10

15

20

https://doi.org/10.5194/egusphere-2023-618
Preprint. Discussion started: 12 April 2023 G
© Author(s) 2023. CC BY 4.0 License. E U Sp here

Multi-scale variations of hydro-mechanical conditions at the base of
the surge-type glacier Kongsvegen, Svalbard

Coline Bouchayer!?, Ugo Nanni?, Pierre-Marie Lefeuvre?®, John Hulth?, Louise Steffensen Schmidt?,
Jack Kohler?, Frangois Renard'*, and Thomas V. Schuler?

'The Njord Centre, Departments of Geosciences and Physics, University of Oslo, 0316 Oslo, Norway

2GeoHyd section, Department of Geosciences, University of Oslo, 0316 Oslo, Norway

3Norwegian Polar Institute, Tromsg, Norway

4ISTerre, Univ. Grenoble Alpes, Grenoble INP, Univ. Savoie Mont Blanc, CNRS, IRD, Univ. Gustave Eiffel, 38000 Grenoble,
France

Correspondence: Coline Bouchayer (colili@uio.no)

Abstract. Fast glacier flow and dynamic instabilities, such as surges, are primarily caused by changes at the ice-bed interface,
where basal slip and sediment deformation drive basal glacier motion. Determining subglacial conditions and their responses to
hydraulic forcing (e.g. rainfall, surface melt) remains challenging due to the difficulty of accessing the glacier bed. In this study,
we monitor the interplay between surface runoff and hydro-mechanical conditions at the base of the Arctic surge-type glacier
Kongsvegen, in Svalbard, over two contrasting melt seasons. Kongsvegen last surged in 1948, after which it entered a prolonged
quiescent phase. Around 2014, flow speeds began to increase, sign of an imminent new fast-flow event. In 2021 we instrumented
a borehole to assess subglacial conditions at the local scale and deployed seismometers to monitor the subglacial conditions
at the kilometer scale. We measure both subglacial water pressure within the borehole with a water pressure sensor and till
rheology with a ploughmeter inserted into the sediments at the bottom of the borehole. We use channel-flow-induced tremors
recorded by a seismometer to characterize hydraulic conditions over a kilometre scale at the base of the glacier. The records
cover the period from spring 2021 until summer 2022. To characterize the variations in the subglacial conditions caused by
changes in surface runoff, we investigate the phase relationship (i.e. how two variables evolve in time) of the following hydro-
mechanical condition proxies: water pressure, hydraulic gradient, hydraulic radius, and sediment ploughing forces. We analyse
these proxies versus modelled runoff analyzed over seasonal, multi-day and diurnal time-scales. We compare our results with
existing theories in terms of subglacial drainage system evolution and sediment shear strength to describe various aspects of
subglacial conditions. We find apparent ambiguities in the interpretation of different variables recorded by individual sensors,
thus demonstrating the importance of using multi-sensor records in a multi-scale analysis. This study highlights the different
adaption of the subglacial drainage system during short, low melt intensity season in 2021, against long, high intensity melt
season in 2022. In the short and low intensity melt season, we find that the subglacial drainage system evolves at equilibrium
with runoff, increasing its capacity as the melt season progresses. In contrast, during the long and high intensity melt season
2022, we find that the subglacial drainage system evolves transiently to respond to the abrupt and high intensity input of
precipitation and melt water conveyed to the bed. In this configuration, the subglacial channels evolution is not rapid enough

to adapt immediately to the forcing conditions. The drainage capacity of the main active channels is exceeded, promoting the
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water to leak in poorly connected areas of the bed, increasing the water pressure, resulting in speed-up events. Another robust
outcome of our analysis is, that, on a seasonal scale, till shear strength variations are mainly anti-correlated with water pressure
variations (consistent with a Coulomb-plastic behavior), whereas on shorter time scales especially during speed-up events, the
two variables correlate, describing a viscous rheology. To our knowledge, such contrasted behaviors of the sediment rheology

and subglacial flow at the base of a glacier have not been reported before.

1 Introduction

Glacier ice loss represents one of the greatest global environmental risks in a warming climate due to its contribution to sea
level rise (Moon et al., 2018; Rounce et al., 2023), but currently, models are deficient in explaining dynamic responses and
instabilities such as surges (Lenton et al., 2008; Flowers, 2015; Benn et al., 2019; Thggersen et al., 2019). Glacier flow is
controlled by (i) viscous deformation of the ice (e.g., Millstein et al., 2022), (ii) slip at the ice-bed interface (e.g., Zoet et al.,
2022), and (iii) subglacial sediment deformation (e.g., Minchew and Meyer, 2020). Basal processes (ii and iii) are responsible
for most of the short-term velocity variations and rapid ice flow (Thggersen et al., 2019; Gilbert et al., 2022) but are still poorly
understood due to the difficulty in observing the subglacial environment. Unravelling the response of subglacial conditions to
surface water input and its consequences for glacier dynamics is key to reduce uncertainties in future projections of ice mass
loss to the oceans (Stocker, 2014; Portner et al., 2019; Maier et al., 2022).

A prominent example of coupled changes of subglacial conditions and glacier motion is that of glacier surges. Surge-type
glaciers exhibit quasi-cyclic phases of rapid flow, called the surge, after a long period of slow movement called the quiescent
phase (Meier and Post, 1969; Truffer et al., 2021). Due to the inability to efficiently transport accumulated mass to the ablation
area, the reservoir area of the glacier builds up mass during quiescence, resulting in steepening the glacier surface. As a
consequence, the gravitational driving stress increases, and at some point a threshold is reached, enabling fast flow. This
threshold has been proposed to depend on the degree of cavitation at the glacier base (Iken, 1981; Kamb, 1987; Thggersen
et al., 2019) or till (i.e., subglacial sediments) shear strength (Iverson et al., 1995; Clarke, 2005; Minchew and Meyer, 2020;
Zoet and Iverson, 2020). It thus depends on basal water pressure (hereafter, referred to as water pressure) and on the evolution of
the subglacial drainage system (Schoof, 2010; Gilbert et al., 2022). Such instabilities often originate locally but can propagate
and affect large parts of, or even the entire, glacier (Thggersen et al., 2019).

Rates of basal motion depend on the gravitational driving stress imposed by the glacier geometry and frictional properties
of the glacier base which, in turn, are governed by the thermal regime and hydro-mechanical conditions. The rate of water
supply from the glacier surface and the state of the subglacial drainage system control the basal water pressure, hence basal
conditions are expected to vary on several time scales, inherited from typical variations of runoff and subglacial drainage
system evolution (e.g., Davison et al., 2019). Following the variation of surface energy balance and rainfall, glacier meltwater
runoff (hereafter, referred to as runoff) typically displays characteristic diurnal variations, superimposed on multi-day weather
cycles and a pronounced seasonality (Rothlisberger, 1987; Nienow et al., 2017; Schmidt et al., 2023). Variations in water

pressure are caused both by variations in runoff as well as by the state and evolution of bulk transmissivity of the subglacial
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drainage system. Previous works have identified different components of the subglacial drainage system that conveys and
stores water along the glacier bed. These include water sheets (Weertman et al., 1962), cavities in the lee of bedrock obstacles
(Kamb, 1987), and channels incised into the ice or subglacial substrate (Rothlisberger, 1972; Nye, 1976; Hooke et al., 1990;
Walder and Fowler, 1994). Water sheets and cavity systems are spatially distributed across the glacier base, flow pathways are
typically tortuous and these systems are characterized as hydraulically inefficient and often operate at high water pressures.
In contrast, channelized drainage is highly localized and often hydraulically efficient, which permits fast flow of water and
operates typically at low water pressures.

Water pressure at the glacier base directly influences ice-bed coupling, as well as it affects shear strength of the till (Lliboutry,
1968; Clarke, 2005; Damsgaard et al., 2020; Zoet and Iverson, 2020; Hansen and Zoet, 2022; Tsai et al., 2022). This double-
tracked influence gives rise to complex behavior in the relationship between water pressure and basal motion, with an exact
formulation still being debated (Benn et al., 2019; Thggersen et al., 2019; Terleth et al., 2021; Gimbert et al., 2021a; Gilbert
et al., 2022). Whereas high water pressure weakens the ice-bed coupling and therefore promote sliding, low water pressure has
the opposite effect. In addition, pressure-gradient driven transport of water into or out of the till pore space affects rheological
properties of the till and thus influence rates of sediment deformation (Iverson et al., 1995; Hooke et al., 1997; Tulaczyk et al.,
2000; Hansen and Zoet, 2022; Warburton et al., 2023). To date, the fundamental nature of till rheology is still debated and both
Coulomb-plastic, linear-viscous and non-linear rheologies have been proposed (Alley et al., 1986; Boulton and Hindmarsh,
1987, Fischer et al., 1998, 2001; Kavanaugh and Clarke, 2006). Subglacial properties may exert a strong control on glacier
stability so constraining till rheology is fundamental to understand the dynamic of e.g., glacier surges.

To investigate subglacial properties, boreholes measurements have provided direct access to the glacier bed and have often
been instrumented to monitor water pressure (e.g. Hubbard et al., 1995; Sugiyama et al., 2011; Andrews et al., 2014; Doyle
et al., 2018; Sugiyama et al., 2019; Rada and Schoof, 2018; Rada Giacaman and Schoof, 2023). Studies based on numerous
boreholes highlighted the simultaneous and different behaviour experienced by different areas of the bed. Such processes are
yet poorly described by current drainage models (Flowers, 2015). For example, some areas of the glacier bed can be connected
to the main subglacial drainage pathway, whereas other parts are not, and further areas even display alternating behavior (e.g.,
Gordon et al., 1998; Kavanaugh and Clarke, 2000). Further studies pointed-out that some areas of the bed show signs of hy-
draulic isolation (e.g., Murray and Clarke, 1995; Andrews et al., 2014; Hoffman et al., 2016; Rada and Schoof, 2018). Many
long-term observations have a marked spatial heterogeneity of water pressure variations, even at small spatial scales (Murray
and Clarke, 1995; Iken and Truffe, 1997; Fudge et al., 2008; Andrews et al., 2014; Rada and Schoof, 2018), as well as sudden
changes, indicative for reorganisation of drainage system (Gordon et al., 1998; Kavanaugh and Clarke, 2000). Further borehole
instrumentation has been used to collect information on till shear strength using ploughmeters inserted into the till layer, on
sliding rates using drag spools and on till deformation using inclinometers (e.g., Fischer and Clarke, 1994; Fischer et al.,
1998, 1999, 2001; Porter et al., 1997; Kavanaugh and Clarke, 2000). Borehole studies have therefore provided crucial infor-
mation on the local hydro-mechanical adaptation of the subglacial environment to changes in runoff and the following impact
on glacier dynamic. Due the co-existence of different subglacial drainage system components and their dynamic evolution

over time, the interpretation of the hydro-mechanical conditions variations from borehole studies solely remain very local and
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challenging to extrapolate at glacier-scale. Recent studies have shown the potential of using cryoseismology to bridge the gap
between observations at different scales (Podolskiy and Walter, 2016), for instance by inferring hydraulic conditions across
various temporal (sub-daily to multi-year) and spatial (decametric to kilometric) scales (Bartholomaus et al., 2015; Gimbert
et al., 2016; Nanni et al., 2020; Lindner et al., 2020; Labedz et al., 2022). This is based on the principle that turbulent water
flow generates seismic tremor at high frequency (>1 Hz) can be used to quantify relative changes in the subglacial drainage
system conditions (Gimbert et al., 2016). The recorded seismicity is mainly dominated by the strongest seismic sources and
thus often represents the most active part of the drainage system (Nanni et al., 2021). The wide range of methods used to
investigate subglacial condition highlights the need to collect various proxies of hydro-mechanical conditions to understand
the feedback between the development of the subglacial drainage system, rheological changes in the till and consequences for
basal motion.

In this study, we present the results of a comprehensive, subglacial multi-sensor record, complemented by a cryoseismolog-
ical dataset, all simultaneously acquired at Kongsvegen, a surge-type glacier in Svalbard. The field instrumentation has been
designed to optimize interpretation by co-locating the instruments in a single borehole and accompanying measurements of
glacier surface velocity and energy-balance driven estimates of surface runoff. The records span the period from June 2021
to August 2022 and cover two contrasting melt seasons. Our results document runoff-induced variations in the subglacial
hydro-mechanical conditions at different glaciologically significant time scales (diurnal, multi-day and seasonal). We discuss

the implication of our findings in the context of glacier destabilization processes.

2 Field campaign and data collection
2.1 Study area

Kongsvegen glacier (hereafter, Kongsvegen, 78° 48N, 12° 59’ E) is located near Ny-Alesund research station on the northwest
coast of Svalbard (Fig. 1a). The glacier is ~ 108km?, ~ 25.5 km long (in 2010, RGI, 2017) and ice thickness is ~ 350 m at the
drilling site (78° 18’N, 17° 13’ E). The surface slope ranges from 0.5° to 2.5° with a north-western orientation (Hagen et al.,
1993). The glacier drains into Kongsfjorden and its terminus is grounded below sea level. Typical for an Arctic glacier, its ice
is polythermal with a temperate base and an upper layer of 50-130 m thick cold ice. Ice in the accumulation zone is temperate
while it is frozen to the lateral margins in the ablation zone (Bjornsson et al., 1996). The glacier rests on fine-grained sandstone
and sand/silt (Hjelle, 1993).

Kongsvegen is a surge-type glacier, with surges reported around 1800, 1869 and 1948 (Liestgl, 1988; Woodward et al.,
2002). The glacier is in its quiescent phase since the last surge and exhibits low velocities of about 3 m a~!. Melvold and Hagen
(1998) showed that the mass transported down glacier is only about 3-20% of the annual mass gained in the accumulation area,
symptomatic for a surge-type glacier in its quiescent stage. Surface velocities recorded nearby the equilibrium line indicate

that the glacier is accelerating since 2014, indicating the possibility for an imminent fast flow event (Fig. 1 b).
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We conducted field campaigns to install and maintain a set of instruments at Kongsvegen starting in September 2020.
Borehole and surface instrumentation was completed in April 2021 and the data collected cover the period from June 26, 2021

125 to August 8, 2022. The following section presents details about instrumentation and its usage.
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Figure 1. Study site and field methods. (a) Localisation of Kongsvegen in Svalbard. The green star indicates the instrument site where data
were collected and the red circles indicate the position of the GNSS, KNG6, KNG7 (Credits: NPI/Copernicus Sentinel data). (b) Annual
surface velocity near the equilibrium line of Kongsvegen glacier from 2005 to 2022, with an acceleration around 2014 witnessing that this
glacier is close to a surge event. (c) Main borehole with the smaller secondary borehole where the return pump is installed. (d) Drilling

installation. (e) Sediment sample recovered with a sediment sampling tool at the bottom of the borehole.

2.2 Borehole and surface instrumentation

On April 25, 2021, we drilled a borehole near the long term equilibrium line (78° 18’N, 17° 13’ E, Fig. 1a) of Kongsvegen and
placed instruments along the borehole and at its base. The borehole was drilled using a hot water drilling system, consisting
of three high-pressure hot water machines (Kéarcher HDS1000D), a 1/2 inch diameter high-pressure hose, a 2 m drill stem
130 with a 2.3 mm diameter nozzle, a pulley, a tripod, and water tanks (three 1000 liter IBC tanks, Fig. 1d). Since the glacier was
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in winter conditions and liquid water was not available, water flowing out of the borehole was captured in an auxiliary hole
for recycling (Fig. 1c). During drilling, the borehole water level started dropping when the drilling reached depth of 260 m,
indicating a connection to an active drainage system. A sediment sample collected at the bottom of the ~ 350 m borehole
provides evidence for the existence of a sediment layer at the glacier bed (Fig. 1e).

At the bottom of the borehole, we installed a ploughmeter to monitor mechanical conditions of the subglacial till (e.g.
Humphrey et al., 1993; Iverson et al., 1994; Fischer and Clarke, 1994; Porter et al., 1997; Fischer et al., 1998, 2001; Murray
and Porter, 2001; Boulton et al., 2001). The ploughmeter is a 1.4 m long steel rod on which two strain gauges networks are
mounted configured as two Wheatstone bridges, each composed of four strain gauges. The tip of the instrument penetrates into
the till whereas its upper part remains in the borehole and is trapped in the ice. If the exact insertion depth of the device into the
till is unknown, from previous experiences with identical devices we estimate the penetration depth to be about 10 to 20 cm.
As the glacier moves across its bed, the ploughmeter tip is dragged through the sediment, and the device bends which is sensed
by the strain gauges. Just above the upper end of the ploughmeter, about 1 m above the glacier bed, we installed a vibrating
wire pressure sensor (Geokon 4500SH, <2 kPa accuracy and 0.5 kPa resolution) to monitor water pressure, p. Sensor readings
and data recording is performed using a Campbell Scientific CR1000X datalogger, recording data at one minute intervals.

One three-component geophone (DiGOS, 4.5 Hz) was installed into the ice at ~1.5 m below the surface to ensure good
coupling and to prevent melt-out during summer. DiGOS datacube, that comprises a digitizer and a datalogger, controlled
the sampling rate (100 Hz) and recorded the signals. In this study, we analyse seismicity in the 3-10 Hz frequency band as
a proxy for hydraulic conditions (Bartholomaus et al., 2015; Gimbert et al., 2016; Nanni et al., 2020; Lindner et al., 2020;
Labedz et al., 2022). In addition, we used data of two surface stations (KNG6 and KNG7) that recorded positions using Global
Navigation Satellite System (GNSS), from which we derive daily surface velocities. The stations are located at distances of ~
700 m (KNG6 78.78067°N, 13.15153°E) and ~ 3000 m (KNG7, 78.76770°N, 13.23962°E) upstream of the drill site. Data are
recorded at five-seconds intervals continuously between April 1 and September 1 when there is enough sun for the solar panels,
and to conserve battery power, only for one hour per day during the rest of the year. Static post-processing is applied to the
GNSS data, assuming that the rover station is static for one hour due to the relatively low speed of the glacier. The Norwegian
Mapping Authority permanent network base station in Ny Alesund is used as reference (baseline of ~ 30 km). Gaps occurred
in the data series when battery voltage was low, causing failure of the data logger. The two velocity records are merged, i.e.
we consider the velocity derived from KNG6 when available and the one from KNG?7 for the rest of the period (the original
records for KNG6 and KNG7 can be seen in the Appendix A). We apply a one-week moving median for KNG7 velocity to
smooth the record especially during the winter period when the velocities are low and thus the daily velocity derivation is less

accurate.
2.3 Surface runoff an meteorological conditions

The surface runoff is modelled using the CryoGrid community model (Westermann et al., 2022), coupling surface energy
balance to a multi-layer snowpack model enabling simulation of glacier mass balance and freshwater runoff (Schmidt et al.,

2023). The model is forced by 3-hourly fields of near surface conditions from the Copernicus Arctic Regional Reanalysis
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(CARRA, Schyberg et al., 2020; Yang et al., 2021) for 2021 and forecasts by AROME-Arctic (Miiller et al., 2017) for 2022.
Meteorological forcings include 2 m air temperature and precipitation among other variables. CryoGrid community model then
calculates the surface energy balance to simulate the mass balance components as well as the build-up and decay of seasonal
snow. The available surface water from melt or rainfall percolates into snow and firn where it is retained, refreezes or runs off.
The latter quantity corresponds to the runoff, (), used in this study. ) is modelled on a 2.5 by 2.5 km grid and we assume that
all runoff produced upstream of our borehole is conveyed through the 6.25 km? surface area around our borehole without any
delay. The temporal resolution of the runoff output is three hours. A complete description of the workflow is given by Schmidt
et al. (2023).

3 Method
3.1 Derivation of subglacial variables
3.1.1 Calculation of ploughmeter force

Based on the calibration performed in the laboratory prior to field deployment, we calculate the force experienced by the
ploughmeter while being dragged through the sediment, referred to as force, F'. To perform the calibration, loads were applied
to the horizontally fixed ploughmeter by hanging a known mass on its free end. We repeated these measurements in eight
orientations (0 to 315° every 45°) using masses of 10 kg and 50 kg corresponding to loads of ~100 and ~500 N, respectively.
The strain gauges on the ploughmeter are measured using a Wheatstone bridge for each pair in X and Y directions (Hoffmann,
1974). The datalogger records signal voltages V x and Vy and the excitation voltage across at each bridge. After applying the

calibration, we derive F' from the X and Y components using Pythagoras’ theorem.
3.1.2 Calculation of the channel-flow-induced seismic power, hydraulic radius and hydraulic gradient

From the recorded seismicity, we derive the seismic power, P, in a frequency band indicative of turbulent water flow, (3 to 10
Hz, Nanni et al., 2020). Variations in this frequency band are related to changes in hydraulic radius, R, i.e. the ratio of the
cross-sectional area of the channel flow to its wetted perimeter, and in hydraulic gradient, S, i.e. the water pressure gradient in
the along flow direction. For open channel flow, R scales with flow depth and .S with channel slope. For glaciers, Gimbert et al.
(2016) expressed P as a function of R and .S. The total runoff, (), depends on the fraction of runoff in individual channels and
the number of channels, N. All channels are assumed to have identical R and S. The relative changes of these variables are

derived from relative changes in P and ) (Gimbert et al., 2016):

g _( p >24/41< 0 )30/41( N >6/41 0
Sref Pref Qref Nref
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R _( p )—9/82< 0 >—21/41< N >—33/82 o
Rref Pref Qref Nref

where the subset ref represents a reference state that must be defined over the same period for () and P, but not necessarily
for R and S. In our case, the reference state was taken on June 24, 2021 (Q,y = 0.08 m3s~!and P,. # = 180.59 dB) which
corresponds to the pre-melt season 2021 value against which we want to evaluate relative changes happening during the melt
season. The last term in both equations equals unity because we assume a constant N. For very small values of ) and P,
their negative exponents inhibit derivation of meaningful values for R/ R,.; and S/S,.s. The method is described in detail by
Gimbert et al. (2016). To simplify notation, we hereafter refer to R/ R, rand S /Sre ¢ as R and S respectively.

We evaluate our results against theoretical considerations relating P and ¢ (Gimbert et al., 2016), and hydraulic properties
and @ (Rothlisberger, 1972; Nanni et al., 2020) to discuss the state of the subglacial drainage system during the period of our
records. The scaling relationship proposed by Gimbert et al. (2016) defines cases where steady-state channels incised in the
ice adapt to changes in () by only adjusting R (constant S) or the opposite case (constant R). Nanni et al. (2020) adapted
Rothlisberger’s (1972) theory to derive scaling relationships between R and @, and S and @), both for a steady-state channel

evolution incised in the ice as well as for a channel of static cross-section evolving thus as a rigid pipe (Table 1).

Table 1. Scaling relationships between P and (), S and (), and R and () for special cases, derived by Gimbert et al. (2016) and Nanni et al.

(2020) from Rothlisberger (1972) theory to assess the state of channel variations.

Context Relation Reference

Change in runoff occurring at constant hydraulic radius P o QY3 )
. . . ) 5/4 Gimbert et al. (2016)
Change in runoff occurring at constant hydraulic gradient P o< Q%

R Q9/22

Steady-state channel S Q2 /11

Rothlisberger (1972); Nanni et al. (2020)

3.2 Processing of time series, catalog of events and classification

Our analysis is based on the premise that changes in runoff induce changes in water pressure and till rheology. To characterize
the responses of the subglacial environment to runoff, (), we analyse the responses of the subglacial variables recorded in
the present study, i.e. the force, F', the water pressure, p, the channel-flow-induced seismic power, P, the hydraulic radius,
R and the hydraulic gradient, S, in terms of phase relationship to (). Here we use the term phase to characterize the time
relationships between one of the subglacial variables and events detected in the time series of (). These phase relationships are
analysed at three different, glaciologically significant time scales: seasonal, multi-day, and diurnal. To extract the corresponding
components at these three time scales, the time series are filtered using a low-pass filter with cutoff at 20 days, a band-pass
filter between four and eight days, and a band-pass filter between six hours and 36 hours, respectively. We subdivide the multi-
day and diurnal time series into individual events based on () variations. An event is defined by two subsequent minima of

(. We normalize both ) and the subglacial variables by their respective maxima and subdivide the time into 50 equidistant
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Figure 2. Preprocessing workflow applied to the time series. The original time-series (see Fig. 4 below) have been filtered at three time-
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scales. The multi-day and diurnal filtered data have been inspected against the unfiltered data to remove spurious artefacts that can be created

by the filtering technique (see also Appendix E, E1). We then segmented the recorded data into multiple events and normalised the magnitude

and duration of each.

steps. The number of time steps was chosen empirically as the minimum number of data points that preserves the shape and
characteristics of the event time series (Fig. 2). We synthesize the different responses of each subglacial variables to changes
in @) using a classification scheme (Fig. 3). Our workflow resembles that developed by Nanni et al. (2020) to understand sub-
glacial hydrology on hard-bed glaciers, and by Javed et al. (2021) to study storm-induced hydrological conditions variations.
The period of records is subdivided; at a multi-day time scales into twelve events (melt season 2021, see Appendix B, Tab. B1)
and eight events (melt season 2022, see Appendix B, Tab. B2); and at a diurnal time scale into 96 events (melt season 2021,
see Appendix B, Tab. B3) and 85 events (melt season 2022, see Appendix B, Tab. B4).

Our classification scheme is based upon the following metrics: the slope m of the linear regression between the subglacial
variable X (with X being F, P, p, R or S) and () (black line, Fig. 3); the squared residuals, RS'S, between the linear regression

and the X,,0rm — @norm hysteresis loop; 6 whose sign indicates the direction of the hysteresis loop. The spread of the data

relative to the regression is quantified by (Appendix D, Fig. D1b):
n
RSS=> "1} 3)
i=1

where r; are the residuals of the regression.

The parameter 6 expresses the asymmetry of the response with respect to the forcing and its sign determines whether the
hysteresis is clockwise or counterclockwise. We compute 6 by comparing the mean of the subglacial variable considered during

the rising limb of Q, X ..., to its counterpart during decreasing Q, X, .,,,., (Appendix D, Fig. Dla):

90— XQ'r'isilg - XQfalling @)
XQfalling
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Figure 3. Phase relationship classification for events. Below each class, the plots in the first row correspond to a representative event for this

class with runoff (Qnorm) plotted in blue and one subglacial variable (X,orm, With X being F', P, p, R or S) plotted in pink against time.

The magnitude of the variables is normalised between 0 and 1 and the time is re-sampled into 50 time steps. The plots in the second row

show the shape of the relationship between the two variables after classification. The solid color points refer to the mean behavior in this

class, all individual events from the filtered time series are shown in shaded colors. The black line is the linear regression fitted to the scatter

plot. Classes I and II correspond to clockwise or anti-clockwise hysteresis (or time-lag) between the runoff, , and the observed variable,

while classes III and IV correspond to linear relationships. The color scale indicates chronology.

The sign of 0 indicates whether the signal precedes (6 > 0) or lags ( < 0) Q. Events are classified according to the phase

relationship between () and the subglacial variable. We distinguish four classes, representing the following cases (Fig. 3):

Class I: The subglacial variable considered precedes @), RSS > 2 & 6>0,
Class II: The subglacial variable considered lags behind @, RS'S > 2 & 6<0,
Class III: The subglacial variable considered and @ vary in phase, RSS < 2 & m>0,

Class IV: The subglacial variable considered and () vary in anti-phase, RS.S < 2 & m<0.

To discriminate between linear and hysteresis relations, we use a threshold of RSS = 2, corresponding to a phase difference

of about 7 /10 for two sinusoidal variations.
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Figure 4. Time series of physical quantities measured from spring 2021 to summer 2022: (a) Temperature (black line), precipitation (light
blue bars) from CARRA/AROME-Artic, and relative glacier surface height (grey line) from Cryogrid simulations (Schmidt et al., 2023). The
three variables are extracted for the closest grid point of the borehole. In 2022, the surface height is negative which corresponds to ice melt.
(b) Modelled runoff (blue line) and glacier surface velocity measured (red line). Circled numbers refer to different episodes described in the
main text. (¢) Channel-flow-induced seismic power recorded at the surface of the glacier in the 3-10 Hz frequency band (yellow line). (d)
Borehole water pressure (green line) and force acting on the ploughmeter (dark red line). Blue shaded areas represent the melt seasons. Grey

shaded areas represent periods of missing data.

4 Results
4.1 Overview over the dataset

The meteorological conditions extracted from CARRA/AROME-Arctic, the velocity, the runoff, @), the channel-flow-induced
seismic power, P, the water pressure, p and the force acting on the ploughmeter, F', are displayed in Figure 4. We obtain time
series covering two melt seasons (2021 and 2022) and one winter period. The meteorological conditions (Figure 4a) control
timing and volume of () resulting from meltwater production or rainfall (Figure 4b). We note that the dataset covers two very
different melt seasons. While the 2021 melt season is short (67 days from July 1, 2021 to September 6, 2021), marked by
low temperature oscillating around 0°C and continuous low runoff (lower than 20 m? s~!), the 2022 melt season is long (at
least 83 days because we do not capture the end of the melt season, from May 25, 2022 to August 16, 2022) marked by high

temperatures (up to 7°C) and frequent and large excursions of runoff above 20 m® s~!. October 2021 marks the beginning
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of the winter season highlighted by the drop in the temperature (Fig. 4a, black curve) and the increase in the relative surface
height due to snowfall (Fig. 4a, grey curve).

In response to temperature and rainfall variations, ) displays variations on several glaciologically relevant time scales
(Fig. 4b, blue line): (i) the seasonal time scale (>20 days) is marked by ) generally being limited to the melt season; (ii)
superimposed to this are variations on a multi-day time scale (four to eight days), typically reflecting weather variability
(warm-spells, e.g., Fig. 4b(2), or rainfall, e.g, Fig. 4b(@); (iii) and being melt-dominated, ) reflects the pronounced diurnal
variability of surface energy balance.

The channel-flow-induced seismic power P (Fig. 4c, yellow line) follows the variations in () throughout the recorded period,
increasing at the beginning of the two melt seasons and decreasing towards their end. Such behaviour has been previously
observed in other settings and confirms the sensitivity of the selected frequency band to () (Bartholomaus et al., 2015; Gimbert
et al., 2016; Nanni et al., 2020, 2021; Lindner et al., 2020; Labedz et al., 2022). In contrast, variations in water pressure in
the borehole p do not follow () variations in a simple way (Fig. 4d, green curve). At the beginning of the 2021 melt season,
p is high, close to the overburden pressure. As () continues to increase, p decreases until it reaches its minimum values (~2
MPa) after peak @) marked by (2). p increases again during the winter to reach a value (2.9 MPa) close to overburden pressure
(3.2 MPa). In the second year of the record, p remains high and increases to the overburden pressure in mid-July 2022 before
decreasing again to levels close to its winter value (2.9 MPa) at the end of August.

Similar to p, the force acting on the ploughmeter, F', shows different behaviors between the two melt seasons (Fig. 4d, dark
red curve). During the melt season 2021, it remains fairly stable until August 2021, when it suddenly undergoes large amplitude
(~150 N maximum amplitude), high-frequency variations. As the instrument site become snow-free around the 15th of August
2021 (Fig. 4a), F' gradually decreases towards the end of the melt season until it reaches its minimum value in early October
2021 (~ 70 N). At the end of September occurs a major precipitation episode (Fig. 4b(@), with heavy rainfall going over to
snowfall as the temperature dropped. F' does not react to this event. After this precipitation event, F' gradually increases until
it stabilizes at ~ 170 N in January 2022. Note that this value is almost twice the value observed before the melt season 2021
(~ 90 N).

The surface velocity of the glacier is related to Q-induced changes and several glacier speed-up episodes are identified early
in the melt season 2021, when ) increased (Fig. 4b(1), during large rainfall episode (Fig. 4b@)), and during sudden influx of
meltwater during the 2022 melt season (Fig. 4b, ©®), D, ®).

To interpret the responses of the subglacial drainage system and glacier dynamics to variations in runoff, (), we analyze the
data using a phase relationship analysis on seasonal (above 20 days, Sec. 4.2), multi-day (four to eight days, Sec. 4.3), and

diurnal (six hours to 36 hours, Sec. 4.4) time scales.
4.2 Analysis of seasonal variations

To examine the phase relationship between the subglacial variables and () at the seasonal scale, all time series are low-pass
filtered with a cut-off frequency of 20 days. We first describe the results obtained for the melt season 2021 and then for the

melt season 2022.
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Figure 5. Relationships between two variables at the seasonal scale for the melt seasons 2021 and 2022. Color scales indicate the timing
during both melt seasons. Note that the variables R and S have been derived only from July 19 to August 31, 2021 and from May 25 to August
1, 2022 explaining that the color scale is not entirely represented (outside of these periods, runoff is too low to derive R and .S, see Section 3).
P, R and S are expressed in terms of relative changes to a reference stage, in our case on June 14, 2021, when Qrcy = 0.2m% s~ 1. (a) and ()
Relationships between scaled runoff (Q/Qres) and scaled channel-flow-induced seismic power (P/ Py ). The z-axis is in logarithmic scale.
The superimposed lines show the relations derived by Gimbert et al. (2016) for a constant hydraulic gradient (pink lines, P o Q%% and
for a constant hydraulic radius (purple curve, P o Q14/ 3). (b) and (g) Relationship between scaled runoff (Q/Qrey) and scaled hydraulic
radius (R/Ryrey). x and y-axes are in logarithmic scale. Superimposed lines show the relations of steady-state channels evolution (Nanni
et al. (2020), R o Q%/%2). (¢c) and (h) Relationship between scaled runoff (Q/Qr.s) and scaled hydraulic gradient (S/Syer). © and y-axes
are in logarithmic scale. Superimposed lines show the relations of Nanni et al. (2020) for a channel at steady-state (black lines; .S o< Q_Q/ 11y
and for a channel evolving as a rigid pipe of static cross-section (red line; S o Q?). (d) and (i) Relationship between water pressure and

runoff. (c) and (j) Relation between force and water pressure. Arrows indicates the direction of time and numbers refer to different periods

described in the main text.

We segmented the melt season 2021 into four regimes. At the beginning of the melt season, the channels evolve predomi-
nantly by adjusting R (constant S, Fig. 5a, 1). Shortly after, as () increases, the channels predominantly evolve by adjusting
S (constant R, Fig. 5a, 2). When () decreases in August 2021, channels evolve at a constant S (Fig. 5a, 3). At the end of
the melt season 2021, the channels switch regime again and evolve by adjusting .S (Fig. 5a, 4). R — (@ trajectory is parallel
to the scaling relationships for channels evolving at steady-state (Fig. 5b) and we observe that S’ describe channels evolving
at steady-state although S — @ trajectory is not always strictly parallel to the scaling relationships (Fig. 5¢). We observe that
p — @ relationship is characterised by a clockwise hysteresis loop (Fig. 5d) indicating that the peak in p precedes the peak in

Q. The linear relationship between F' and p indicates that the two subglacial variables are anti-correlated from June to August
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2021 (Fig. Se) and, at the end of the melt season, F' — p trajectory is a counter-clockwise hysteresis indicating the the peak in
F' lags after the peak in p (Fig. Se).

The melt season 2022 can be segmented into four regimes as for the melt season 2021 but these phases describe a different
behaviour. At the beginning of the melt season, the channels evolve predominantly by adjusting R (Fig. 5f, 1), as observed in
2021. Then, the channels briefly leave this regime to follow an evolution that is not described by the theoretical predictions and
that are not governed by a constant R or .S (Fig. 5f, 2). They return to a regime predominantly governed by a constant R for
the remaining increase in runoff phase (Fig. 5f, 3). The runoff decrease phase is not completely captured in the record because
data do not contain the end of the melt season 2022. However, we observe that the channels evolution is not governed by a
constant R or S (Fig. 51, 4). We retrieve the four phases in the observation of R and .S relationship with (). During the phases
1 and 3, the channels evolve at equilibrium with ) (Fig. 5g and h, 1 and 3) and during the phases 2 and 4, the channels evolve
closer to a rigid-pipe (Fig. 5g and h, 2 and 4). As opposed to the melt season 2021, the relationship between p and () is linearly
related (Fig. 51). As for the melt season 2021, F' and p are anti-correlated (Fig. 5j).

4.3 Analysis at multi-day scale

(a) Event 1. Melt season 2021 (©) 2. Melt season 2022
. = o= ~ @ ® © 9 o o o 0 0 © © = = o ©
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Figure 6. Phase relationships between the subglacial variables (S, R, p and F") and runoff (Q)) at a multi-day time scale. (a) Classes from the
phase relationship classification per event for the melt season 2021 and (c) for the melt season 2022. Grey fields refer to periods when data
is missing and the vertical grey lines delineate the events. Classes I and II correspond to clockwise or anti-clockwise hysteresis between the
runoff and the observed variable while classes III and IV correspond to linear relationships. (b) and (d) Variations in velocity (red line) and

runoff (blue line) during the melt season 2021 and 2022 respectively. Circled numbers refers to episodes described in the main text.

To understand the relationships on time-scales of weather variations, we filtered the time series with a band-pass filter,
removing the variations with periods below four days and above eight days. Then, we applied our phase relationship classifi-
cation scheme to each events (Fig. 6). We investigate the phase relationships between the subglacial variables (the force, F,

the water pressure, p, the hydraulic radius, R, the hydraulic gradient, .S) and the runoff, @, for each event during the 2021
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(eleven events) and 2022 melt seasons (eight events, see Section 3). Similar phase relationships are observed during both melt
seasons between (i) R and Q and (ii) S and @. During both melt seasons, R evolves in phase with @ (class III, Fig. 6 a and
c) as .S at the beginning of the melt season 2021 (class III, Fig. 6a). We cannot compare the relationship between S and () at
the beginning of the melt season 2022 as we have removed the events due to the inconsistency between the filtered data and
the raw data during this period (Appendix E, Fig. E1). For the remaining part of the season, the behaviour of S in response to
@ is very similar in 2021 and 2022. During the first half of both melt seasons, .S is first lagging after () (class II, Fig. 6a and
¢). During () important excursions occurring in August 2021 (Fig. 6bQ2)) and July 2022 (Fig. 6d, (7)), S precedes ) changes
(class I, Fig. 6a and b). In contrast to R and S phase relationship to @), F' do not show the same time-evolution across both
melt seasons but F' — () phase relationship is sensitive to glacier acceleration. During high velocity episodes (Fig. 6b and d,
D, @), D), F systematically lags behind Q (class II, Fig. 6a and c). Conversely, when velocity is low and stable during the
melt season 2021 (Fig. 6b and d, from (D to B)), F is anti-correlated with Q (Fig. 6a and c). We do not have GNSS data in
2022 at this period to compare with the observations in 2021. p — () phase relationship is contrasted between the melt season
2021 and 2022. On one hand, p — @ phase relationship cannot be easily linked to specific ) regimes or speed-up episodes and
shows various responses across the melt season 2021 (class II, IIT and I'V, Fig. 6a and c). During the melt season 2022, p always
precedes @ (class I, Fig. 6¢).

Figure 7 shows the comparison between the multi-day scale observations of P, R and S and the scaling relationships by
Gimbert et al. (2016); Nanni et al. (2020). At the beginning of the melt season 2021 (July 2021), the channels evolve at a
constant R before switching to channels evolving at a constant S at the middle of the melt season (August 2021, Fig. 7a). At
the end of the melt season, P switches back to an evolution governed by a constant R, similar to the beginning of the melt
season 2021 (Fig. 7a). In general, R evolves with () similar to what is expected for a steady-state channel (Fig. 7b) whereas S
shows a more complex behaviour that is difficult to disentangle (Fig. 7c).

During the melt season 2022, the evolution of P is neither clearly dominated by a constant R or S (Fig. 7d). In general, R
increases with @ but at a slope that differs from the one expected for steady-state channels (Fig. 7e). As in 2021, the evolution

of S exhibits complex behaviour at this scale during the melt season 2022 (Fig. 7f).
4.4 Analysis of diurnal variations

Symptomatic for meltwater, the runoff, (), exhibits strong diurnal variations. To examine the glacier response to changes in )
at a diurnal scale, we filtered the time series using a band pass filter, cutting off variations beyond the lower and upper limits of
six hours and 36 hours, respectively (Fig. 8). The filtered time series are then subdivided into 95 events in 2021 and 84 events
in 2022 (see Section 3) and we applied our phase relationship classification scheme.

We investigate the phase relationship between the subglacial variables (the force, F', the water pressure, p, the hydraulic
radius, R, the hydraulic gradient, .S) and ) on a diurnal time scale (Figs. 8a and b). We observe that R and S show consistent
phase relationships with @) during both melt seasons, alternating between classes II and III, and classes I and IV, respectively

(Fig. 3). However, p — @ and F' — ) phase relationships vary across all classes without any easily identifiable pattern (Fig.
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Figure 7. Relationship between the subglacial variables (P/Prcf, R/ Rref, S/Sres) and runoff (QQ/Qr.s) during the two melt seasons at a
multi-day time scale. Color scale indicate the timing during both melt seasons and is scaled according to the length of each season. (a) and (d)
Relationship between scaled runoff (Q/Qr.s) and scaled channel-flow-induced seismic power (P/ Pr¢y). The z-axis is in logarithmic scale.
The superimposed lines show the relations derived by Gimbert et al. (2016) for a constant hydraulic gradient (pink lines, P o Q%% and
for a constant hydraulic radius (purple curve, P QM/ 3). (b) and () Relationship between scaled runoff (Q/Qrey) and scaled hydraulic
radius (R/Ryrey). « and y-axis are in logarithmic scale. Superimposed lines show the relations of steady-state channels evolution (Nanni
et al. (2020) R o< Q%/?2). (c) and (f) Relationship between scaled runoff (Q/Q,.y) and scaled hydraulic gradient (S/S,.s). x and y-axis
are in logarithmic scale. Superimposed lines show the relations of Nanni et al. (2020) for a steady-state channel evolution (black lines;

S o< Q~2/*1) and for a channel evolving as a rigid-pipe of static cross-section (red line; S o Q).

8a-c). The absence of clear diurnal variations in p and F' is observed for much of the observation period (Appendix F, Fig. F1).
Therefore, we focus the analysis of diurnal variations on the responses of P, R and S.

During the 2021 melt season, we observe that R mostly varies in phase with @ (class III, Fig. 8a). .S is mostly anti-correlated
with or precedes @ (class I or IV, Fig. 8a).

During the melt season 2022, we observe a shift from linear responses of R and S (class III and IV, Fig. 8c) towards more
hysteresis responses (classes I and 11, Fig. 8c) when @ shows the first significant increase in June (Fig. 8c and d, (6)). R varies
with changes in () before this event (class III, Fig. 8c) but after, R lags behind @) (class II, Fig. 8c). Similarly, S shifts regimes
from being anti-correlated with @ before the episode (6 (class IV, Fig. 8c) to a regime where S precedes ( after this period
(class I, Fig. 8c).
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Figure 8. Phase relationship between the subglacial variables (S, R, p and F') and runoff (Q)) at a diurnal time scale. (a) Classes from the
phase relationship classification per event for the melt season 2021 and (c) for the melt season 2022. Grey fields refer to periods when data
is missing and the vertical grey line delineate the events. Classes I and II correspond to clockwise or anti-clockwise hysteresis between the
runoff and the observed variable, respectively, while classes III and IV correspond to linear relationships. (b) and (d) Variations in velocity
(red line) and runoff (blue line) during the melt season 2021 and 2022, respectively. Circled numbers refer to episodes described in the main

text.

5 Discussion
5.1 Interpreting the evolution of subglacial conditions

In this study, we have analyzed variations in subglacial hydro-mechanical conditions, i.e., the response of subglacial variables
to changes in runoff and interpret now the observed behavior in terms of subglacial drainage system evolution (Sect. 5.2) and
till rheology (Sect. 5.3). We classified the phase (i.e. time) relationships observed between different subglacial variables (the
force, F', the water pressure, p, the hydraulic gradient, .S, and the hydraulic radius, R) and runoff, @), into four classes (Fig. 3).
Here, we first consider the expected responses of R, S and p to changes in () for different typical stages of subglacial channel
evolution. In addition, we discuss expected responses of F' for different till rheologies. Second, we apply this interpretation
scheme to the observed behavior separately for each of the considered time scales, before we consolidate these interpretations
into a coherent picture of subglacial conditions.

Water flow is driven by the hydraulic gradient, and for a rigid pipe with constant cross-section, this results in a positive, linear
p— (@ relationship (class III, Fig. 3). In this situation, we expect constant R, unaffected by variations in ) (not classified). Since
we always measure p at the same location and the glacier terminus is fixed at sea-level, we expect that variations in S are closely
correlated to those of p. According to Rothlisberger’s theory for ice-walled channels, the channel cross-section is determined
by the counter-acting processes of melt opening due to dissipation of potential energy and creep-closure of the surrounding

ice. In steady-state, these two processes balance each other, and, a larger runoff would be associated with a larger channel,
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thus requiring lower S and p. This inverse p — () relationship is one of the best-known characteristics of ice-walled drainage.
Hence, we interpret a negative, linear relationship (class IV, Fig. 3) between ) and p (and similar for .S and @), as indicative
for steady-state channel drainage. This situation also entails that R increases with @ (class III, Fig. 3). The evolution of the
drainage system in response to @) typically is transient between the two end-members described above, with a static cross-
section on one side and a fully-achieved steady-state on the other one. For transient evolution between these two end-members,
a hysteresis behavior in the phase relationships between subglacial variables and ( is expected. Evolution towards steady-state
occurs after some time delay; if variations of the forcing term @) occur faster than this delay, the variations of R lag the variation
of @, resulting in a counter-clockwise hysteresis (class II, Fig. 3). For such a transient evolution, R is smaller during the rising
limb of () than during the decline, emanating as a counter-clockwise R — () hysteresis (class II, Fig. 3). At the same time, the
larger R during the decline of () requires a lower p to drive the flow, resulting in a clockwise hysteresis in the p — @) relation
(class I, Fig. 3). As stated above, we expect S to vary in a similar fashion as p. The response of channel-flow-induced seismic
power P to changes in () is complex because it integrates the responses of both R and S, hence direct interpretation of the
P — @ relations is difficult.

Following Fischer and Clarke (1994) and Kavanaugh and Clarke (2006), for the interpretation of F' variations experienced
by the ploughmeter, we explore two different assumptions, each assuming a different till rheology. For a Coulomb-plastic till
(Iverson et al., 1998), the shear strength depends directly on the pore-water pressure, which we assume to co-vary with p at
the bottom of the borehole. This behavior results in a negative, linear response of F' to variations in p (class IV, Fig. 3). On the
other hand, subglacial till may be considered as a linear-viscous material (Alley, 1990; Kamb and Engelhardt, 1991), requiring
that F’ increases linearly with sliding velocity. Usually, glacier sliding laws acknowledge a water pressure control on sliding
speed (Iken and Bindschadler, 1986; Hooke et al., 1997; Zoet and Iverson, 2020; Gilbert et al., 2022). In combination, this
would result in a positive, linear relationship between F' and p (class III, Fig. 3). However, more complex F' — p relationships
can emanate as well, accounting for that the relationship between p and sliding speed may be non-linear (Alley, 1989; Boulton
and Hindmarsh, 1987). In general, interpreting a direct relation between F' and () is complicated by the circumstance that
variations in p (and ) also depend on the efficiency of the drainage system to evolve to cope with runoff input, hence depend
both on () and R.

Our interpretation scheme described here lets us expect two to three options for the classification of phase relations between
each subglacial variable and Q). For p — @ and S — (), we expect behaviors according to classes I, III or I'V; we expect R — @
to display either class II or class III behavior; F' — p is expected to fall either in class III or class IV, direct F' — () relations
are not easily comprehended. In practice, we observe that some events are classified outside the expected range (Figs. 6 and
8). The occurrence of such behavior may be attributed partly to artifacts introduced by the spectral filtering applied to the time
series for the analysis. Although we manually checked the consistency between the unfiltered and filtered signals to remove
the most apparent differences (see Section 3), some inconsistencies may still remain. Small shifts in timing of peaks may be
amplified by normalizing the event time axis and hence lead to misclassification of some events. In addition, the definition of

classes is based on somewhat arbitrarily selected thresholds (see Section 3), whereas the separation in reality may be distinct.
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For instance, the linear classes III and IV still account for some degree of hysteresis (up to 20° of phase difference) and close

to the thresholds, small differences may result in different classification.
5.2 Subglacial drainage system evolution

The two observed melt seasons considerably differ in terms of duration and intensity (Fig. 4). Whereas in 2021, melting occurs
over a relatively short period and yields low levels of water supply, in 2022, the melt season lasts longer and is characterized
by higher temperatures and thus yields higher water supply rates. This provides the opportunity to study the evolution of the

subglacial drainage system in response to very different forcing.
5.2.1 The melt season 2021: short duration and low intensity

The melt season 2021 is short (67 days) and marked by runoff usually lower than 20 m® s—! (Fig. 4a). Applying our interpreta-
tion scheme to the observed responses of the water pressure p, the channel-flow-induced seismic power P, the hydraulic radius
R, and the hydraulic gradient,S, yields a largely consistent picture of a subglacial drainage system that fully adapts to seasonal
runoff variations: p — @) exhibits clockwise hysteresis, indicative of system capacity growing with runoff (Fig. 5d); R — Q
variations are positively-linearly related (Fig. 5b); the S — @ relationship covers only the declining phase of () and shows an
increase of S during this decline, consistent with the above interpretation (Fig. 5¢). As mentioned above, due to the composite
nature of channel-flow-induced seismic power, P — () relationship is more difficult to interpret, but comparison to idealised
behavior suggests that system adjustment is dominated by different mechanisms during different stages (Fig. 5a). Although
all records draw the picture of a system adjusting to () variations, there is a noteworthy difference in the interpretations of
borehole measurements and those of cryoseismology records. While variations of R and .S suggest that the system capacity
obtains an equilibrium with () for the long-term variations, the variations of p, measured in the borehole, indicate a transient
evolution in response to changes in Q. p — ) exhibits clockwise hysteresis, indicative of system capacity growing with runoff
also this in agreement with expected behavior (Fig. 5d).

Theoretical timescale of channel adjustment is typically longer (several days to weeks) than variations in @) (hours) (Rothlis-
berger, 1972). Channels at short time scale are then either overwhelmed when () increases or partially filled when @) decreases
which results into a channel evolution closer to a rigid pipe (constant channel cross-section) than steady-state channel (variable
channel cross-section determined by the balance between melt opening and creep-closure to cope with runoff variations). We
therefore expect a predominance of class III for the p — @ and S — @ relations on multi-day and diurnal time scales (Fig. 6a
and 8a). The multi-day classifications of p — @) and .S — @ relationship mainly support this view by displaying class II and III
behavior (Fig.6a), however on diurnal time scales (Fig. 8a), the picture is less clear. On these shorter time scales, we expect
only minor variations of R, lagging those of () (class II). However, we observe mainly class III behavior at both multi-day and
diurnal time scales (Fig. 6a and 8a), suggesting that geometrical adjustment of the drainage system takes place already over
short time scales; however this implies that the observed behaviors of p and .S are caused by changes in hydraulic roughness

since R already has adjusted.
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Towards the end of the melt season 2021, a major rainfall episode (Fig. 4, 3)) clearly has some impact on p at the multi-day
time scale (Fig. 4d, Fig. 6a) and coincides with a considerable glacier acceleration. During this event, the p — @) relationship
indicates that the drainage system evolves in a transient manner (class III, Fig. 6a). Prior to this event, () was at low levels for a
period of about 10 days (Fig. 4d), and presumably, the capacity of the drainage system had decreased, when it suddenly become
overwhelmed by the arrival of water volumes. This results in a sharp increase of p, provoking a short-term acceleration of the

glacier. Similar late season events have also been reported in other studies (Andrews et al., 2014; Rada and Schoof, 2018).
5.2.2 The melt season 2022: long duration and high intensity

In contrast to the melt season 2021, the melt season 2022 is long (at least, 83 days since our records end before the melt
season ceases) and contains frequent and large excursions of runoff () above 20 m® s~! (Fig. 4a). Applying our interpretation
scheme to the observed responses of water pressure, p, channel-flow-induced seismic power, P, hydraulic radius, R, and the
hydraulic gradient, S at the seasonal scale (Fig. 5), yields a picture of the subglacial drainage system that differs from the one
in the preceding year (Section 5.2.1). The R — () relationship is linearly positive, indicating drainage system size evolving at
equilibrium with @) (Fig. 5g). The S — @ relationship follows a trajectory that first is typical of a steady-state channel (Fig. 5h,
1) before bending over to a positive slope similar to that expected for a rigid pipe (Fig. Sh, 2, 3 and 4). Such behavior is typical
for a system that is continuously overwhelmed since the subglacial channels cannot adapt fast enough to increasing Q). P — @
relationship in 2022 shows similar behavior as in 2021, if we account for that the 2022 record does not cover the falling limb
of @ (Fig. 5f). The view of a continuously overwhelmed drainage system is further supported by the generally positive slope
of the p — @ relationship which has a considerably smaller clockwise hysteresis compared to the preceding year (Fig. 51).

On shorter time scales, the classifications of R — () and .S — () exhibit similar behavior as in 2021 (Fig. 6b and 8b), indicative
for system adjustment also on multi-day and diurnal scales. However, the class II behavior of S — @ in the beginning of the
melt season visible in Figure 6b, remains difficult to explain. On a diurnal time scale, the dominance of class IV in the S — Q)
relation before July 2022 suggests that channels evolution are in equilibrium with @ (Fig. 8b). It then displays a switch to
mainly class I behavior which in turn, is indicative of a transient evolution, typical for a drainage system that cannot adapt fast
enough to the runoff variations. R — () relationship exhibits a similar switch (from class III to class II 8b) with implications
consistent to the interpretation above. The class I behavior of p — @ on multi-day scales further supports the view of geometric
adjustment at this scale. The same analysis on the diurnal scale (Fig. 8b) reveals a blurry picture that is hard to interpret which

we ascribe to a lack of major diurnal variations of p during the melt season 2022 (Fig. 4d).
5.2.3 Ambiguous interpretation from borehole and cryoseismic records

In the previous section, we interpreted the multi-variable record in terms of drainage system evolution in response to runoff
(summarised in Figure 10). We note that sometimes, interpretations derived from different records are ambiguous: for instance,
during the melt season 2021, on a seasonal scale, the relationships between the cryoseismic records (P, R and S) and @ yield
a picture of a subglacial drainage system in equilibrium with (. In contrast, the p — ) relationship based on the borehole

record is symptomatic of a transient evolution where geometric adjustments lag variations in ). Another example is found in
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the analysis of diurnal variations in 2022 (Fig. 8b) where the cryoseismic records indicate a switch from an equilibrium to a
transient evolution coinciding with a major increase in @ (Fig. 8d (6)). The corresponding classification of the p — Q relation
is less conclusive about a similar switch and exhibits variations over all classes with no clearly recognizable pattern. In this
section, we discuss potential sources for these inconsistencies and how these may be resolved.

The scaling relationships used for benchmarking the cryoseismological records (P, R and .S) have been derived for ice-
walled channels in a hard-bed configuration (Rothlisberger, 1972). However, Kongsvegen glacier rests on a soft bed and
properties of its subglacial drainage system may yield a different seismic signature. For instance, for a soft base, it has been
proposed that drainage can occur through ice-roofed canals incised in the sediment (Walder and Fowler, 1994) or through a
macroporous horizon, i.e. a quasi-continuous sheet of water and sediment (Flowers and Clarke, 2002). For both configurations,
drainage capacity will evolve similar to that of ice-walled channels, whose cross-sectional geometry is determined by melt-
opening and creep-closure. However, the dynamics of geometric adjustments comprises the additional processes of till erosion
and creep which may act on a different time scale and thus render different cross-sectional geometries. One of the underlying
assumptions of the applied scaling framework (Gimbert et al., 2016; Nanni et al., 2020) is that flow depth is considerably larger
than the wall roughness, neglecting the seismogenic influence of roughness. However, for very wide and shallow drainage
networks at a soft bed this assumption may be violated. Instead, for such a sheet-like drainage configuration (Creyts and
Schoof, 2009), geometric adjustments can take place at the scale of roughness; therefore, roughness alterations represent
additional influence on channel-flow-induced seismic power, in addition to those by hydraulic radius and hydraulic gradient.
Similar alterations of roughness at diurnal time scales has been proposed by Schuler and Fischer (2003) to explain patterns of
hydrodynamic dispersion observed in multi-temporal tracer tests.

Perceiving the drainage system as a macroporous sheet goes along with spatial heterogeneity, with parts of the glacier base
being located in areas that are well connected to the main water drainage, whereas other parts only indirectly communicate
with that system (Murray and Clarke, 1995), for instance through a porous medium of lower permeability. Such a situation
would apply when interpreting records from sensors that are physically installed at different locations along the base (e.g., in
different boreholes), but also, when the viewfield of the individual sensors differs such that the recorded signals have different
characteristics of noise and signal amplitude. In our case, P integrates the seismicity in the 3-10 Hz frequency band in which
seismic wavelengths are on the order of 150-500m (for typical surface wave velocity on the order of 1500 m sec~! Kohler
et al., 2012; Gimbert et al., 2021b). Accordingly, the cryoseismologically derived variables P, R and S are sensitive to an area
of ~1 km? around the geophone location, and therefore, they will always represent the hydraulically most active part within
this area.

In contrast, water pressure p is measured at the bottom of the borehole, the precise dimensions of which at the base of the
glacier are unknown, but estimated to be ~ 20 cm in diameter. Depending on the hydraulic connection of the borehole and
the nature of the surrounding drainage system, p may be representative for about 1 m? in case of hydraulic isolation, or for a
several orders of magnitude larger area in case of a direct connection to a widespread drainage system. Resuming the idea of a
macroporous sheet aids resolving the apparent discrepancies derived from the different records: if the active drainage system

within 1 km?2 around our instrument site is in equilibrium with @), the seismological record would reveal this, whereas the
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borehole record may reveal a different interpretation if the borehole itself is located in a less-well connected or even isolated
part of the glacier bed. The apparent discrepancy derived from different records therefore supports the comprehension of the
drainage system as a macroporous, spatially heterogeneous sheet. Although the minor diurnal variability of p during the melt
season 2022 may be interpreted as symptomatic for hydraulic isolation, p displays seasonal variability responding to (). This
observation suggests that differently connected parts of the glacier bed hydraulically communicate, at least when the capacity
of the drainage is overwhelmed in times of high water supply. During such episodes, high water pressures would occur over a
large part of the glacier bed, possibly promoting glacier sliding. Indeed, during the melt season 2022, several speed-up episodes
are recorded during episodes of high () that coincided with p close to overburden pressure (Fig. 4 b (6), (7)), even though the

borehole is not well connected to the main drainage system.
5.3 Till changes and glacier dynamics

Above (Sect. 5.1), we have proposed an interpretation scheme based on the phase relationship between the force experienced
by the ploughmeter, F' and the pore water pressure of the till, here taken as adequately represented by p. We explore two
alternative rheologies for the till, each having a different p — F' signature. A Coulomb-plastic till would emanate in a negative
relationship, whereas for a viscous till, one would expect a positive slope in the p — F’ relationship (Fig. 10).

On a seasonal scale during the melt seasons, the p— F' relation displays a generally negative slope (Figs. 5e and j and 9a). For
a Coulomb-plastic material, an increase in pore water pressure results in a decrease in shear strength, which in turn would cause
a decrease in F' (Fig. 10). Furthermore, the observed anti-correlation between p and F' is in good agreement with the modeling
results of Kavanaugh and Clarke (2006) for a Coulomb-plastic material, an interpretation that is in line with the findings of
Fischer and Clarke (1994); Fischer et al. (1998, 2001) at Trapridge glacier, Storglacidren and Unteraargletscher respectively.
However, during winter 2021/22, the p — F’ relationship exhibits a positive slope (Fig. 9a), a behavior that may be indicative for
viscous till behavior. Nevertheless, in our interpretation of viscous behavior we have assumed a positive relationship between
p and sliding velocity, but we do not observe such an acceleration during winter. Instead, we propose that the co-variation of
p and F' stems from a consolidation of the till in the hydraulically inactive season, when a reduction in pore space causes both
an increase in water pressure as well as an increase in ploughing resistance (Fig. 10).

On shorter time scales, time series of p and F' exhibit complex behavior: correlation (Fig. 9b), anti-correlation (Fig. 9¢) and
lagging after each other occur (Fig. 9d). Applying our interpretation scheme suggests that during episodes similar to those
pictured in Fig. 9b, till behaves as a viscous material (Fig. 10), whereas in other situations (Fig. 9c), it has characteristics of a
Coulomb-plastic rheology (Fig. 10).

As discussed above, we infer viscous behavior from a positive p — F' relation because we associate a positive relation
between sliding velocity and water pressure, a relation which is well established, called shear thickening (Mari et al., 2014).
Shear thickening is caused by the temporary aggregation of particles in response to increase in stress that leads to the increase
in flow resistance thus, viscosity. Indeed, in our records, we find viscous behaviour typically, but not exclusively, during high
velocity episodes (Figs. 4b (1) and 9b). Outside of speed-up episode scenarios, the till can behave as a viscous material due to

the collision of the ploughmeter and a big clast, favoring the aggregation of particles around it (Fig. 10). The occurrence of
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Figure 9. Comparison between the variations of water pressure p and ploughmeter force F' (a) at the seasonal, and (b) to (d) multi-day
time scales. (a) Relationship between p and F' at the seasonal time scale. Blue-yellow and yellow-purple color scales indicate time during
melt seasons and winter, respectively. (b) Evolution of F' (red curve) and p (blue curve) for one event where the till behaves like a viscous
material. This event is an example of the relationship between ) and F'. A similar behaviour has been observed during two events (from July
13, 2021 to July 22, 2021; August 8, 2021 to August 17, 2021). (c) Evolution of F' (red curve) and p (blue curve) for one event where the
till behaves like a Coulomb-plastic material. This event is an example of the relationship between () and F'. A similar behaviour has been
observed during three events (from July 22, 2021 to July 31, 2021; from July 7, 2021 to August 8, 2021 and from July 11, 2022 to July 23,
2022). (d) Evolution of F' (red curve) and p (blue curve) for one event where the till rheology is unclear. This event is an example of the
relationship between () and F'. A similar behaviour has been observed during two events (from September 15, 2021 to September 27, 2021;
from May 28, 2022 to June 6, 2022). Multi-day variations are exhibited simultaneously by F' and p only for five and two events during the

melt seasons 2021 and 2022. F' and p are normalised between O and 1 in all the figures.

intermediate situations (Fig. 9d) may be interpreted as a transient between the two end-members, influenced by both viscous
and Coulomb-plastic behavior but without clear dominance of one rheology.

This renders a picture of complex till mechanical evolution: on long time scales, there is a dominance of Coulomb-plastic
behavior, possibly further influenced by till consolidation and dilatation. At the same time, viscous behavior may be latent,
but on shorter time scales, such as during speed-up events, this may be the dominating control on force experienced by the

ploughmeter. To our knowledge, such complex behavior has not been reported before.

6 Conclusions

In this study, we adopt a multi-method, multi-scale analysis to examine the responses of the subglacial environment to changes
in runoff. We synthesize the broad spectrum of behaviors in four classes and interpret these in terms of drainage system
evolution and till rheology (Fig. 10).

Our records cover two contrasting melt seasons: during the short and less intensive melt season 2021, we conjecture that our

borehole intersected a well-connected part of the subglacial drainage system, whereas in the longer and intensive melt season
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2022, the borehole records characteristics of a poorly connected subdomain of the glacier bed (Fig. 10). Nevertheless, seismo-
logical records indicate the existence of an efficient drainage system in both periods, thereby suggesting the co-existence of
both configurations (Fig. 10). Considering the different footprints of different sensors, complementary information can be ob-
tained that allows the composition of a consistent picture of the subglacial environment. To further investigate the hydrological
conditions at the base of Kongsvegen, more information on the interactions between the active and less-well connected parts
of the bed could be inferred from a dense seismic array (Nanni et al., 2021).

The phase relationship analysis of the force exerted on the ploughmeter and the water pressure reveals complex till rheol-
ogy. At long time scales, the till is behaving mainly as Coulomb-plastic material while at shorter time scale, the till exhibits
behaviour of a viscous material, especially but not systematically during glacier accelerations, or as Coulomb-plastic material
(Fig. 10). The mechanical conditions assessed with the ploughmeter record in our study could be complemented by assessing
changes in till properties using seismic noise interferometry (Zhan, 2019).

In this study, we show the importance of a multi-sensor multi-scale approach to study the complex variations of hydro-
mechanical conditions in response to runoff changes. Such approach may also be beneficial for understanding the dynamic of
other transient geological systems. Such systems are characterized by stress and internal structures that build up and evolve
over decades and where rapid movement can be initiated by short-lived events or by destabilization of a small portion of the
studied system leading to its partial or complete failure, such as glacial surges or collapses, volcanic eruptions, landslides, or

earthquakes.

24



https://doi.org/10.5194/egusphere-2023-618
Preprint. Discussion started: 12 April 2023 G
© Author(s) 2023. CC BY 4.0 License. E U Sp here

(a) HYDROLOGICAL CONDITIONS (b) MECHANICAL CONDITIONS
Low intensity melt season (2021)  High intensity melt season (2022) Coulomb-plastic till
Till strenghtening Till weakening
Ic;’ﬂow

Ploughmeter Ice flow

Low water pressure High water pressure

Viscous till
Equilibrium Shear thickening
— —
Ice flow Ice flow

Ice flow Clast Ice flow

Low viscosity High viscosity

Figure 10. Schematic of the adjustment of hydro-mechanical conditions to variations in runoff between the period spanning from June 2021
to August 2022. (a) Hydrological proxies, i.e. water pressure (p), hydraulic gradient (.S), and hydraulic radius (R), were used to analyze
the evolution of the subglacial drainage system during the short and low intensity melt season of 2021, and the long and high intensity melt
season of 2022. Our findings indicate that during the former season, the subglacial drainage system adapted to runoff changes in steady-state,
leading to an increase in its capacity over time. However, during the latter season, we observed a transient evolution of the drainage system in
response to the sudden and high-intensity input of runoff. As a result, the drainage capacity of the main active channels was exceeded, causing
water to leak into poorly connected areas of the bed and increasing the water pressure, thereby triggering speed-up events. (b) The mechanical
proxy, i.e., force (F'), was used to examine the rheological behaviors of the sediment. Our results revealed that the till rheology behaved as a
Coulomb-plastic material or a viscous material. For a Coulomb-plastic rheology, the force and water pressure show anti-correlated behavior.
This indicates that the till strengthened at low water pressure but weakened at high water pressure. For a viscous rheology, the viscosity of
the till increases as the shear rate increases (shear thickening, Mari et al., 2014). Shear thickening is caused by the formation of temporary
particle networks or clusters within the fluid, which increase in size and strength under higher stress and lead to increased resistance to flow

(Mari et al., 2014). This behaviour is enhanced by speed-up episodes or the heterogeneity of the grain size in the till.
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Code and data availability. The data are uploaded in Zenodo (https://doi.org/10.5281/zenodo.7648444, Bouchayer (2023a)) and the code to
reproduce the figures in the manuscript can be found on GitHub (https://github.com/Colinebouch/mammamia_alldata_processing, Bouchayer
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Appendix A: Surface velocity data

770 The velocity record presented in this study has been composed from two different GNSS records. One of the GNSS stations is
positioned at stake 6 (KNG-6: 13.15153°E 78.78067°N) and the other one at stake 7 (KNG-7: 13.23962°E 78.76770°N). In
figure A1, we present the two datasets that has been combined. We apply a one-week moving median for KNG7 velocity to
smooth the record especially during the winter period when the velocities are low and thus the daily velocity derivation is less

accurate.

— KNG6
—— KNG7

400 A

350

1 e
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Figure A1l. Velocity data series from KNG6 (red curve) and KNG7 (blue curve) GNSS stations.
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Appendix B: Events

Table B1. Description of the twelve multi-day time scale events during the melt season 2021

Event

Start

Stop

Duration

EGUsphere\

0
1
2
3
4
5
6
7
8
9

10
11

2021-07-01 00:00:00
2021-07-03 03:00:00
2021-07-13 06:00:00
2021-07-22 03:00:00
2021-07-31 03:00:00
2021-08-08 12:00:00
2021-08-17 21:00:00
2021-08-28 00:00:00
2021-09-04 15:00:00
2021-09-15 21:00:00
2021-09-27 03:00:00
2021-10-04 12:00:00

2021-07-03 03:00:00
2021-07-13 06:00:00
2021-07-22 03:00:00
2021-07-31 03:00:00
2021-08-08 12:00:00
2021-08-17 21:00:00
2021-08-28 00:00:00
2021-09-04 15:00:00
2021-09-15 21:00:00
2021-09-27 03:00:00
2021-10-04 12:00:00
2021-10-04 21:00:00

2 days 03:00:00
10 days 03:00:00
8 days 21:00:00
9 days 00:00:00
8 days 09:00:00
9 days 09:00:00
10 days 03:00:00
7 days 15:00:00
11 days 06:00:00
11 days 06:00:00
7 days 09:00:00
0 days 09:00:00

Table B2. Description of the eight multi-day time scale events during the melt season 2022

Event

Start

Stop

Duration

N O L AW

2022-05-25 00:00:00
2022-05-28 21:00:00
2022-06-10 12:00:00
2022-06-26 06:00:00
2022-07-11 06:00:00
2022-07-23 18:00:00
2022-08-07 18:00:00
2022-08-16 00:00:00

2022-05-28 21:00:00
2022-06-10 12:00:00
2022-06-26 06:00:00
2022-07-11 06:00:00
2022-07-23 18:00:00
2022-08-07 18:00:00
2022-08-16 00:00:00
2022-08-16 15:00:00

33

3 days 21:00:00
12 days 15:00:00
15 days 18:00:00
15 days 00:00:00
12 days 12:00:00
15 days 00:00:00
8 days 06:00:00
0 days 15:00:00
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Table B3. Description of the 96 diurnal time scale events during the melt season 2021

Event

Start

Stop

Duration

Event

Start

EGUsphere\

Stop

Duration

O 0 N O R W = O

L W L L W W NN N NN NN = = e e e e e e e e
L A WD = O OV X I A kWD = O 0O 00NN R WD = O

2021-07-01 00:00:00
2021-07-02 09:00:00
2021-07-03 18:00:00
2021-07-04 15:00:00
2021-07-05 15:00:00
2021-07-06 15:00:00
2021-07-07 15:00:00
2021-07-08 18:00:00
2021-07-09 09:00:00
2021-07-10 15:00:00
2021-07-11 12:00:00
2021-07-12 12:00:00
2021-07-13 18:00:00
2021-07-14 15:00:00
2021-07-15 15:00:00
2021-07-16 12:00:00
2021-07-17 15:00:00
2021-07-18 15:00:00
2021-07-19 15:00:00
2021-07-20 12:00:00
2021-07-21 12:00:00
2021-07-22 15:00:00
2021-07-23 12:00:00
2021-07-24 12:00:00
2021-07-25 12:00:00
2021-07-26 12:00:00
2021-07-27 15:00:00
2021-07-28 15:00:00
2021-07-29 12:00:00
2021-07-30 12:00:00
2021-07-31 15:00:00
2021-08-01 12:00:00
2021-08-02 12:00:00
2021-08-03 06:00:00
2021-08-04 12:00:00
2021-08-05 12:00:00

2021-07-02 09:00:00
2021-07-03 18:00:00
2021-07-04 15:00:00
2021-07-05 15:00:00
2021-07-06 15:00:00
2021-07-07 15:00:00
2021-07-08 18:00:00
2021-07-09 09:00:00
2021-07-10 15:00:00
2021-07-11 12:00:00
2021-07-12 12:00:00
2021-07-13 18:00:00
2021-07-14 15:00:00
2021-07-15 15:00:00
2021-07-16 12:00:00
2021-07-17 15:00:00
2021-07-18 15:00:00
2021-07-19 15:00:00
2021-07-20 12:00:00
2021-07-21 12:00:00
2021-07-22 15:00:00
2021-07-23 12:00:00
2021-07-24 12:00:00
2021-07-25 12:00:00
2021-07-26 12:00:00
2021-07-27 15:00:00
2021-07-28 15:00:00
2021-07-29 12:00:00
2021-07-30 12:00:00
2021-07-31 15:00:00
2021-08-01 12:00:00
2021-08-02 12:00:00
2021-08-03 06:00:00
2021-08-04 12:00:00
2021-08-05 12:00:00
2021-08-06 12:00:00

1 days 09:00:00
1 days 09:00:00
0 days 21:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 03:00:00
0 days 15:00:00
1 days 06:00:00
0 days 21:00:00
1 days 00:00:00
1 days 06:00:00
0 days 21:00:00
1 days 00:00:00
0 days 21:00:00
1 days 03:00:00
1 days 00:00:00
1 days 00:00:00
0 days 21:00:00
1 days 00:00:00
1 days 03:00:00
0 days 21:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 03:00:00
1 days 00:00:00
0 days 21:00:00
1 days 00:00:00
1 days 03:00:00
0 days 21:00:00
1 days 00:00:00
0 days 18:00:00
1 days 06:00:00
1 days 00:00:00
1 days 00:00:00

34

36
37
38
39
40
41
4
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

2021-08-06 12:00:00
2021-08-07 03:00:00
2021-08-07 15:00:00
2021-08-08 15:00:00
2021-08-09 15:00:00
2021-08-10 15:00:00
2021-08-11 15:00:00
2021-08-12 15:00:00
2021-08-13 12:00:00
2021-08-14 12:00:00
2021-08-15 15:00:00
2021-08-16 06:00:00
2021-08-16 18:00:00
2021-08-17 18:00:00
2021-08-18 15:00:00
2021-08-19 15:00:00
2021-08-20 18:00:00
2021-08-21 18:00:00
2021-08-22 15:00:00
2021-08-24 12:00:00
2021-08-25 15:00:00
2021-08-26 09:00:00
2021-08-27 15:00:00
2021-08-28 15:00:00
2021-08-29 15:00:00
2021-08-30 12:00:00
2021-08-31 12:00:00
2021-09-01 09:00:00
2021-09-02 06:00:00
2021-09-04 09:00:00
2021-09-05 03:00:00
2021-09-06 00:00:00
2021-09-06 15:00:00
2021-09-07 03:00:00
2021-09-08 00:00:00
2021-09-08 18:00:00

2021-08-07 03:00:00
2021-08-07 15:00:00
2021-08-08 15:00:00
2021-08-09 15:00:00
2021-08-10 15:00:00
2021-08-11 15:00:00
2021-08-12 15:00:00
2021-08-13 12:00:00
2021-08-14 12:00:00
2021-08-15 15:00:00
2021-08-16 06:00:00
2021-08-16 18:00:00
2021-08-17 18:00:00
2021-08-18 15:00:00
2021-08-19 15:00:00
2021-08-20 18:00:00
2021-08-21 18:00:00
2021-08-22 15:00:00
2021-08-24 12:00:00
2021-08-25 15:00:00
2021-08-26 09:00:00
2021-08-27 15:00:00
2021-08-28 15:00:00
2021-08-29 15:00:00
2021-08-30 12:00:00
2021-08-31 12:00:00
2021-09-01 09:00:00
2021-09-02 06:00:00
2021-09-04 09:00:00
2021-09-05 03:00:00
2021-09-06 00:00:00
2021-09-06 15:00:00
2021-09-07 03:00:00
2021-09-08 00:00:00
2021-09-08 18:00:00
2021-09-09 18:00:00

0 days 15:00:00
0 days 12:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
0 days 21:00:00
1 days 00:00:00
1 days 03:00:00
0 days 15:00:00
0 days 12:00:00
1 days 00:00:00
0 days 21:00:00
1 days 00:00:00
1 days 03:00:00
1 days 00:00:00
0 days 21:00:00
1 days 21:00:00
1 days 03:00:00
0 days 18:00:00
1 days 06:00:00
1 days 00:00:00
1 days 00:00:00
0 days 21:00:00
1 days 00:00:00
0 days 21:00:00
0 days 21:00:00
2 days 03:00:00
0 days 18:00:00
0 days 21:00:00
0 days 15:00:00
0 days 12:00:00
0 days 21:00:00
0 days 18:00:00
1 days 00:00:00
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Table B3. (Following) Description of the 96 diurnal time scale events during the melt season 2021

Event

Start

Stop

Duration

EGUsphere\

72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

2021-09-09 18:00:00
2021-09-10 18:00:00
2021-09-11 09:00:00
2021-09-12 06:00:00
2021-09-13 03:00:00
2021-09-14 09:00:00
2021-09-15 06:00:00
2021-09-19 00:00:00
2021-09-20 12:00:00
2021-09-22 15:00:00
2021-09-23 06:00:00
2021-09-24 09:00:00
2021-09-25 18:00:00
2021-09-27 00:00:00
2021-09-27 12:00:00
2021-09-28 03:00:00
2021-09-29 03:00:00
2021-09-29 18:00:00
2021-09-30 09:00:00
2021-10-01 03:00:00
2021-10-02 18:00:00
2021-10-03 12:00:00
2021-10-04 00:00:00
2021-10-04 15:00:00

2021-09-10 18:00:00
2021-09-11 09:00:00
2021-09-12 06:00:00
2021-09-13 03:00:00
2021-09-14 09:00:00
2021-09-15 06:00:00
2021-09-19 00:00:00
2021-09-20 12:00:00
2021-09-22 15:00:00
2021-09-23 06:00:00
2021-09-24 09:00:00
2021-09-25 18:00:00
2021-09-27 00:00:00
2021-09-27 12:00:00
2021-09-28 03:00:00
2021-09-29 03:00:00
2021-09-29 18:00:00
2021-09-30 09:00:00
2021-10-01 03:00:00
2021-10-02 18:00:00
2021-10-03 12:00:00
2021-10-04 00:00:00
2021-10-04 15:00:00
2021-10-04 21:00:00

35

1 days 00:00:00
0 days 15:00:00
0 days 21:00:00
0 days 21:00:00
1 days 06:00:00
0 days 21:00:00
3 days 18:00:00
1 days 12:00:00
2 days 03:00:00
0 days 15:00:00
1 days 03:00:00
1 days 09:00:00
1 days 06:00:00
0 days 12:00:00
0 days 15:00:00
1 days 00:00:00
0 days 15:00:00
0 days 15:00:00
0 days 18:00:00
1 days 15:00:00
0 days 18:00:00
0 days 12:00:00
0 days 15:00:00
0 days 06:00:00
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Table B4. Description of the 85 diurnal time scale events during the melt season 2022

EGUsphere\

Event  Start Stop Duration Event  Start Stop Duration

0 2022-05-25 00:00:00  2022-05-25 06:00:00 0 days 06:00:00 36 2022-06-29 12:00:00  2022-06-30 12:00:00 1 days 00:00:00
1 2022-05-25 06:00:00  2022-05-26 12:00:00 1 days 06:00:00 37 2022-06-30 12:00:00  2022-07-01 12:00:00 1 days 00:00:00
2 2022-05-26 12:00:00  2022-05-27 03:00:00 0 days 15:00:00 38 2022-07-01 12:00:00  2022-07-02 06:00:00 0 days 18:00:00
3 2022-05-27 03:00:00  2022-05-27 18:00:00 0 days 15:00:00 39 2022-07-02 06:00:00  2022-07-03 12:00:00 1 days 06:00:00
4 2022-05-27 18:00:00  2022-05-28 15:00:00 0 days 21:00:00 40 2022-07-03 12:00:00  2022-07-04 12:00:00 1 days 00:00:00
5 2022-05-28 15:00:00  2022-05-29 15:00:00 1 days 00:00:00 41 2022-07-04 12:00:00  2022-07-05 09:00:00 0 days 21:00:00
6 2022-05-29 15:00:00  2022-05-30 15:00:00 1 days 00:00:00 42 2022-07-05 09:00:00  2022-07-06 09:00:00 1 days 00:00:00
7 2022-05-30 15:00:00  2022-05-31 15:00:00 1 days 00:00:00 43 2022-07-06 09:00:00  2022-07-07 09:00:00 1 days 00:00:00
8 2022-05-31 15:00:00  2022-06-01 12:00:00 0 days 21:00:00 44 2022-07-07 09:00:00  2022-07-08 09:00:00 1 days 00:00:00
9 2022-06-01 12:00:00  2022-06-02 15:00:00 1 days 03:00:00 45 2022-07-08 09:00:00  2022-07-09 09:00:00 1 days 00:00:00
10 2022-06-02 15:00:00  2022-06-03 12:00:00 0 days 21:00:00 46 2022-07-09 09:00:00  2022-07-10 12:00:00 1 days 03:00:00
11 2022-06-03 12:00:00  2022-06-04 09:00:00 0 days 21:00:00 47 2022-07-10 12:00:00  2022-07-11 09:00:00 0 days 21:00:00
12 2022-06-04 09:00:00  2022-06-05 15:00:00 1 days 06:00:00 48 2022-07-11 09:00:00  2022-07-12 06:00:00 0 days 21:00:00
13 2022-06-05 15:00:00  2022-06-06 18:00:00 1 days 03:00:00 49 2022-07-12 06:00:00  2022-07-13 06:00:00 1 days 00:00:00
14 2022-06-06 18:00:00  2022-06-07 12:00:00 0 days 18:00:00 50 2022-07-13 06:00:00  2022-07-14 12:00:00 1 days 06:00:00
15 2022-06-07 12:00:00  2022-06-08 15:00:00 1 days 03:00:00 51 2022-07-14 12:00:00  2022-07-15 09:00:00 0 days 21:00:00
16 2022-06-08 15:00:00  2022-06-09 18:00:00 1 days 03:00:00 52 2022-07-15 09:00:00  2022-07-16 09:00:00 1 days 00:00:00
17 2022-06-09 18:00:00  2022-06-10 18:00:00 1 days 00:00:00 53 2022-07-16 09:00:00  2022-07-17 09:00:00 1 days 00:00:00
18 2022-06-10 18:00:00  2022-06-11 15:00:00 0 days 21:00:00 54 2022-07-17 09:00:00  2022-07-18 09:00:00 1 days 00:00:00
19 2022-06-11 15:00:00  2022-06-12 15:00:00 1 days 00:00:00 55 2022-07-18 09:00:00  2022-07-19 09:00:00 1 days 00:00:00
20 2022-06-12 15:00:00  2022-06-13 15:00:00 1 days 00:00:00 56 2022-07-19 09:00:00  2022-07-20 09:00:00 1 days 00:00:00
21 2022-06-13 15:00:00  2022-06-14 15:00:00 1 days 00:00:00 57 2022-07-20 09:00:00  2022-07-21 09:00:00 1 days 00:00:00
22 2022-06-14 15:00:00  2022-06-15 15:00:00 1 days 00:00:00 58 2022-07-21 09:00:00  2022-07-22 09:00:00 1 days 00:00:00
23 2022-06-15 15:00:00  2022-06-16 15:00:00 1 days 00:00:00 59 2022-07-22 09:00:00  2022-07-23 06:00:00 0 days 21:00:00
24 2022-06-16 15:00:00  2022-06-17 18:00:00 1 days 03:00:00 60 2022-07-23 06:00:00  2022-07-24 09:00:00 1 days 03:00:00
25 2022-06-17 18:00:00  2022-06-18 12:00:00 0 days 18:00:00 61 2022-07-24 09:00:00  2022-07-25 06:00:00 0 days 21:00:00
26 2022-06-18 12:00:00  2022-06-19 15:00:00 1 days 03:00:00 62 2022-07-25 06:00:00  2022-07-26 09:00:00 1 days 03:00:00
27 2022-06-19 15:00:00  2022-06-21 15:00:00 2 days 00:00:00 63 2022-07-26 09:00:00  2022-07-27 09:00:00 1 days 00:00:00
28 2022-06-21 15:00:00  2022-06-22 12:00:00 0 days 21:00:00 64 2022-07-27 09:00:00  2022-07-28 09:00:00 1 days 00:00:00
29 2022-06-22 12:00:00  2022-06-23 09:00:00 0 days 21:00:00 65 2022-07-28 09:00:00  2022-07-29 09:00:00 1 days 00:00:00
30 2022-06-23 09:00:00  2022-06-24 12:00:00 1 days 03:00:00 66 2022-07-29 09:00:00  2022-07-30 06:00:00 0 days 21:00:00
31 2022-06-24 12:00:00  2022-06-25 12:00:00 1 days 00:00:00 67 2022-07-30 06:00:00  2022-07-31 09:00:00 1 days 03:00:00
32 2022-06-25 12:00:00  2022-06-26 12:00:00 1 days 00:00:00 68 2022-07-31 09:00:00  2022-08-01 06:00:00 0 days 21:00:00
33 2022-06-26 12:00:00  2022-06-27 15:00:00 1 days 03:00:00 69 2022-08-01 06:00:00  2022-08-02 09:00:00 1 days 03:00:00
34 2022-06-27 15:00:00  2022-06-28 09:00:00 0 days 18:00:00 70 2022-08-02 09:00:00  2022-08-03 09:00:00 1 days 00:00:00
35 2022-06-28 09:00:00  2022-06-29 12:00:00 1 days 03:00:00 71 2022-08-03 09:00:00  2022-08-04 06:00:00 0 days 21:00:00

36
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Table B4. (Following) Description of the 85 diurnal time scale events during the melt season 2022

Event

Start

Stop

Duration

EGUsphere\

72
73
74
75
76
77
78
79
80
81
82
83
84

2022-08-04 06:00:00
2022-08-05 09:00:00
2022-08-06 09:00:00
2022-08-07 09:00:00
2022-08-08 09:00:00
2022-08-09 09:00:00
2022-08-10 09:00:00
2022-08-11 09:00:00
2022-08-12 09:00:00
2022-08-13 09:00:00
2022-08-14 09:00:00
2022-08-15 12:00:00
2022-08-16 09:00:00

2022-08-05 09:00:00
2022-08-06 09:00:00
2022-08-07 09:00:00
2022-08-08 09:00:00
2022-08-09 09:00:00
2022-08-10 09:00:00
2022-08-11 09:00:00
2022-08-12 09:00:00
2022-08-13 09:00:00
2022-08-14 09:00:00
2022-08-15 12:00:00
2022-08-16 09:00:00
2022-08-16 15:00:00

37

1 days 03:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 00:00:00
1 days 03:00:00
0 days 21:00:00
0 days 06:00:00
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Appendix C: Spectrogram

EGUsphere®

Large seasonal changes in channel-flow-induced seismic power, P are observed within the 3—10 Hz frequency range, in which

P is higher by more than two orders of magnitude during the melt season (mid-May to September) compared to winter (Fig.

C1). Changes in P are also observed within the 10-20 Hz frequency range, with P during the melt season being about an order

780 of magnitude larger than in winter (Fig. C1)
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Figure C1. Spectrogram of the observed channel-flow-induced seismic power P as a function of time on the z-axis and frequency on the

y-axis. Colours represent channel-flow-induced seismic power on a decimal logarithmic scale. White bands are data gaps. The two black

lines delineate the frequency band between 3 and 10 Hz that we used in this study.
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Appendix D: Metrics used in the classification

Figure D1 provides a visual representation of the metrics used to classify the events.
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variable RUNOff IS
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Runoff

One event

Figure D1. Description of the metrics used to classify the events. (a) Description of one event with the rising and falling part of the runoff to

calculate the hysteresis 6. (b) The linear fit used to calculate the residual sum of squares R.S'S and its slope, m.
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Appendix E: Band pass-filtered time series

We have filtered the original time series to determine the different frequency signatures separately. For the seasonal scale, we
have applied a low-pass filter with a cutoff at 20 days (Fig. E1 a). For the multi-day scale, we have applied a band-pass filter
between four and eight days (Fig. E1 b). For the daily time-scale, we have applied a band-pass filter between six hours and 36
hours (Fig. E1 b).

(a) Seasonal

B 2
« 100 w
= 304 -
3 3
S 284 J/\J/—) B
& 26 a

Ry
o w
I .
"

}

o e et L 7 o s

& 204 T
@ - i
e e, £
S °- 5%

Q 9 > > 5 o

N S > S S S

d o U U v e
- + - B ol s
(b) Multi-day (c) Diurnal
Melt season 2021 Melt season 2021
200 175 200 25 175

50 _
150 X 150 00 150 2

10 /\/\ 2.5
5 H 150
g o N 0.0
- 100
0 -25

0.1 0.025
3.0

p (MPa)

25
-0.1 -0.025

g
= 0.0 0.000
Y

_125 -125

-160
-150 =150

— =175
_180 175

Ry
o =~
o e
S
|
s o =

i 2 075 | ’ i 075 ©
0.1 H 0.1 | .
0.50
9 00 \/\/\/\/\ J\, 1 o0
0.25
-0.1 o -o01

T2 20 5 40 A
T ooo \ ; of /\ 20 E
o o
=25 ] -5 0
> O S S > > o > o > o
o o ) )
R T I NV ) AT S SO
A R A A A
Ui U U U U U U QU U U V' V' 32
S K PGIC I

Figure E1. Band-pass filtered series for (a) seasonal (>20 days), multi-day (four to eight days) and diurnal (6h to 36h) time scales. For the

last two series, we have computed the band-pass time series for the melt season time period only.
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Appendix F: Frequency content of the time series between 6h and 10 days

Figure F1 shows the frequency content of all variables over the recording period between a period of 6h and a period of 10
days. While the force and the water pressure have only episodic frequency content on the scale of one day, the other variables

exhibit longer periods with variations on that time scale, but still concentrated during the melting season.
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Figure F1. Frequency content intensity for all the variables between 6h an 10 days over the year. The red lines delineate the diurnal frequency

content (between 6h and 36h).
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