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We used a finite element model to interpret anti-correlated pressure variations at the
base of a glacier to demonstrate the importance of stress redistribution in the basal
ice. We first investigated two pairs of load cells installed 20 m apart at the base of
the 210 m thick Engabreen glacier in Northern Norway. The load cell data for July
2003 showed that pressurisation of a subglacial channel located over one load cell pair
led to anti-correlation in pressure between the two pairs. To investigate the cause of
this anti-correlation, we used a full Stokes 3D model of a 210 m thick and 25-200 m
wide glacier with a pressurised subglacial channel represented as a pressure boundary
condition. The model reproduced the anti-correlated pressure response at the glacier bed
and variations in pressure of the same order of magnitude as the load cell observations.
The anti-correlation pattern was shown to depend on the bed/surface slope. On a
flat bed with laterally constrained cross-section, the resulting bridging effect diverted
some of the normal forces acting on the bed to the sides. The anti-correlated pressure
variations were then reproduced at a distance >10-20 m from the channel. In contrast,
when the bed was inclined, the channel support of the overlying ice was vertical only,
causing a reduction of the normal stress on the bed. With a bed slope of 5 degrees, the
anti-correlation occurred within 10 m of the channel. The model thus showed that the
effect of stress redistribution can lead to an opposite response in pressure at the same
distance from the channel and that anti-correlation in pressure is reproduced without
invoking cavity expansion caused by sliding.

Keywords: subglacial processes, glacier hydrology, glacier mechanics, glacier modelling, Svartisen Subglacial
Laboratory, Engabreen, stress redistribution, load cell

1. INTRODUCTION

Water pressure in the subglacial hydrological system controls glacier and ice-sheet seasonal
dynamics. Our current understanding of the relationship between water pressure and ice flow is
limited, however, due to complex feedback mechanisms (e.g., Schoof, 2010) and the scarcity of
direct observations of the glacier bed. As a result, glacier hydrology is one of the greatest sources
of uncertainty in predictions of land ice contribution to sea-level rise (IPCC, 2013). There is thus
a need to better understand hydrologically-forced glacier sliding, the criterion for pressurisation of
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water in subglacial channels (Kamb, 1987; Tken and Truffer, 1997;
Bartholomaus et al., 2008) and the interaction of the channel with
the rest of the glacier bed (Hubbard et al., 1995; Andrews et al.,
2014).

Pressurisation of subglacial channels occurs when the
capacity of the drainage system cannot accommodate all the
meltwater input (Bartholomaus et al, 2008). The duration
of the pressurisation depends on the rate of melting of
channel walls, which is mainly controlled by water flow and
frictional heat production, the contraction of channels due
to ice creep (Rothlisberger, 1972), and the initial capacity
of the drainage system (Schoof, 2010). Melt and creep act
at two different time scales: seconds to hours and hours to
years, respectively, which makes channel geometry and thus
pressurisation inherently unstable over time (Schoof, 2010;
Kingslake and Ng, 2013). Large and rapid changes in meltwater
input cause transient pressurisation (Bartholomaus et al., 2008).
Pressurisation can also occur diurnally in summer if water input
and the subglacial drainage system are close to steady-state, but
experience variations on a sub-daily time scale (Fudge et al.,
2008). Pressurisation greater than the ice overburden pressure
is another important element of the glacier response as it causes
hydraulic jacking of the glacier, stress redistribution at the glacier
bed and mechanical uplift of the glacier surface (Bartholomaus
et al., 2008). This mechanical response of the ice is little studied,
however, and current models are unable to accurately reproduce
observations (Sugiyama et al., 2007; Pimentel and Flowers, 2011).

The response of the glacier bed to pressurisation of the
hydrological system is spatially different in the hydrologically
connected parts of the bed compared to the unconnected parts.
The pressure variations in the hydrologically connected parts
are correlated with the channel pressure and the amplitude of
the variations is controlled by subglacial hydraulic conductivity
(Hubbard et al, 1995). The conductivity dictates that the
amplitude is greatest in the subglacial channels and decays
with distance from the channels. However, pressure variation
in the unconnected drainage system is anti-correlated with the
pressure in channels as reported from borehole data (Murray
and Clarke, 1995; Dow et al, 2011; Andrews et al., 2014;
Meierbachtol et al., 2016) and direct observations at the glacier
bed (Lappegard et al, 2006; Lefeuvre et al, 2015). Which
exact mechanism causes this type of anti-correlated pressure
response is still uncertain, but observations point to the role
of ice flow and stress redistribution at the bed. Murray and
Clarke (1995) proposed that pressurised channels support part
of the load from their surroundings, thus reducing pressure on
hydrologically unconnected regions of the bed. Iken and Truffer
(1997) and Andrews et al. (2014) suggested that pressurised
channels cause sliding and, indirectly, cause the passive opening
of cavities. The increase in cavity volume thus decreases
the pressure in the isolated cavity system. These processes
can be simplified and included in larger models as recently
shown by Hoffman et al. (2016). However, there has been
no model developed to study the effect of mechanical stress
redistribution near subglacial channels and test whether anti-
correlated pressure variations recorded at the glacier base can be
reproduced.

The aim of this paper is to investigate the cause of observed
anti-correlation in pressure at different parts of the glacier bed
by comparing direct observations with numerical modelling.
Lefeuvre et al. (2015) showed that anti-correlation of pressure
variations is a persistent signal at the bed of Engabreen, a
temperate glacier in Norway. Section 2 summarises pressure and
hydro-meteorological data collected in July 2003 at Engabreen.
The data analysis identifies the necessary condition for anti-
correlated pressure variations. In section 3, a numerical model
was used to reproduce the anti-correlation at the glacier bed for
simple glacier and subglacial channel geometries. The data and
model results were compared to explain anti-correlated pressure
variations and show the important effect of stress redistribution
at the glacier bed.

2. ANTI-CORRELATED PRESSURE AT THE
GLACIER BED

2.1. Field Site

This study focuses on subglacial observations from Engabreen,
a hard-bedded maritime glacier in Northern Norway (Figure 1).
Engabreen has an area of 36 km? and is part of the western
Svartisen ice cap, the second largest ice cap in continental Europe.
Engabreen has a large plateau that narrows into a glacial valley to
its northwest, with a mean surface slope of 6 degrees. In 1999,
the elevation ranged from 14 m a.s.1. (above sea level) to 1,581 m
a.s.l. (Andreassen et al., 2012). Above 1,100 m a.s.l, the plateau
is relatively flat and ice flows at <18 m year~! (Jackson et al.,
2005). The glacier is steeper (>20 degrees) in the icefall below
900 m a.s.l, where velocities exceed 220 m year™! (Messerli and
Grinsted, 2015).

The pressure at the glacier bed was recorded at the Svartisen
Subglacial Laboratory. The laboratory is located about 200 m
below the surface of the glacier within a hydropower rock
tunnel network (Figure 1). Two research shafts connected to the
main tunnel network give access to the glacier base (Figure 2).
Experiments have been conducted in the subglacial laboratory
to investigate ice rheology (e.g., Cohen et al,, 2005; Cohen,
2017), sliding (e.g., Cohen et al,, 2000), and basal hydraulics
(e.g., Lappegard and Kohler, 2005). Long-term monitoring of
basal pressure using load cells has also been undertaken since
the opening of the facilities in 1992 (e.g., Lappegard et al., 2006;
Lefeuvre et al., 2015). Near the research shaft, the overburden
pressure is about 1.8 MPa and sliding in winter is 44 &= 7 m year !
(Cohen et al., 2005).

2.2. Measurements

In this paper, we focus on data acquired in the period from
13 to 31 July 2003, that was identified in Lefeuvre et al. (2015)
as a particularly distinct example of anti-correlated pressure
variations. The pressure at the bed was recorded by two pairs of
load cells that are permanently installed at the ice-rock interface
(Figure 2). The first pair, LC4 and LC6, is located parallel to the
ice flow direction, with LC4 facing down from a 1-m overhang
and LC6 at the base of the cliff facing up (Figure 10 in Lappegard
et al.,, 2006). The second pair is located 21 m away on a gentle lee
slope, with LC97_1 45 cm upstream of LC97_2. A summary of
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FIGURE 1 | Engabreen and the Svartisen Subglacial Laboratory, with inset showing the extent of the glacier catchment, adapted from Lefeuvre et al. (2015). The
discharge measured at Fonndal and Sediment Chamber stations is used to calculate subglacial discharge collected by the subglacial intakes. The load cells are
installed near the research shaft. The background satellite image is from summer 2009 (source: Statens Kartverk).
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FIGURE 2 | Map of the bed topography near the research shafts and location
of the load cells, adapted from Lappegard et al. (2006).

their azimuth and tilt as well as distance from LC97_2 is given in
Table 1. The load cells were installed in 1992 (LC4 and LC6) and
1997 (LC97_1 and LC97_2) at the location of pre-existing rock
boreholes by melting an artificial cavity from the research shafts.
The cavity closed after a few days and the load cells have recorded
pressure at the glacier bed since then.

The load cells measure normal stress at the glacier bed,
which approximates local overburden pressure (Lappegard et al.,

TABLE 1 | Characteristics of the load cells.

Load Cell LC4 LC6 LC97_1 LC97 2
Sensor Model P-100 P-100 P-105 P-105
Diameter x Height (mm) 165 x 46 165 x 46 230 x 50 230 x 50
Range (MPa) 0-3 0-3 0-5 0-5
Azimuth (£10°) 170° 140° 250° 250°
Tilt 125° 12° 9° 14°
Distance from LC97_2

aL (m) 21.2 21.1 0.4 0

az (m) 1.1 0.0 0.1 0
Installation Date Dec. 1992 Dec. 1992 Nov. 1997 Nov. 1997

The azimuth represents the angle between the direction perpendicular to the steepest
slope of the load cell plate and north defined as 0°.

2006). A taut wire under the plate of the load cell vibrates at a
frequency directly related to the applied load, which is calibrated
with an error <1% of the total range (0-9 MPa, GEONOR
AS, Oslo). There is little drift of the zero frequency in the first
few years of installation and it is negligible over a period of a
month (DiBiagio, 2003). The two load cell pairs show different
levels of noise due to their model and plate size (Table 1), their
environment, and the intensity of the subglacial changes. An
analysis of the residuals computed from a 2-h running mean from
June to September 2003 shows that the random error is <0.02
MPa for LC97_1 and LC97_2 and <0.001 MPa for LC6 and LC4.
The data from all the load cells is recorded with a sample interval
of 15 min on one datalogger located in the heated facility of
the Svartisen Subglacial Laboratory. The load cells are connected
to the datalogger via rock boreholes reaching the main tunnel
network using 50-m long cables.
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Regarding the subglacial environment above the load
cells, Lefeuvre et al. (2015) determined that the load cells
measure (1) ice pressure, when the load cell pressure is
stable and close to overburden pressure (Lappegard et al,
2006); (2) water pressure, when pressure decreases from
the ice overburden and varies synchronously with surface
melt; and (3) the effect of transported rocks on pressure
(Hagen et al., 1983) when not in phase with hydrological
input, but this last effect is comparatively rare and neglected
here.

Air temperature and precipitation were measured at a
meteorological station in Glomfjord, 30 m a.sl. and 18 km
northeast of Engabreen (Figure 1). The station is maintained

by the Norwegian Meteorological Institute. Air temperature was
recorded hourly and precipitation daily, as shown in Figure 3A.

Discharge is permanently monitored within the tunnel
network at two locations. The first station, Fonndal (Figure 1),
records discharge from the catchment west of Engabreen, which
has glacier cover of 84% and contribution from snow melt
and rain. The second station, the Sediment Chamber station,
collects water from Engabreen catchment through subglacial
intakes (i.e, large openings connecting the glacier base to
the underground tunnel network), as well as from the station
Fonndal. The subglacial discharge from Engabreen was estimated
by the difference in discharge measured at the two stations at a 2
h interval, which is the sampling frequency of Fonndal station
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FIGURE 3 | Observational data in July 2003. (A) Hourly air temperature and daily precipitation at Glomfjord 30 m a.s.l. and 18 km from Engabreen; (B) discharge at
Fonndal station and calculated subglacial discharge; (C) load cell pressure records for LC6 and LC4; (D) and for LC97_1 and LC97_2. The shaded period is shown in

Figure 4.
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the anti-correlated pressure between two pairs of load cells. (A) Hourly air
temperature and daily precipitation at Glomfjord (30 m a.s.l.); (B) calculated
subglacial discharge; (C-F) load cell pressure.

(Figure 3). The random error in discharge was estimated at <0.5
m3s™! based on an analysis of the residuals from a 12-h running
mean. It was not possible to calculate subglacial discharge for
discharge >30 m3s~! because of a change in cross-section not
accounted for in the rating curve at the Sediment Chamber
station. Data were recorded at both stations between 13 and 20
July 2003 and showed that the discharge was in phase and had a
mean daily correlation of 0.87 £ 0.07. When discharge from the
Sediment Chamber was over 30 m’s™!, the discharge at Fonndal
was used as an estimate of the subglacial discharge because both
catchments share similar climatic conditions and a high glacier
cover, and thus it is included in Figure 3B.

2.3. Results

Anti-correlated pressure variations between the load cells are a
relatively common feature in the load cell record (Lefeuvre et al.,
2015). The period of 13-31 July 2003 was chosen to investigate
this phenomenon more closely. We especially focused on diurnal
variations between 16 and 19 July (Figure4). For a general
description of the pressure variation in 2003 and correlation
scores for this 18-day period, we refer to Lefeuvre et al. (2015).

2.3.1. Hydro-Meteorological Data

Air temperature and precipitation were analysed to estimate
surface melt, and discharge was used to assess the occurrence
of pressurisation at the glacier base. Air temperature at the top
of Engabreen (1,545 m a.s.l.) remained above 0°C during the
study period as calculated from air temperature recorded at
Glomfjord 18 km from Engabreen (30 m a.s.l.) and an assumed
lapse rate of —6.5°C km ™! (Cuffey and Paterson, 2010). Hence
there was melting over the entire glacier surface and the intensity
of temperature variations and precipitation controlled the degree
of surface melt.

The mean temperature increased gradually from 14°C on
13 July to 18°C on 15 July in Glomfjord. The temperature
variations showed a strong diurnal signal that led to a
similar although delayed response of the subglacial discharge.
The intensity of the diurnal signal in air temperature and
discharge was related, as shown by the decrease in air
temperature and then discharge on 17 July (Figure4).
This diurnal response stopped on 20 July when there was
precipitation recorded in Glomfjord and on 19 and 21 July
when air temperature rapidly increased by 13 and 11°C,
respectively.

Precipitation was continual from 19 July until 29 July although
it remained modest with a daily mean of 3 mm and a daily
maximum of 9 mm on 28 July. It is associated with a cooling
and dampening of the diurnal signal in air temperature. These
variations are reflected in the discharge signal between 22 and 25
July and between 27 and 29 July.

2.3.2. Pressure at the Glacier Bed

The pressure variations recorded at the two pairs of load
cells LC4-LC6 and LC97_1-LC97_2 show the initiation and
termination of the diurnal anti-correlated signal (Figures 3, 4),
as well as a drop to atmospheric pressure at load cell LC97_2.

At the beginning of the studied period, the pressure at
the load cells approximated the local overburden pressure and
variations in pressure were correlated across the load cell network
(Figures 3C,D). All load cells recorded a major pressure event on
14 July during which air temperature rose rapidly (Figure 3A).
There was a drop in pressure followed by a peak and then a return
to the background level on 15 July. The pressure drop highlighted
with a vertical gray line in Figures 3C,D was concurrent with the
maximum value of the subglacial discharge gradient (Figure 3B),
a proxy for pressurisation in subglacial channels (Lappegard
et al., 2006).

The pressure event on 14 July preceded daily variations in
pressure at LC97_1 and LC97_2 from 15 to 20 July that were
anti-correlated with a dampened diurnal signal at LC4 and
LC6 (Figures 4C-F). The variations in pressure at LC97_1 and
LC97_2 were correlated with hydro-meteorological data. The
pressure at load cell LC97_2 decreased steadily between 15
and 20 July, while discharge steadily increased (Figures 4A,B).
The diurnal peak in discharge lagged the peak in pressure at
LC97_1 and LC97_2 by about 2 h, although the difference is
at the limit of the temporal resolution of the discharge. The
delay is not attributed to differences in discharge source or
pathway as the subglacial drainage system is well-developed
in July (Lefeuvre et al, 2015). Rather, this delay suggests
that the maximum pressure at the glacier bed did not occur
with the peak in discharge but with the peak in discharge
gradient, and hence pressurisation in subglacial channels
(Lappegard et al., 2006).

The amplitude of the pressure variations was greatest at load
cell LC97_2 and decreased with distance. The average amplitude
was 0.44 MPa at LC97_2, 0.17 MPa at LC97_1, 0.45 m upstream,
and only 0.01 MPa at both LC4 and LC6, 21 m away from LC97_2
(Figures 2, 4C-F). The differences in amplitude suggest that the
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source of the anti-correlated pressure variation was downstream
of LC97_1 and near LC97_2.

The pressure at LC97_2 fell to atmospheric pressure between
20 and 22 July, a period with relatively stable and cool weather
(Figures 3A,D). On 20 July, the correlation between LC6 and
the rest of the sensors became positive (Lefeuvre et al., 2015,
LC97_1 in Figure9). Atmospheric pressure indicates that the
load cell was no longer in a pressurised system, and was
instead located in an empty channel or cavity (see discussion
in section 2.4). The other load cells (i.e., LC4, LC6, LC97_1)
then showed little variation in pressure except on 21 July during
a day of intense warming and subsequent surface melt. For
LC97_1 installed 0.45 m upstream of LC97_2, the pressure
remained higher than 1.3 MPa. The anti-correlation in pressure
between the pairs LC4-LC6 and LC97_1-LC97_2 reappeared
on 23 July.

The period of atmospheric pressure and anti-correlation
between the sensor pairs then terminated on 29 July. This
termination occurred gradually as air temperature dropped by
nearly 15°C between 22 and 25 July and 10°C between 26
and 29 July. Meteorological conditions varied rapidly from day
to day due to the succession of cold/warm fronts and rain
(Figure 3A). The first sign of the termination was the rapid and
then progressive rise in pressure at LC97_2 (Figure 3D). This
period differed from that characterised by a diurnal signal as
the pressure did not peak consistently in the afternoon. This
may have been due to rain dominating both surface melt and
runoff, as the contribution to water production of rain is not
necessarily diurnal. The duration of the daily peaks in pressure
as measured at LC97_1 and LC97_2 also became shorter after
25 July. On 29 July, the anti-correlation between the two pairs
stopped, after two days with low temperatures and 4-9 mm of
daily precipitation. After 29 July, a more stable high-pressure
weather system prevailed with correspondingly strong diurnal
fluctuations in temperature. The subglacial system returned to its
initial state of 13 July and was characterised by pressure events
detected at all load cells.

2.4. Data Interpretation

The most significant results of our observations are that both
pairs of load cells respond to changes in glacier hydrology
and that their anti-correlated variations in pressure demonstrate
the role of stress redistribution in accommodating pressure
changes at the glacier bed. Following Murray and Clarke
(1995), we infer that these anti-correlated pressure variations
identify a forcing-response relationship between the two pairs of
load cells.

The variation in pressure at the first pair of load cells, LC97_1
and LC97_2, indicates the presence of a channel connected to
the efficient drainage system and that the channel is located
directly above one or both load cells. The presence of a channel
explains the correlation of the pressure variations with discharge
and temperature fluctuations between 15 and 20 July (Figure 4).
During this period, the load cells LC97_1 and LC97_2 are
assumed to be submerged in or in the proximity of a subglacial
channel as the amplitude of their pressure variations was the
greatest over the load cell network. Moreover, the decrease

in pressure at LC97_2 from 15 July supports an increase
in the capacity of the drainage system. This is corroborated
later by the observation of atmospheric pressure at load cell
LC97_2 when water was completely drained from the channel.
Similar observations of atmospheric pressure were made when
a subglacial cavity was artificially melted over them (Lappegard
et al., 2006; Lefeuvre et al., 2015). Due to reduced melt input
to the glacier base from 22 July onward, the channel contracted
through ice creep and pressure returned to its background level.
The channel at LC97_2 may also have migrated away from the
load cells or been assimilated by a more efficient channel. Thus,
this pair of load cells is inferred to have measured or responded to
water pressure changes in a subglacial channel during 15-20 July
and LC97_2 is assumed to have measured the forcing that caused
the observed anti-correlation signal. The forcing showed diurnal
pressure variations between 15 and 20 July as the meltwater
input from the glacier surface was in balance with the subglacial
drainage system. This equilibrium is common for stable summer
conditions and leads to the daily pressurisation of the channelised
drainage system.

In contrast, the load cell pair LC4 and LC6 was identified
as isolated from the hydrological drainage system based on the
anti-correlation in pressure with the pair LC97_1-LC97_2. The
isolated drainage system was also determined from the high
pressure, the general stability of the pressure signal, and the
dampened response to changes in glacier hydrology (Murray
and Clarke, 1995; Andrews et al., 2014). The response of the
isolated system was caused by pressurisation of the channelised
drainage system. Indeed, the start of the largest pressure events
(e.g., 14, 19, 21, and 25 July) was linked to the peak in discharge
gradient, a proxy for pressurisation. Pressurisation depends
on meltwater input and the capacity of the drainage system.
Days with successive diurnal melt (e.g., 15-20 July) showed an
attenuated response of the bed, possibly due to the presence of
more developed and stable channels that could accommodate
the meltwater input. The pressure response at the load cell pair
was also small when the channel was drained during the period
with atmospheric pressure at LC97_2. The pressure at the pair
of load cells LC4-LC6 was then considered to respond to the
pressurisation in a channel located near LC97_1 and LC97_2.

The interpretation of the forcing-response relationship is that
pressurisation in channels redistributes stress at the glacier bed
and can reduce the load on the bedrock. This was particularly
noticeable during 15-20 July when the pressure of the two
pairs of load cells showed daily anti-correlated variations. There
are different hypotheses on the effect of stress redistribution.
Murray and Clarke (1995) showed a stress redistribution due
to load transfer where channel pressurisation takes up the load
of the overlying ice and from the channel surroundings, thus
decreasing the nearby ice pressure. Another hypothesis for stress
redistribution is that changes in ice dynamics can indirectly
reduce the normal stress on the glacier bed (Iken and Truffer,
1997; Andrews et al., 2014). However, this hypothesis is less likely
due to the orientation of load cells LC4 and LC6 parallel to the
sliding direction, with one facing downwards and the other facing
upwards (Lappegard et al., 2006). From our data, the pressurised
channel seemed to cause the anti-correlated pressure response at
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the glacier bed. The pressure perturbation propagated laterally
from the channel to the other load cells, although the forcing
signal was dampened by a factor of 44 over a distance of only
21 m. Below we present results from numerical modelling which
aims to reproduce (1) a subglacial channel that pressurises and
redistributes stresses at the glacier bed, (2) the anti-correlation in
pressure at different parts of the bed, and (3) the dampening of
the intensity of the anti-correlation with distance.

3. ICE-FLOW MODEL

The aim of the model was to reproduce the anti-correlated
pressure variations observed at Engabreen assuming that anti-
correlation is due to stress redistribution at the glacier bed. A
full Stokes ice flow model is used to investigate the effect of daily
pressurisation in a subglacial channel, represented as a pressure
boundary condition, on the pressure response at the glacier bed.

3.1. Constitutive Equations

The dynamics of the glacier in response to channel pressure
variations is described by the Stokes equations with velocity
vector v and pressure p in the ice. The set of equations includes
the conservation of mass for an incompressible fluid as well as the
conservation of linear momentum:

Vv=0 (1)
V-1 —Vp+ piceg =0 )

where 7 is the ice deviatoric stress tensor, pjce the density of ice
and g the acceleration due to gravity.
The constitutive equation for ice is given by Glen’s flow law:

T=2nD 3)

where D is the strain rate tensor and 7 the effective viscosity,
defined as:

1
n= E1471/116"51711)/11 (4)

The viscosity depends on the temperature dependent rate factor
A and the flow law exponent n. The second invariant of the strain

rate tensor &, is described as €, = /tr(D2)/2.
3.2. Boundary Conditions

The model setup consists of a 3D vertical slab of ice perpendicular
to the main flow direction as shown in Figure 5. Atmospheric
pressure at the glacier surface is neglected such that pg,f =
Patm ~ 0. The upstream and downstream boundaries extruded
along the x-axis are periodic. The lateral boundary of the
domain (y-axis) and above the channel are both constrained
by a vanishing horizontal velocity, such that v - nf,, = 0.
This condition mimics a periodic boundary condition for the
defined modelled geometry (see also section 3.3). A linear sliding
law determines tangential sliding along the lateral and basal
boundaries using a tuned and unique slip coefficient. Sliding
at the bed and lateral margins is consistent with the ice at
Engabreen being at the melting point, which reduces basal
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FIGURE 5 | Geometry and discretisation of the model domain. Only one half
of the subglacial channel and surrounding glacier ice is modelled due to
symmetry. The colour represents pressure in the ice column for a constant
water pressure in the subglacial channel that is equal to the balance
hydrostatic pressure.

friction. Penetration of the ice into the bedrock is prevented by
setting v - n|peq = 0. To simulate water pressure at the glacier
base, an external pressure is imposed in the channel. The water
pressure pyater varies from the overburden pressure with time ¢
at a frequency f of one day as

Pwater = Pover — Ap sin(2rft) , where z > zpey (5)

where Ap is the amplitude of the pressure variation relative to
the overburden pressure pover, 2 is the elevation of the element
and zp,, is the elevation of the bed.
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TABLE 2 | Model constants.

Constant Symbol Value Unit
Density of ice Pice 900 kgm—3
Density of water Pwater 1,000 kgm=3
Glen’s exponent n 3

Gravitational acceleration g 9.81 ms—2
Rate factor A 2.47 x10=24 s~ pPa=3

3.3. Numerical Setup

The model is solved numerically using the finite element method
implemented in the Elmer/Ice software (e.g., Gagliardini et al,,
2013). To reduce the complexity of the model, the surface and
bed are uniform and have the same along-flow slope such that
we consider only the interaction between the ice and a semi-
circular Rothlisberger-type channel of radius r (Figure 5). To
reduce computation time, only half of the semi-circular channel
and glacier is modelled, which is justified by the symmetry
of the domain at the channel centre. We have verified that
modelling half the domain with the imposed symmetry condition
is identical to results obtained with the whole domain. The
relevant physical constants are given in Table 2.

The ice thickness h is equal to the thickness of Engabreen
above the load cells, with bed elevation zpeq = 0 m and
surface elevation zg,f = h = 210 m. The lateral and basal
boundary have essentially the same tangential sliding and no
penetration conditions. The slip coefficient is tuned to reproduce
the surface velocity above the load cells that is approximately 255
m year~! (personal communication, Thomas Schellenberger).
The coefhicient is fitted for each domain width and slope and the
values used are presented in Table 3. Engabreen is a temperate
glacier, thus we use a constant rate factor A as shown in
Table 2 (Cuffey and Paterson, 2010). In Equation (5), the pressure
variation in the channel Ap is set to 0.1 MPa, which is the same
order of magnitude as the forcing pressure variation measured by
load cell LC97_2 (Figure 4) and frequency, f, is equal to 1 day~!.
The applied time step is 15 min.

We investigate the effect imposed by the channel radius r,
the bed/surface slope 6 and the half domain width, [, which is
the distance between the centre of the channel and the lateral
boundary of the domain (Figure 5). The tested values are given in
Table 4. The chosen range of channel radius is representative of
observations in deglaciated forelands of alpine glaciers (Walder
and Hallet, 1979), and of the same order of magnitude as those
explored through glacier speleology (Gulley et al., 2012).

The irregular mesh has an element size of 20 m at the glacier
surface, whereas at the lateral boundary of the bed the element
size varies with the domain width [ as 1/20. The variation of
the element size with distance enables the use of the same mesh
geometry for different domain widths. The mesh is then extruded
over a distance of 10 m along flow. Note that because of the
periodic boundary condition, this distance has no influence on
the results and that only one extruded element is necessary. The
effect of the element spacing on the solution convergence is tested
for 0.001-0.1 m at the channel boundary and 2.5-50 m at the

TABLE 3 | Slip coefficient values in m Pa~1 year*1 used to reproduce the surface
velocity observed at Engabreen (section 3.3).

Slope 6 (deg)  0.01 5 10 15 20

Domain width/(m)

25 6.836e-05 6.811e-05 6.743e-05 6.645e-05 6.518e-05
50 1.235e-04 1.233e-04 1.226e-04 1.220e-04 1.216e-04
100 2.072e-04 2.075e-04 2.143e-04 2.306e-04 2.653e-04
200 3.134e-04 3.214e-04 3.857e-04 7.286e-04 NaN
TABLE 4 | Model parameters.

Parameter Symbol Value(s) Unit
Bed/surface slope 0 0.01, 5,10, 15, 20 deg.
Channel radius r 0.1,0.2,0.3,...,1.0 m
Domain width / 25, 50, 100, 200 m

Ice thickness h 210 m
Water pressure amplitude Ap 0.1 MPa

lateral boundary of the domain. A consistent solution is obtained
for an element size below 0.01 m although it may misrepresent
the pressure on the exact edge of the channel due to a singularity
problem (Ng, 2000). In order to correctly capture the channel
geometry and the stress concentration, assuming a material that
is continuous up to centimetre scales, an element width of 0.01 m
is applied at the surface of the channel.

3.4. Results

We present the results of the model run with the time varying
water pressure as given in Equation (5). The stress field and the
profile of the normal stress at the glacier bed were investigated as
a function of time and distance from the channel and for a large
range of parameters as listed in Table 4. Figures 6-8 show four
model results with a width of 50 and 200 m, a channel radius of
0.5 m and a bedrock/surface slope of 0.01 deg. (“flat bed”) and
5 deg. (“inclined bed”). The load cell observations show that the
anti-correlation occurred over a distance of 21 m, so results are
displayed for the first 50 m only of the modelled domains. All
models reproduce the anti-correlation pattern at the glacier bed
although the anti-correlation occurs near the lateral boundary for
aflat bed and near the channel for an inclined domain (Figure 6).

At the first time step, water pressure is equal to the ice
overburden pressure and presents the same characteristics as
shown in Figure 6 at t = 12 h when pyater = pover and in
Figure 8A. The model displays surface velocities close to 255 m
year ! and some perturbation in the stress field on the order
of 1-10 kPa near the subglacial channel. This small difference
in the stress field near the channel is caused by a singularity
problem (Ng, 2000; Lappegard, 2006), as well as a slight deviation
in water pressure from the balance pressure inside the channel
(Gagliardini et al., 2007). However, this effect is negligible and
the normal stress at the glacier bed is thus considered to be
approximately equal to the overburden pressure.

For a flat bed, the normal stress is correlated with the forcing
close to the channel (Figures 6A,B) and anti-correlated near
the lateral boundary (Figures 7A-C). Sliding dominates surface
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velocity and plug-flow of the glacier occurs. At the edge of the
channel, the normal stress returns rapidly from the correlated
water pressure to the overburden pressure of ~1.854 MPa as
shown in Figure 8B. Normal stress reaches the overburden at
a point of contraflexure Xgexyre at 12 m for the 50 m domain
(Figure 6A) and at 50 m for the 200 m domain (Figure 6B).
The position of the point of contraflexure is related to the half
domain width, [, such that xgx,re ~1/4 and is independent of the
channel size. Beyond this point, the normal stress shows an anti-
correlated response that increases in amplitude with distance.
When water pressure is at its highest at t = 6h, the normal

stress in the 50 m domain reaches its lowest value, approximately
1.85 MPa, at the lateral boundary (Figure 6A). At t = 18 h,
water pressure is at its minimum value of 1.754 MPa, and the
normal stress is at its maximum of 1.858 MPa at 50 m. The
anti-correlation also occurs in the 200 m domain but is strongly
attenuated and at a greater distance from the channel (Figure 7A)
. In both models, the response in normal stress is synchronised
with the forcing (i.e., water pressure) at any distance from the
channel as shown in Figure 7A.

To investigate the effect of the model domain on the anti-
correlated pressure variations for a flat bed, a sensitivity test was
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conducted for channel radii of 0.1-1.0 m and domain widths of
25-200 m, as shown in Table 4. Figure 9A summarises the results
for each combination by showing the maximum amplitude of the
anti-correlation in normal stress on the bed. The amplitude of the
anti-correlated pressure variations increases with channel radius
and decreases with domain width. The anti-correlation vanishes
as the domain width tends towards the ice thickness at Engabreen
of ~210 m.

Compared with the flat bed results, the anti-correlation in
pressure peaks closer to the channel for greater bed slope as
seen in Figures 6C,D, 7E,F. The peak, anti-correlated with water
pressure, rapidly returns to the overburden pressure at a distance
of 10-20 m. As a result, the flat and inclined bed produce
the opposite response at the same distance from the channel
(Figures 8B,C). The amplitude of the peak increases slightly

with slope as the amplitude of the water pressure variations Ap
does not account for lower pressure on the bed with higher
slope. It also increases for larger domain widths and, to some
extent, larger channel diameters (Figure 9B). The pattern in
anti-correlation is independent of the glacier width, however, as
shown in Figures 6C,D. The transition between the two regimes
in anti-correlation depends on the slope and appears to occur
within a few degrees of the flat bed.

4. DISCUSSION

The combination of data analysis and model results is essential
in identifying the cause(s) of anti-correlation in pressure at the
glacier bed. The model reproduces the general anti-correlation in
normal stress at the glacier bed between a pressurised channel
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FIGURE 8 | Components of the stress tensor Szz, Syy, and Szy near the channel for the timesteps (A) t = 0 h and (B,C) t = 18 h and for slopes of (A,B) 0.01
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to the channel (C), where the overburden contour lies above the bed. The figure covers only the first 7 m above and the first 5 m along the bed. The colour for the
stresses is cut-off to highlight the variations at the bed.

and the assumed isolated drainage system. The model results  stress are caused by pressurisation in channels and stress transfer,
are consistent with the load cell observations, especially the either vertically or laterally.

amplitude of the daily fluctuations and correlation shown in The model case with the flat bed or plug-flow shows lateral
Figure 4. We infer that the anti-correlated variations in normal  stress transfer. The anti-correlation depends on the proximity of
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the lateral boundary of the model domain to the channel. Indeed,
the boundary location is shown to strongly affect the amplitude
and location of the anti-correlation (Figure9). This boundary
condition appears to block the lateral flow of the ice induced by
pressurisation in the channel. This compressive regime on the
lateral boundary creates a stress bridging effect that supports the
overlying ice and reduces the load on the bed. When the pressure
in the channel becomes lower than the overburden pressure, the
bed supports a greater ice load and normal stress on the bed
increases.

The model case with an inclined bed shows that vertical stress
transfer dominates the anti-correlated pressure. An inclined bed
increases the lateral velocity gradient and the longitudinal stress,
thus increasing ice deformation and leading to a reduction
in the effective viscosity (Equation 4). High water pressure in
the channel opposes the ice pressure above it and reduces the
normal stress in the vicinity. The anti-correlation is closer to
the channel for an inclined bed than for a flat bed, occurring
over the first 10 m as opposed to at the edge of the model
domain.

The observation of the anti-correlation at the load cells
can be a result of both mechanisms. A lateral stress transfer
is possible due to the complex 3D geometries at the glacier
bed (ie., cliff and overhang near the load cell pair LC4-
LC6) and sliding dominating ice flow in the ice fall above
the load cell. Nevertheless, pure plug flow is unlikely as the
slope in the ice fall on Engabreen and longitudinal stress
favour high deformation. The ratio of summer to winter
velocity (personal communication, Thomas Schellenberger) and
local sliding observations at the bedrock indicate that sliding
represents a minimum of 53-60 % of the ice flow above the
load cells. Lateral transfer may be more important in ice-streams
where plug flow is more common, or in cold-based glaciers
where velocity gradients are low and ice is stiffer. Vertical stress

transfer is most likely the cause of the observed anti-correlated
pressure variations at Engabreen, as it occurred for a larger range
of ice deformation. The resulting short-range anti-correlation,
however, may not cover the distance between the channel at
the load cell pair LC97_1 and LC97_2 and the pair LC_6-LC_4.
It may cover longer distances if there are several connected
channels widely distributed at the glacier base. In other words,
the signal recorded at the load cells is not unique, and can
be caused by different channel configurations. At Engabreen,
smaller channels exist due to complex bedrock geometry as
observed in recently deglaciated terrains at the glacier front
(Chapter 4 in Messerli, 2015), although the hydraulic potential
forces water flow to converge near the subglacial intakes close to
the location of the load cells (Figure 4.6 in Christianson, 2011).

The amplitude of the anti-correlated pressure variations
observed at the pair LC4-LC6 (i.e., 10 kPa) is reproduced
in the model, though the same amplitude can be obtained
for several combinations of slope, channel radius and domain
width (Figure9). It is anticipated that it will also vary with
the amplitude of the forcing/water pressure applied to the
subglacial channel, the geometry of the channel, and the bedrock
topography; although these parameters were not tested in this
study. The greater the stress transfer due to these factors, the
larger the amplitude.

The model also investigates a close to steady-state condition
with a forcing of 200 kPa. In practice, the subglacial drainage
system is usually not in steady-state (Bartholomaus et al., 2008;
Schoof, 2010). More rapid pressurisation and water drainage may
explain the 100 kPa anti-correlated pressure event as measured
in the isolated drainage system on 19 July (load cell pair LC4-
LC6). Nevertheless, the steady-state channel approach enables us
to neglect complex mechanisms such as hydraulic jacking and
flooding of areas adjacent to channels, and to concentrate on the
effect of pressurisation on stress redistribution.
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One drawback of the model is that it does not account for
evolving geometry and lateral opening of the channel. This
was omitted, as the inclusion of channel growth and migration
made the model unstable because of too large deformation at
the channel edge. The stability of the hydrological system may
nevertheless be greater at the glacier bed because of the support
of the ice on small-scale bedrock roughness as discussed in
Creyts and Schoof (2009). The opening of the channel is also
assumed to be small because the applied diurnal fluctuation
in water pressure is small (Table 4) relative to the overburden
pressure.

Ice deforms as a viscous material in the model (section 3.1).
However, on short time scales from seconds to days, glaciers
are known to accommodate some part of the stresses elastically
(Sugiyama et al., 2007; Gudmundsson, 2011). The relaxation time
Ty after which the viscous component dominates the elastic
component is obtained from the Maxwell relation that gives
Tye = n/pu with 7 the effective viscosity and u = 9 x 10°
Pa the elastic modulus (Schulson and Duval, 2009, p. 59). The
effective viscosity is computed based on n = 1/ (2A1:e2) with A
the rate factor in Table 2 and for glacier ice at a stress of 7,=100
kPa. The obtained relaxation time is 38 min, and thus viscous
flow dominates ice flow over the studied hourly timescale. The
importance of the viscous response is furthermore motivated by
the observation of an exponential decrease in pressure after large
pressure events (e.g., 14 July) that indicates viscous relaxation of
the stresses at the glacier bed (Lefeuvre et al.,, 2015).

Other observations show an attenuation of the anti-correlated
response between a pressurised subglacial channel and the
isolated drainage system. Dampening by one order of magnitude
of the anti-correlated response is observed from water pressure
in boreholes in the Greenland ice sheet (Meierbachtol et al.,
2013; Andrews et al., 2014) and alpine glaciers (Gordon et al,,
1998; Schoof et al,, 2014), although the difference in amplitude
is sometimes small (Murray and Clarke, 1995; Dow et al,
2011). Capturing the spatial variation of this dampening can
help to identify the origin of the anti-correlation and whether
it is a response caused by ice dynamics or, as observed here,
by the hydrological system. If the anti-correlation was due to
ice dynamics, the dampening would occur over large scales
(kilometres) and would depend on variation of sliding and
small scale bedrock topography. Hoffman et al. (2016) developed
a conceptual model of the isolated drainage system that may
reproduce the spatial variation of the dampening according to
the constitutive equation of the isolated drainage system although
the spatial variation is not shown in their study. Observations
in Greenland also show that boreholes can remain connected
to an isolated drainage system over the entire melt season
(Andrews et al., 2014), although the advection of boreholes due
to ice flow can cause disconnection between the boreholes and
subglacial cavities. In contrast to anti-correlation in pressure
caused by expansion of cavities (indirectly) due to sliding, our
observations and modelling of the dampening due to channel
pressurisation show that anti-correlation is very local to the
subglacial pressurised drainage system.

Another result of this analysis is that the load cells are
found to mostly measure pressure in the isolated drainage

system, although data presented here from July 2003 show
that the more exposed load cell pair, LC97_1-LC97_2, also
measures pressure in hydrologically connected channels. This
interpretation of the isolated drainage system differs from that of
Lappegard et al. (2006). They suggest that the correlation of the
pressure variations at the load cells reflects pressurisation in the
hydrological system and water seeping out of subglacial channels.
This study assumes instead that pressurisation in the hydrological
system causes stress redistribution at the glacier bed. The 20-
year load cell data are therefore an archive of the response of the
isolated drainage system.

5. CONCLUSIONS

Anti-correlated subglacial pressure variations from sensors
installed at the base of Engabreen were studied using a 2-week
period of observations when the effect was particularly well-
represented. The load-cell data from two pairs of load cells
situated 20 m apart were analysed to understand the effect and
propagation of hydrological pressurisation on the glacier bed.
Based on these direct subglacial observations, we identified a
forcing-response relationship. The forcing pressure is recorded
at one pair located in a pressurised subglacial channel. The
other pair measures the pressure response in a hydrologically
isolated part of the glacier bed. We hypothesise that stress
redistribution caused by pressurisation in the channel explains
the anti-correlated pressure response.

We tested this hypothesis using a full-Stokes ice-flow model
with a simplistic geometry to investigate whether a pressurised
channel could cause the observed anti-correlation in ice pressure
normal to the bed. The model reproduces anti-correlation at
different parts of the bed and the amplitude of the anti-
correlation. The model shows that channel pressurisation causes
lateral or vertical ice flow away from the channel that transfers
stress supporting the load of the overlying ice and reduces
normal stress on the bed. Conversely, decreasing pressure in
the channel leads to an increase of the load on the bed. These
mechanisms of stress redistribution exist when water pressure
in subglacial channels either vertically supports the roof of the
channel under high strain rate (“inclined bed”) or causes lateral
ice flow obstructed by bedrock under a low strain rate (“flat
bed”). The model demonstrates the dependence of the anti-
correlated signal’s amplitude on the slope, geometry of the glacier,
and channel. The amplitude of the anti-correlation is thus site-
dependent and an indication of the level of support occurring
at the glacier base. The modelling results are significant because
they show that there are mechanisms other than cavity expansion
that can produce anti-correlated pressure.
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