they apply to the whole glacier cone. Thus, (6), (8), and (11) can be used to relate AH/, to
j+1/2
AH =H| -H
j+1/2 j+1 j
depth indicates phase reversal with respect to the depth bin directly above. There are various explanations

for the occurrence of phase reversal with depth:

.The vertical profile of AH], is plotted for each mode in Figure 3c. A change in sign with

+ C1: There is a vertical hydraulic connection between the two consecutive depth bins, and an alternating
pressure gradient drives water out of small cracks into larger channels and back again. However, this requires
the glacier to be porous at great depths, for which there is no direct observational evidence.

« C2: There is no vertical hydraulic connection between the two consecutive depth bins (at the given site),
and each depth bin is connected to a different source of meltwater—directly above or further upstream,
at the surface or at the base. For example, if both surface and basal crevasses were present, their respec-
tive rate of diurnal filling/draining could be out-of-phase. Also, the phase of diurnal cycle inside an
englacial/supraglacial conduit can be delayed compared with the phase of the cycle in a moulin nearby.
Further, faster water flow through englacial channels could increase refreezing due to enhanced turbulent
transfer of heat, which would result in a phase reversal of the meltwater cycle at the channel depth.

« C3: The meltwater cycle is in-phase at all depths, but the glacier composition is heterogenous and the return
ApRES signal is dominated by off-nadir reflectors. For example, a water-filled horizontal channel is a strong
reflector. Therefore, the depth-cumulative displacement time series corresponding to a channel depth will
be controlled by meltwater changes along the line between the channel and the ApRES. These can sub-
stantially differ from the integrated view of the water content above or below the channel. Therefore, if the
glacier were heterogenous, and the signal dominated by off-nadir reflectors, the meltwater change reported
at each depth is specific to a particular section of the glacier cone, which can result in jumps in the apparent
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strength of the depth-cumulative meltwater cycle. In this case Figure 3¢ would be indicative of the degree
of heterogeneity of the glacier cone.

We now interpret the vertical profile at each site, relating it to the physical mechanisms of meltwater
exchange (P1-P5) and possibilities of phase reversal with depth (C1-C3) listed above. Sometimes, various
interpretations are equally likely, in which case we state them all.

The upstream sites H2Y16 and H3Y16 show a stronger diurnal meltwater cycle in the upper part of the glacier
cone, and the cycle becomes weak below the sea surface. This indicates that air-meltwater exchange dom-
inates at these sites (P1) and that much of the meltwater seen in the upper part of the glacier does not
immediately reach the bed. Instead, it enters an englacial network which transports it further downstream.
At both H2Y16 and H3Y16, there is a bright spot in the return signal coincidental with the change of phase of
the diurnal meltwater exchange between consecutive depth bins, which could indicate a channel at the base
of the surface crevasse field (P4 and/or P5, C2 and/or C3).

At the two downstream sites H1Y15 and H1Y16, the diurnal exchange of meltwater is high throughout the
glacier cone. The higher depth-cumulative diurnal meltwater exchange compared with the upstream sites is
indicative of downstream meltwater accumulation (via P3 or P4). At both frontal sites, the diurnal meltwater
cycle is present at all depths, implying a good hydraulic connection between the surface and the bed (P2). At
H1Y15 there is an increase in the diurnal meltwater exchange between ~300- and ~350-m depth. This could
be attributed to a ~350-m deep moulin far enough from the ApRES so that it only enters its cone of view at
~300-m depth (P2 and/or C3). At H1Y16 there are three bright spots in the return signal, which again coincide
with sharp drops in the vertical profile of the diurnal amplitude and we attribute those to large water-filled
englacial channels (C2 or C3).

With only three simultaneous measurements we cannot exclude the possibility that Helheim's bulk water
content is constant and that water is simply being rearranged inside the glacier. However, all three 2016 mea-
surements show water gain at the same time of the day, which suggests that the bulk englacial water content
isindeed changing diurnally. Much of the deep diurnal signal at the frontal sites was attributed to mechanism
P2—moulins, basal crevasses, or network of fractures; however, our observations do not allow us to distin-
guish between these features. Thus, further measurements, likely requiring a combination of instruments, will
be necessary to establish the mechanism responsible for meltwater exchange at all depths.

6. Conclusions

We monitored the interior dynamics of Helheim Glacier and observed strong depth-dependent diurnal vari-
ations in the ApRES return signal. We established that the amplitude of the diurnal variations is too large
to result from ice dynamics but can be explained by diurnal changes in meltwater inside the glacier. Using
the phase of the return signal measured with the high-precision ApRES allowed us to infer and quantify
meltwater changes throughout the glacier by comparing the apparent vertical displacement between sub-
sequent internal reflectors. Our results indicate that surface-to-bed connectivity decreases with increasing
distance from the glacier terminus and suggest that Helheim’s englacial hydrologic network near the front
is densely connected, allowing a diurnal meltwater cycle at all depths. We were unable to measure the
glacier’s background meltwater content and distribution because of the short timespan of our deployment.
However, future year-round ApRES observations may reveal the background englacial hydrology structure
and its evolution.
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