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Abstract Current understanding of ice dynamics predicts that increasing availability and variability of
meltwater will have an impact on basal motion and therefore on the evolution and future behavior of the
Greenland ice sheet. We present measurements of ice deformation, subglacial water pressure, and surface
velocity that show periodic and episodic variations on several time scales (seasonal, multiday, and diurnal).
These variations, observed with GPS and sensors at diﬀerent depths throughout the ice column, are not
synchronous but show delayed responses of ice deformation with increasing depth and basal water
pressure in antiphase with surface velocity. With the help of a Full-Stokes ice ﬂow model, these observations
are explained as ice motion in a caterpillar-like fashion. Caused by patches of diﬀerent basal slipperiness,
horizontal stress transfer through the stiﬀ central part of the ice body leads to spatially varying surface
velocities and ice deformation patterns. Variation of this basal slipperiness induces characteristic patterns
of ice deformation variability that explain the observed behavior. Ice ﬂow in the ablation zone of the
Greenland ice sheet is therefore controlled by activation of basal patches by varying slipperiness in the
course of a melt season, leading to caterpillar-like ice motion superposed on the classical shear deformation.

1. Introduction
Seasonal and episodic ﬂow speed variations in the Western ablation area of the Greenland ice sheet (GrIS)
have been observed with in situ measurements [e.g., Zwally et al., 2002; van de Wal et al., 2008; Podrasky et al.,
2012; Ryser et al., 2014] and with remote sensing methods [e.g., Luckman and Murray, 2005; Joughin et al.,
2008; Palmer et al., 2011; Joughin et al., 2013; Fitzpatrick et al., 2013]. Water pressure at the base is commonly
assumed to be the main driving force regulating the coupling strength of the ice to the bed, and therefore
ﬂow speed. The mechanisms suspected to drive velocity changes are partial decoupling of ice from the bed,
cavity formation, and sediment failure [e.g., Iken et al., 1983; Iken and Bindschadler, 1986; Kamb, 1987; Clarke,
2005]. Melt and meteoric water from the surface reaches the base through moulins and eﬃcient, persistent
drainage features [Catania et al., 2008; Catania and Neumann, 2010]. The englacial and subglacial drainage
system evolves during the melt season, while episodic overpressurization drives ice motion [Schoof, 2010].
A coincidence between surface melt and accelerated ﬂow speeds has been established for the GrIS
[Shepherd et al., 2009; Bartholomew et al., 2010; Hoﬀman et al., 2011; Palmer et al., 2011]. Large subglacial
water pressure variations have been observed at several sites close to the ice sheet margin [Thomsen and
Olesen, 1991], whereas continuously high water pressure above 90% of overburden has been observed in
temperate-based inland areas of the GrIS [Lüthi et al., 2002; Meierbachtol et al., 2013], demonstrating that
eﬃcient drainage of the base is not ubiquitous, and might be limited by melt energy supply [Meierbachtol
et al., 2013].
How exactly ice deformation and basal motion interact to produce patterns of observed surface speed has
evaded observation until recently, and parametrizations based on untested assumptions have been used
instead [e.g., Shannon et al., 2012]. In Ryser et al. [2014, hereinafter R14], we inferred from borehole measurements that ice deformation is strongly reduced with respect to theoretical ice deformation proﬁles at
two drill sites 20 and 30 km from the ice sheet margin. At both sites the basal motion contributes 40–70%
to the velocity measured at the surface during winter and up to 90% during speedup events in summer.
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Interpretation of the observed ice deformation patterns with help of an ice ﬂow model revealed the importance of stress transfer from slippery to sticky bed patches with a spatial extent of several ice thicknesses.
Transfer of stress from slippery to sticky bed patches invalidates the commonly assumed hydrostatic stress
state and the assumptions on ice deformation proﬁles following therefrom. Stress transfer impacts ice
dynamics and subglacial hydrology but was so far neglected in assessments of the dynamics of the GrIS,
whereas its importance is well established for alpine-type glaciers and polar ice streams. In Alpine glaciers,
time-varying stress transfer from a central slippery area to the margins are caused by local decoupling of the
bed and lead to ﬂow acceleration and redistribution of basal stress [Willis et al., 2003; Amundson et al., 2006].
Stress transfer is also a crucial feature of the steady ﬂow of ice streams with a very weak bed, like Whillans Ice
Stream [Raymond, 1996], and for deeply entrenched troughs like Jakobshavn Isbræ [Truﬀer and Echelmeyer,
2003; Lüthi et al., 2003].
In this study the importance of temporal variability of longitudinal stress transfer on ice sheet ﬂow is investigated by analyzing observed subglacial water pressure and borehole tilt variations with unusual amplitude
and phase patterns on diurnal and longer time scales. Interpretation with help of an ice ﬂow model again
hints to longitudinal stress transfer from slippery to sticky patches with variable slipperiness. This study
extends the analysis of stationary conditions in winter presented in earlier work (R14).

2. Field Site
Two drill sites FOXX (69◦ 26.755’N/49◦ 53.107’W, 700 m above sea level (asl), 620 m ice thickness) and GULL
(69◦ 27.141’N/49◦ 43.093’W, 880 m asl, 700 m ice thickness) are located on a ﬂow line 26 km and 20 km
downstream of Swiss Camp (69◦ 33.147’N/49◦ 19.848’W, 1093 m asl) in the ablation zone of West Greenland
(Figure 1). Measured surface velocities of about 100 m a−1 are modulated by seasonal velocity variations;
winter velocities of 70 to 80 m a−1 eventually double during speedup events in summer. The dynamical inﬂuence of fast ﬂowing Jakobshavn Isbræ, located 30 km to the south, extends about 10 km [Lüthi et al., 2003],
and is therefore unlikely to aﬀect the study sites. Measured ablation rates in 2011 and 2012 were 6 m a−1
and 4.5 m a−1 at sites FOXX and GULL, respectively. At site FOXX, a thick (> 30 m) sediment layer was discovered with seismological methods [Walter et al., 2014], and sustained seismic tremor, presumably caused by a
nearby moulin, were detected [Röösli et al., 2014].

3. Instrumentation
The glacier bed was reached in seven holes at site FOXX (620 m depth) and in six holes at site GULL (700 m
depth) in summer 2011 with hot water drilling equipment [Iken et al., 1989]. The drilling speed of a hot water
jet of 80◦ C temperature and a ﬂow rate of 60 L min−1 was controlled with an electrical winch at a predetermined speed to achieve a constant borehole diameter [Humphrey and Echelmeyer, 1990]. The boreholes
were used for a wide variety of experiments. In this study we only present data from the two boreholes per
drill site which were instrumented with the digital borehole sensor system (DIBOSS; Appendix A of R14).
Each sensor system consisted of 10–15 multisensor units, connected by a special extensible cable that can
sustain 20% of strain before disruption. Each sensor unit is equipped with a digital pressure sensor, a temperature sensor, a two-axis tilt sensor, and a 3-axis magnetometer and is operated over a digital bus system.
Sensor spacing was concentrated near the bed where high deformation rates were expected. Additional
strings of thermistors were deployed in the same holes to obtain a dense temperature proﬁle (Figure 7b).
Further, each drill site was instrumented with a diﬀerential GPS system and an automatic weather station,
including sensors for radiation and ablation. The ablatometer, consisting of a pressure sensor and a tube
ﬁlled with antifreeze, was drilled several meters into the ice. The ablation data are used in this study as
a proxy for the amount of meltwater availability. At site FOXX, a nearby moulin was instrumented with a
pressure sensor.

4. Field Observations
Data from the DIBOSS borehole sensors were collected over 2 years (September 2011 to June 2013), including the end of the melt season in 2011 and a full melt season in 2012. The lowest DIBOSS sensors at site
GULL were lost in spring 2012, presumably due to cable overstretching. Surface velocity data from GPS
RYSER ET AL.

©2014. American Geophysical Union. All Rights Reserved.

2259

Journal of Geophysical Research: Earth Surface

10.1002/2013JF003067

were collected during the summer seasons 2010–2013. The weather stations
were running continuously for 2 years.

Figure 1. The study site indicated with a red box within the Greenland
coastline (inset) is illustrated with a Moderate Resolution Imaging
Spectroradiometer satellite image (NASA/Goddard Space Flight Center, June 2010). The drill sites FOXX and GULL are located along a ﬂow
line downstream of Swiss Camp. The panel at the top shows bed and
surface topography proﬁles along the ﬂow line at ﬁvefold vertical exaggeration, and the dashed line indicates sea level (data from DTU Space
[2005] and Gogineni [2012]).

4.1. Water Pressure
Water pressure was recorded by the lowest DIBOSS borehole sensors located
within the temperate ice close to the
glacier bed. Figure 2 shows a clear
change from a hydraulic summer regime
with diurnal pressure oscillations to winter conditions with episodic variations
for both drill sites FOXX and GULL. In
summer, diurnal pressure variations are
superimposed on irregular long-term
variations, whereas under winter conditions the diurnal signal is missing. At
both sites, the long-term water pressure variations in neighboring boreholes
(30 m apart) seem uncorrelated, while
short-term variations (hours to several
days) occur simultaneously.

Despite these similarities, hydraulic conditions are fundamentally diﬀerent between sites FOXX and GULL.
Water pressure at FOXX was consistently higher than overburden pressure in one borehole and temporarily
dropped by one to three bars at the end of the melt season in the other. At site GULL water pressure rapidly
dropped below overburden where it remained with minor variations. These diﬀerences were also observed
during drilling. Most boreholes at FOXX remained water ﬁlled after reaching the base, and the three holes
which drained did so only after several hours upon completion of drilling. In contrast, all boreholes at GULL
drained instantaneously when the drill reached depths of a few meters above the bed.
Observed borehole water pressure variations are almost antiphase with the diurnal surface velocity variations at both FOXX and GULL, with a slight lag of 3 h (Figures 3 and 4), while water pressure in a nearby

Figure 2. Water pressure pw in neighboring boreholes at sites FOXX and GULL. Ice overburden pressure is indicated with
dashed horizontal lines. (a–c) Zoom ins for the melt seasons. Orange vertical bars indicate the beginning and end of the
melt season, identiﬁed by regular diurnal water pressure variations.
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Figure 3. Measurements from site FOXX in 2011. (a and d) Surface velocity us and (b and e) detrended borehole tilt Θ
from sensors of strings s1 and s2 in two adjacent boreholes. Depth below surface is indicated in the legend; (c and f )
detrended water pressure pw . Figures 3a–3c show the longer-term (∼10 days) variations, and Figures 3d–3f zooms
to the diurnal variations. Regular diurnal tilt variations (Figure 3b) cease with the end of diurnal water pressure variations
(22 August, Figure 3c).

moulin at FOXX is in phase with surface velocity. A detailed analysis of the process is presented in Andrews
et al. [2014].
4.2. Tilt Variations
In R14 borehole tilt sensor measurements during winter were used to calculate ice deformation rates and
basal motion velocities and to determine ice rheological parameters. In the following analysis, excursions
of tilt sensor readings from their long-term trend during the melt season are investigated. To obtain the
short-term tilt sensor signal, the slowly varying background tilt evolution was subtracted as a 6 day running
mean (Appendix A for methods). Sensor readings were only used after freeze-in when mechanical coupling
to the ice is expected.
Figures 3 and 4 show time series of surface velocity, tilt variations, and basal water pressure at sites FOXX
and GULL during the melt season. Tilt variations are due to ice deformation and show a diurnal and multiday
(10 day) signal that is similar to the measured subglacial water pressure. An important aspect of these time
series are the increasingly delayed tilt variations toward the base, and the delays between tilt variations and

Figure 4. Surface velocity us and detrended time series of tilt Θ and subglacial water pressure pw from site GULL in 2011.
See Figure 3 for explanations.
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Figure 5. (a) Power spectrum of the tilt variations from string s1 at FOXX with peaks at frequencies ∼0.1 and at 1 per day.
(b) Cross correlation of the long-term tilt variations of each sensor compared to the black sensor (362 m depth) which
reacts ﬁrst. (c) Cross correlation of the diurnal tilt variations of each sensor in string 1 with the diurnal tilt variations of
the black sensor.

water pressure (Figures 3b, 3e, 4b, and 4e). It is noteworthy that sensors closer to the surface react earlier
than those in vicinity of the bed. Figure 5 displays cross correlations of detrended time series at FOXX to a
sensor in the center of the ice body. The 10 day tilt variations (Figure 5b) lag by up to 2 days, and diurnal
variations (Figure 5c) by up to 10 h. Corresponding tilt sensor delays at GULL are less pronounced (Figure 4).
Similar results were found in the 2012 melt season, but due to partial GPS and sensor malfunction, only data
from the 2011 melt season are displayed.
Figure 5a shows the frequency spectrum of the detrended tilt sensor data from string s1 at FOXX, obtained
with the fast Fourier transform. Peaks at 1 and 0.1 day−1 correspond to the diurnal and 10 day variations
which are also clearly visible in the record (Figure 3). Only the lowermost sensor, 30 m above the bed,
exhibits diﬀerent frequencies.
The observed phase shifts in tilt variations and the out-of-phase behavior of subglacial water pressure and
surface velocities hint to a nonlocal cause. Possible reasons are presented below and are the motivation for
the setup of ice ﬂow model experiments.

5. Ice Flow Model
5.1. Modeling Strategy
It is likely that basal slipperiness changes in the ablation area of the GrIS are due to external forcing from
water during the melt season. The eﬀect of varying water supply rates, water pressure, and the reaction of
RYSER ET AL.
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Figure 6. Conceptual model of spatially variable changes in basal conditions from winter to summer regime.
(left) Sticky-active: The passive patch A in this example is slippery throughout the year. Patch B is sticky in winter and
active in summer, when it switches episodically between sticky and slippery conditions due to meltwater forcing.
(right) Slippery-active: Patch A switches to active in summer, while patch B remains at a constant slipperiness throughout
the year.

the subglacial drainage system and sediments to such forcing are only partially understood and diﬃcult to
predict [Clarke, 2005]. For the purpose of this study it is useful to restrict ourselves to the phenomenology,
i.e., changes in basal slipperiness, without reference to possible causes.
The picture adopted here discerns between the traits “slipperiness” and “activity” of bed patches. The trait
slipperiness characterizes the stress coupling of ice to the glacier bed and assumes states between “sticky”
and “slippery” with a meaning similar as used for fast ice ﬂow in Antarctica [e.g., Alley, 1993]. Quantitatively
the slipperiness C can be described as ratio between velocity ub at the bottom boundary of the ice and basal
shear stress 𝜏b [e.g., Gudmundsson and Raymond, 2008]
ub = C𝜏b .

(1)

The trait activity describes whether the slipperiness of a patch is changing in an “active” manner through
local external forcing, or remains “passive,” i.e., constant. An active patch is therefore described by a
time-varying C(t), while C(t) = Cp in a passive patch. Notice that only C is held constant in a passive patch
while stress 𝜏b is allowed to vary.
Figure 6 illustrates two possible scenarios of the transition from winter to summer conditions, assuming a
patchy bed that consists of sticky and slippery patches (as found in R14). Such slipperiness changes in parts
of the bed will be crucial to explain observed ice deformation patterns of the GrIS and are the scenarios
used in the following modeling study. Under winter conditions both patches are passive (i.e., constant) with
patch A slippery and patch B sticky. Under summer conditions either of the patches may become active
and therefore undergo slipperiness changes driven by external forcing. In the sticky-active scenario, patch B
changes between sticky and slippery under external forcing, while patch A remains in its slippery state. The
converse applies for the slippery-active scenario: Patch A changes its slipperiness, while patch B remains in
its sticky state.
5.2. Flow Model Implementation
A two-dimensional ﬂow line model, described in R14, was used to explore how variations in basal slipperiness aﬀect ice deformation. The ﬂow model solves the Stokes ﬂow equations with power law rheology
(Glen’s ﬂow law with power n = 3) with the ﬁnite element (FE) method. A free-surface ﬂow with vertical
adjustment of surface nodes, and honoring periodic boundary conditions, was implemented in the Libmesh
FE library [Kirk et al., 2006]. The temperature-dependent rate factor A was prescribed per element according
to the measured ice temperature (Figure 7b), using the values recommended by Cuﬀey and Paterson [2010]
which accurately describe ice deformation at sites FOXX and GULL (R14).
The initial model geometry consisted of an inclined block with ﬂat bed topography. While simple, the model
experiments in R14 showed that such a geometry is suﬃcient to reproduce the measured deformation
proﬁles and the high amount of sliding at site FOXX, if patches of sticky and slippery bed conditions were
prescribed. To reproduce ice deformation at site GULL an overdeepened bed topography was necessary.
The domain of 5000 m length and 615 m thickness was meshed with 150 × 30 QUAD9 elements. Periodic boundary conditions were enforced on the velocity variables at the vertical boundaries, and Dirichlet
RYSER ET AL.
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Figure 7. (a) Model domain with periodic boundary conditions (left and right vertical margins are identical). Flow direction is from left to right. Model results and synthetic tilt curves are extracted at positions P1 and P4 in the passive patch,
and at positions P2 and P3 within the active patch. (b) Temperature proﬁle measured at site FOXX: black dots indicate thermistor measurements, and green/red triangles indicate the depths of DIBOSS sensors on strings s1 and s2,
measuring tilt, temperature, and pressure.

boundary conditions with zero velocity at the bottom and zero pressure at the top were imposed. To model
basal slipperiness, a two-element layer of constant viscosity (Newtonian ﬂow) was added at the base with
a thickness of hs = 10 m. Viscosity of this layer was set to spatially varying values, representing slippery or
sticky areas.
To simulate variable bed conditions during summer, the viscosity of the basal layer was varied in the active
patch sketched in Figure 7a. Corresponding to equation (1) the layer viscosity is determined by 𝜂 = hs ∕C .
With numerical experiments, inspired by the observed diurnal and 10 day oscillations, a forcing function
was found that reproduces at once the measured surface velocities and the amplitudes of ice deformation
variations. Good agreement is obtained if the slipperiness in the active patch is varied according to
(

(
C(t) = C0

1 + a1 cos

)
(
))3
2𝜋
2𝜋
t + a2 cos
t
T1
T2

(2)

with slipperiness C0 = 145 m a−1 MPa−1 , amplitudes a1 = 0.62 and a2 = 0.2, and forcing periods T1 = 1 d
and T2 = 10 d correspond to observations. The slipperiness of the passive patch Cp is set to values similar to
those used in R14 to represent winter ﬂow conditions.

6. Model Results
We performed two experiments with the ice ﬂow model to investigate the dynamic reaction of the ice body
to variable basal slipperiness. These model experiments are referred to as sticky-active and slippery-active
and are illustrated in Figure 6. Both experiments were initialized with an ice thickness that evolved until the
surface geometry reached a steady state which depends on the initial slipperiness of the basal patches. After
this spin-up either the sticky or the slippery patch was forced with a variable slipperiness given by equation
(2). The model time step, controlling the vertical surface change per time step, was set to 1 h (after spin-up).
Velocities and stresses were extracted at four positions P1 –P4 (Figure 7) from the model results at the
depths of the DIBOSS sensors of site FOXX using the FE interpolation functions (biquadratic polynomials).
Synthetic tilt curves were calculated from the model velocity ﬁelds (Appendix B) at depths corresponding
to our sensor depths. These sets of tilt curves from the same horizontal position are further referred to as
virtual boreholes.
Sticky-Active Experiment. Results for the sticky-active model experiment (Figure 6a) are shown in Figure 8.
Slipperiness of the passive slippery patch is constant Cp = 666 m a−1 MPa−1 (𝜂 = 0.015 MPa a), while slipperiness in the active sticky patch is periodically varied according to equation (2). Resulting surface velocity
variations at positions P1 –P4 are twofold to 2.5-fold. Basal normal stress 𝜎n varies at the positions close to
the transition between slippery and sticky and is correlated with surface speed at P3 and anticorrelated at
P1 . Tilt variations of all sensors are synchronous in the virtual boreholes P2 and P4 , while the top ones in P3
are antiphase to the bottom sensors.
Only tilt variations in virtual borehole P1 (Figure 8a) at the downstream end of the slippery patch show variations of similar oscillation amplitudes and characteristic features as those observed at site FOXX (Figure 3):
RYSER ET AL.
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Figure 8. (a–d) Model experiment sticky-active: Examples of modeled short-term (diurnal) and longer-term tilt variations
in virtual boreholes at positions P1 –P4 (Figure 7). Slipperiness variations are prescribed in the sticky patch, while slipperiness is constant in the passive slippery patch. Surface velocities are shown in the uppermost panels. In the lowermost
panels, variations of basal normal stress 𝜎n are shown. The dashed black line indicates the ice overburden pressure.

P1 shows the earliest response of a tilt sensor in the center of the ice column (black in Figures 3–5, 8,
and 9) and delayed or antiphase response of the tilt sensors above and below. The lowest sensor (orange in
Figures 3–5, 8, and 9) exhibits a doubling of frequency with respect to the forcing and the response of other
sensors. Furthermore, the mean of normal stress at position P1 is always above overburden pressure and in
antiphase with respect to surface velocity (Figure 2a).
Slippery-Active Experiment. Results for the slippery-active model experiment (Figure 6b) are shown in
Figure 9. Slipperiness of the passive sticky patch is constant Cp = 3.3 m a−1 MPa−1 (𝜂 = 3 MPa a), while
slipperiness in the active slippery patch is periodically varied according to equation (2).
Again, position P1 exhibits basal normal stress variations that are in antiphase with the forcing and
surface velocity. Tilt variations are synchronous at all depths throughout the model domain, but the
characteristic features (surface speed variability and sensor phase delays) observed at FOXX cannot be
reproduced. Moreover, magnitudes of surface velocity and tilt variations cannot be reproduced simultaneously with any choice of the passive patch slipperiness, or by changing the amplitudes of active patch
slipperiness variations.

Figure 9. Model experiment slippery-active: Example of modeled short-term (diurnal) and longer-term tilt variations in
virtual boreholes at positions P1 –P4 . Slipperiness variations are prescribed in the slippery-active patch, while slipperiness
is constant in the passive sticky patch. Meaning of lines as in Figure 8.
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7. Discussion
The subglacial environment of the GrIS exhibits a patchy nature. Bed undulations with a typical length scale
of 5 km and 200 m amplitude are encountered in the marginal ice-free zone in vicinity of our study site, and
likely extend under the ice sheet, as can be concluded from ice radar and surface topography data [Bamber
et al., 2013]. The sediment cover in the recently deglaciated terrain is highly variable in thickness and composition, with sediment-ﬁlled troughs and bare rock outcrops on hill crests. Geometry and morphology
of the bed would lead to a patchy pattern of surface velocities which was indeed observed [Joughin et al.,
2013; Fitzpatrick et al., 2013]. This patchiness was explained with surface and bed slopes that determine the
pathways of water ﬂow, causing regions of limited drainage and enhanced water storage. Patches with different basal conditions behave diﬀerently depending on water saturation, pressurization and dynamical
state of the sediment cover, the water drainage system pattern, and the external forcing due to water supply
variability [Schoof, 2010].
The manner by which local slipperiness changes at the bed aﬀect ice ﬂow on a larger scale through horizontal stress transfer is not well understood. Our model experiments investigate the inﬂuence of spatially
inhomogeneous slipperiness at the bed with time-dependent forcing within an active patch while the rest
of the bed reacts in a passive manner. By varying the slipperiness in either the sticky or the slippery patch,
characteristic patterns of variability of surface speed, horizontal stress, ice deformation, and basal normal
stress emerge. Depending on the position of the virtual drill site, where data are sampled in a vertical proﬁle,
these reactions show a wide variety of amplitudes and phases.
Figure 10 illustrates how velocity, longitudinal strain rate, and horizontal deviatoric stress vary between
slow ﬂow conditions and maximum speedup. The variations illustrated here are induced by slipperiness
changes in the active patch when C(t) attains its minimum and maximum values (equation (2)), the latter
exceeding Cp of the passive patch. The whole model domain accelerates to double speed, while extend
sional and compressional deviatoric stresses of the order 𝜎xx
= ±0.1 MPa develop over the transition zones
between slippery and sticky bed conditions, especially in the central cold core of the ice body. The transmission of basal shear stress from the sticky to the slippery patch explains the order-of-magnitude diﬀerence of
response at the virtual borehole positions shown in Figure 8.
The extensive and compressive motion patterns with strain rates up to 𝜀̇ xx ∼ ±0.06 a−1 are reminiscent of
the motion of a caterpillar. These spatially inhomogeneous, and temporally varying stresses and strains of
the caterpillar-like motion cause phase shifts in modeled tilt variations and basal pressure. The model results
(Figure 8) show that an active sticky patch controls ice motion of the whole domain and leads to factor 2
(or higher) speedup by variable slipperiness. Active slippery patches (Figure 9) exert less inﬂuence on the
whole domain and lead to diﬀerent characteristic patterns of surface velocity, ice deformation, and basal
pressure variations.
Patterns of tilt variations and basal pressure similar to those observed at site FOXX can be reproduced with
model runs with an active sticky patch, and with a virtual borehole position at the lower end of the passive slippery patch (position P1 in Figure 7). Increasingly delayed borehole tilt variability from the center of
the ice to the bottom and antiphase basal normal stress (corresponding to water pressure) are the hallmark
features of this setup (Figure 8). Basal normal stress is higher than overburden pressure and is in antiphase
with the forcing and with surface velocity. On an undrained bed, subglacial water pressure is likely equal to
normal stress at the base. These characteristic features of the model results agree qualitatively and quantitatively with most of the sensor readings shown in Figure 3. Given this agreement, unique to the position
P1 of the virtual borehole, we conclude that the observed characteristic phase shifts of sensor tilt angles at
site FOXX are due to spatially varying ice deformation patterns. Measurements from site GULL cannot be
explained with this simple model setup. Likely basal topography, such as the overdeepening suggested in
R14, and 3-D eﬀects play a signiﬁcant role there.
While the model results explain the measured variability of velocity, tilt, and water pressure at FOXX as
being caused by stress transfer during localized slipperiness variations, no assumptions about the causes
of the forcing were made. The obvious driver for diurnal and multiday slipperiness variability is water pressure within a system of pathways at the glacier base or within basal sediments. The water pressure varies
according to the state and evolution of the subglacial hydraulic system which is driven by water supply from
RYSER ET AL.
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d at minimum
Figure 10. Model experiment sticky-active: examples of modeled surface velocity us , longitudinal strain rate 𝜀̇ xx and longitudinal deviatoric stress 𝜎xx
and maximum slipperiness of the active patch. (left column) C(ta )= 1.75 m a−1 MPa−1 and (right column) C(tb )= 875 m a−1 MPa−1 . Slipperiness of the passive
patch is constant at Cp = 666 m a−1 MPa−1 . Note diﬀerent scales of color coding. Flow direction is from left to right, and dimensions are the same as in Figure 7.

the surface through moulins and englacial pathways and is drained by an evolving system of subglacial
drainage channels.
Observed subglacial hydraulic conditions at site FOXX are characterized by the absence of eﬃcient water
pathways and a very low hydraulic transmissivity of the substrate, likely a sediment layer of considerable
thickness. Upon reaching the bed with the hot water jet, the load on the drill hose decreased slowly and
without any water pressure pulses in the drill hose which would be encountered on bedrock. Lifting and
lowering the hose yielded increasing hole depths, presumably due to suspension of the ﬁnest sediment
fractions. The existence of the so inferred sediment layer was conﬁrmed by seismological analysis [Walter
et al., 2014]. None of the seven boreholes at FOXX drained immediately, and only two drained about 8 h after
completion of drilling. Pumping tests opened an eﬃcient drainage pathway in one of the holes which closed
after several hours due to freezing. Basal water pressure remained above ice overburden pressure throughout the ﬁrst year but dropped below overburden in one borehole during the ﬁrst winter and to the end of
the second melt season. The latter borehole is located further downstream and thus might have moved
into a drained area. Hydraulic conditions are diﬀerent at site GULL where the boreholes drained rapidly and
water pressure reached overburden only occasionally (Figure 2).
At both sites FOXX and GULL the water pressure variations diﬀer between boreholes while showing synchronous short-term variations. Diurnal variations of basal water pressure are out of phase with surface
ablation and ﬂow speed, whereas the moulin water level (only measured at FOXX) is in phase with surface
speed (Figures 3 and 4).
The conditions encountered at FOXX are likely not constrained to this one site but might be typical for
undrained, sediment-ﬁlled depressions. Similar observations are reported for boreholes on Trapridge Glacier
(Canada) which were classiﬁed as connected, unconnected, and sometimes connected to the subglacial system [Murray and Clarke, 1995]. The boreholes in the unconnected part showed pressures above overburden
and anticorrelation to surface velocities.
To understand the causal links between processes, time series of relevant quantities observed at site FOXX
are displayed in Figure 11. Measured ablation as proxy for meltwater supply serves as reference. Vertical
surface displacement from GPS and horizontal surface velocity, borehole tilt, and subglacial pressure are
ordered according to their delay in response to the meltwater signal. One possible interpretation of this
sequence of curves is as follows: Increasing ablation creates more meltwater that reaches the bed through a
downstream moulin and induces high basal pressure in the active patch. This leads to increased basal
RYSER ET AL.
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Figure 11. Site FOXX: Detrended time series of ablation
(magenta), vertical surface position (from GPS, orange), borehole
tilt (black), surface velocity (cyan), and basal water pressure (blue).
Note that vertical surface position and basal water pressure are
inverted to ease comparison. The time series are sorted by their
lag with respect to ablation and are scaled to ease comparison.
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motion and mass ﬂux in the active patch,
causing longitudinal extension (positive strain
rates) in the passive patch around position
P1 (Figure 10). Through incompressibility the
ice surface is lowering at the drill site GPS station. Throughout the ice column, borehole
tilt is increasing due to longitudinal extension and vertical compression, starting ﬁrst in
the cold center of the ice column where the
ice is stiﬀ (see also Figure 5b). Once the deformation reaches the bed, increasing surface
velocities and decreasing water pressure are
observed. Interestingly, variability amplitudes
of surface velocity and water pressure seem
to be related in observations (Figure 11) and
in the model results. This observed and modeled motion with extension and compression
is reminiscent of the motion of a caterpillar.

The sketch in Figure 12 illustrates qualitatively how basal dynamic and hydraulic conditions may be linked
in the GrIS ablation zone. From the results discussed above, and the conclusions from R14, site FOXX is
likely located in a patch with undrained, slippery, passive bed conditions, and upstream of an active sticky
patch. Drill site GULL is less clearly characterized, presumably due to the importance of local bed topography (overdeepening) which was inferred in R14 to play an important role for the observed ice deformation.
The observations presented above indicate slippery and drained conditions, but delayed reaction to surface
melt input hints to a passive patch. Comparison of measured tilt variations with the model results would
favor position P1 , but measured subglacial water pressure (below overburden and out of phase with surface velocity) does not match modeled normal stress at any position. Pressure below overburden would
agree with P4 , but normal stress is in phase with surface velocity there. Presumably, basal topography or 3-D
eﬀects play an important role at site GULL.
While our ﬂow line model experiments give a reasonable explanation of the dominant processes, the situation is considerably more complex in nature. The 3-D ﬂow patterns due to basal topography and the related
patchiness of basal conditions, their variability, and their changing susceptibility over the course of a melt
season lead to a very complex spatiotemporal pattern of ice deformation, stress transfer, and basal motion.
Such stress transfer during the melt season has been observed on glaciers with thick sediment beds such as
Trapridge Glacier [Kavanaugh and Clarke, 2001] and Black Rapids Glacier [Truﬀer et al., 2001; Amundson et al.,
2006]. The importance of horizontal stress transfer for the ﬂow on the Swiss Camp ﬂow line, although on a
longer horizontal scale, was pointed out by Price et al. [2008].
Another important aspect is the memory eﬀect of surface topography changes, caused by the variable mass
transport leading to spatially and temporally changing horizontal mass ﬂux divergence. Surface velocity, ice
deformation, and basal motion are the result of a transient process that likely eludes any simplistic description with a local parametrization of basal motion. Nevertheless, our model experiments show the relative
importance of the involved processes and highlight the eﬀect of horizontal stress transfer over 5 to 10 ice
thicknesses between patches of diﬀerent basal coupling strength.

Figure 12. Sketch of hypothetical bed characteristics (black), activity (red), and hydraulic basal conditions (blue) for the
situation observed at our drill sites.
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8. Conclusions
The comprehensive set of measurements presented in this study, and their interpretation with a transient
ice ﬂow model, illustrate how slipperiness changes in an active patch control ice ﬂow of the whole domain,
and inﬂuence ﬂow and stress conditions of a passive patch in a distance of ﬁve ice thicknesses. Figure 10
illustrates that no local treatment of ice ﬂow can account for the relevant processes and that horizontal
stress transfer between sticky and slippery patches, and the integrated response to variable conditions
under external forcing, are mandatory to understand ice ﬂow in the GrIS ablation area. These conclusions
support the model results of Price et al. [2008] who demonstrated the possible importance of horizontal
stress transfer to explain surface velocity variations in largely unconnected areas, albeit over larger length
and time scales.
Horizontal stress transfer is enhanced through the polythermal structure of the ice with a cold, central core
acting as a stiﬀ beam. Ice velocity variations in areas distant by several ice thicknesses can therefore induce
important velocity variations in areas of slippery bed conditions. Such conditions might be widespread
in sediment-ﬁlled depressions of the ice sheet bed, such as our drill sites, and which are frequent in the
recently deglaciated terrain at the ice sheet margins.
Phase shifts of ice deformation through stress transfer, and consequent surface elevation changes due to
variable ice ﬂux, lead to a ﬂow pattern that resembles the contracting and extending motion of a caterpillar. Such small-scale variability of bed conditions, and their diﬀerential activation patterns, are important
aspects of ice motion of the GrIS that have been largely ignored until present. Ice ﬂow models based on a
simpliﬁed set of equations which are often used for eﬃciency purposes are only partly capable of simulating
these important aspects of ice ﬂow.
Internal and basal dynamical processes are considerably more complex than would be inferred from measurements of surface displacement and basal water pressure alone. The presented data from two drill sites
on the GrIS show similar patterns of surface velocity and water pressure variability, while internal ice deformation is considerably diﬀerent. These observations, together with their model interpretation, elucidate the
importance of in situ measurements of as many components of deformation and stress as possible.

Appendix A: Determination of Tilt and Tilt Variations in Flow Direction
Tilt sensor data were analyzed with the method used in R14 which relies on the simplifying assumption of
planar ﬂow in a vertical plane (plane strain) to obtain tilt changes along and across ﬂow direction. The time
evolution of the zenith angle is determined by neglecting the transverse velocity component and with the
assumption of zero vertical extension (Lzz = 0, L being the velocity gradient), such that tilt angle variations
are solely due to vertical shearing Lxz . The lower end of the tilt sensor is considered to be attached at horizontal coordinate (0, 0, z); the upper end deﬁnes a line intersecting a map plane F(x, y, z) = z + 1. The
trace of this line on the map plane is rotated into ﬂow direction which was determined from surface velocity
measurements by GPS. Tilt change rates (arctan(Lxz )) along and across the ﬂow line are thus directly determined. A 6 day moving average was then applied on the time evolution of tilt and subtracted from that tilt
evolution to emphasize the short-term variations.

Appendix B: Synthetic Tilt Curves
The modeled velocity ﬁeld of each time step was used to calculate synthetic tilt curves at depths corresponding to sensor depths. Assuming an initial vertical position of the sensor, unit vectors from the sensor
center are vertical ez , in ﬂow direction ex , and normal to ﬂow direction ey . For each time step with a given
velocity ﬁeld, the new position of the vector tips is calculated. After each deformation step, the vectors e′ x ,
e′ y , and e′ z are again normalized to unit vectors. Then e′ x is projected on the plane of which e′ z is the face
normal and any extra angle between e′ x and e′ y was split equally between the two vectors. So after each
time step we restart with a tilted but not deformed coordinate system with unit normal vectors ez , ey , and
ex that have the origin in the sensor center. The synthetic tilt curves were then detrended like the measured
tilt curves to compare modeled tilt variations with measurements.
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