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Seasonal acceleration of the Greenland Ice Sheet is influenced by the
dynamic response of the subglacial hydrologic system to variability
in meltwater delivery to the bed"? via crevasses and moulins (vertical
conduits connecting supraglacial water to the bed of the ice sheet).
As the melt season progresses, the subglacial hydrologic system drains
supraglacial meltwater more efficiently', decreasing basal water pressure*
and moderating the ice velocity response to surface melting">. However,
limited direct observations of subglacial water pressure*” mean that
the spatiotemporal evolution of the subglacial hydrologic system remains
poorly understood. Here we show that ice velocity is well correlated
with moulin hydraulic head but is out of phase with that of nearby
(0.3-2 kilometres away) boreholes, indicating that moulins connect
to an efficient, channelized component of the subglacial hydrologic
system, which exerts the primary control on diurnal and multi-day
changes in ice velocity. Our simultaneous measurements of moulin
and borehole hydraulic head and ice velocity in the Paakitsoq region
of western Greenland show that decreasing trends in ice velocity dur-
ing the latter part of the melt season cannot be explained by changes in
the ability of moulin-connected channels to convey supraglacial melt.
Instead, these observations suggest that decreasing late-season ice
velocity may be caused by changes in connectivity in unchannelized
regions of the subglacial hydrologic system. Understanding this spa-
tiotemporal variability in subglacial pressures is increasingly important
because melt-season dynamics affect ice velocity beyond the conclu-
sion of the melt season®°.

In the ablation zone of the Greenland Ice Sheet (GIS), moulins deliver
surface melt to the base of the ice sheet!!, where fluctuations in meltwater
supply modulate ice motion™'>". The relationship between surface melt-
ing and ice velocity is thought to reflect the structure and evolution of the
subglacial hydrologic system">'>"*. Ice acceleration occurs when melt-
water input exceeds the hydraulic capacity of the subglacial system, caus-
ing englacial and subglacial water storage and resulting in the widespread
reduction in basal friction'>** Subglacial water pressure and ice velocity
of the GIS are thought to remain elevated until a channelized drainage
system develops, decreasing subglacial water pressure and ice velocity by
efficiently routeing surface meltwater to the glacier terminus via moulins"**.
Short-term increases in ice velocity can persist following channelization
owing to temporary imbalances between the capacity of this efficient drain-
age system and the magnitude of surface water input'*"* from melt'?
and precipitation events' or supraglacial lake drainage'>*°. In this para-
digm, channelized systems have been considered the key component
governing ice-velocity sensitivity to supraglacial water input. Accord-
ingly, moulin hydraulic head and ice velocity should both decrease sea-
sonally as drainage efficiency increases.

Despite observations of decreasing minimum velocities during much
of the melt season™>'*", the role of channelization beneath some regions
of the GIS may be limited by shallow surface slopes and limited basal
conduit meltback®. An extensive body of research on alpine glaciers

highlights the central role of channelization in subglacial drainage
evolution'*'7"*?, but also documents significant complexity in the un-
channelized regions of the bed'”~*. Borehole observations reveal that
some portions of the unchannelized region transmit meltwater that
is sourced from channels'”'®, whereas other unchannelized regions of
the bed are hydraulically isolated and receive little to no direct water
input'’**? Basal pressure in these isolated regions responds to changes
in the active drainage regions through transfer of mechanical support*'7-*
or as cavity volumes®' or pore volumes in subglacial sediment fluctuate
in response to ice motion. While changing connectivity between active
and isolated components of the subglacial drainage system has been directly
observed'”*, it is not believed to drive seasonal trends in ice velocity on
alpine glaciers owing to the dominant control of subglacial channels'”'**".

Here we use borehole hydraulic heads to explore the response of the
unchannelized region of the bed to channelized regions. Few direct mea-
surements of water pressure have been made in channelized regions of
the GIS bed*®, owing to the limited number of borehole studies®” and
their inherently limited spatial extent. Consequently, we also measure
water level in three different moulins to constrain hydraulic head in
active regions of the subglacial hydrologic system. These borehole and
moulin hydraulic heads are coupled with coincident measurements of
surface ice velocity, bed separation, and air temperature to characterize
relationships between ice dynamics and the subglacial hydrologic sys-
tem during the 2011 and 2012 melt seasons.

At our primary field site in the ablation zone of Sermeq Avannarleq
in western Greenland (Fig. 1;69° 27" N, 49° 53’ W; Extended Data Table 1),
we drilled seven boreholes to the bed using a hot water drill and instru-
mented three of these with pressure transducers in 2011 (ref. 7) (Methods).
The ice thickness in our instrumented boreholes was between 614 m and
624 m, and each borehole either drained slowly or did not drain before
closure. The combination of gradual drainage following drilling and results
from pump tests suggest borehole connection to unchannelized regions of
the bed'”'*** (Methods). During 2011, we instrumented the FOXX mou-
lin, about 0.3 km southwest of the boreholes, with a pressure transducer.
In 2012, we instrumented moulins 3 and 4 with pressure transducers,
1.6 km and 1.9 km from the boreholes, respectively (Methods). Because
moulin instrumentation could not proceed until the snowline had retreated
past the field sites, these moulin measurements capture relationships
between subglacial hydrology and ice motion after channelization is
inferred to have begun®*. We derive ice velocity and bed separation from
Global Positioning System (GPS) installations at several locations (Methods;
Extended Data Fig. 2). We use meteorological observations from a weather
station co-located with the FOXX GPS to determine periods of increasing
surface melt (Methods).

The magnitude and phase of moulin and borehole measurements
differ substantially in their relationship to ice velocity (Fig. 2; Extended
Data Fig. 1), suggesting that each monitored a different component of
the subglacial system. Moulin hydraulic heads were highly variable, with
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Figure 1 | Study area in the ablation zone of the western Greenland Ice
Sheet. a, Landsat-7 image of Sermeq Avannarleq. Ice-surface contours (marked
in metres; brown) are derived from the Greenland Ice Mapping Project (GIMP)
surface DEM”. Site symbols are indicated in the key. The black box
indicates the area in b. A 2012 Center for Remote Sensing of Ice Sheets (CReSIS)
flight line®® (green) provides the cross-section in c. b, 2009 Worldview-2 image
of the study area with site locations indicated. ¢, Bed and surface elevations
from radar depth sounding™. Moulin 3 (navy), FOXX (black) and 25N1 (grey)
are projected onto the flight line. Moulin 4 projects onto the FOXX location.

a mean diurnal fluctuation of approximately 95 = 47 m (about 17% of
overburden) during 2012 and minimum values (about 70% of over-
burden) well below the ice surface. In addition, hydraulic heads in
moulins 3 and 4 are synchronous, despite being located in different
supraglacial drainage basins and 1.5 km apart (Extended Data Table 2).
This similarity in hydraulic heads suggests pressure equalization within
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an efficient system® that connects these moulins at the bed**. Further,
numerical analysis supports the existence of subglacial channels in our
study area (Methods; Extended Data Fig. 3). During periods of steady
supraglacial input channel development via meltback may be limited;
however, observed melt-event perturbations temporarily increase chan-
nel volume, allowing greater transmission of water. From these observa-
tions, we infer that moulin hydraulic head reflects subglacial water pressure
within a moulin-connected channel system™®'”'®, which appears to increase
in efficiency only over short timescales.

In contrast, our boreholes display high mean hydraulic head (close
to or above overburden) and low-amplitude diurnal variability (less than
25 m or <5% of overburden). Borehole hydraulic heads are anti-correlated
with ice velocity (Fig. 3a, b; Extended Data Table 2). These systematic
differences between moulins and boreholes further suggest that moulins
connect to a channelized component of the drainage system, while bore-
holes monitor an isolated region of the bed unconnected to the chan-
nelized system'”'$*"** (Methods).

Strong correlations between diurnal peaks in moulin hydraulic heads
and ice velocity suggest that pressure variability in the channelized drain-
age system reduces basal friction in an adjacent active but unchannelized
component of the hydraulic system and drives diurnal ice acceleration,
as observed in alpine glaciers'*. However, on longer timescales the rela-
tionship between moulin hydraulic head and ice velocity is characterized
by hysteresis. In both 2011 and 2012, ice velocity decreases as the melt
season progresses, despite relatively constant moulin hydraulic heads
(Fig. 3¢c; Extended Data Fig. 4). Further, neither the minimum nor max-
imum daily moulin head decreases over the observation period, as would
be expected with increasing efficiency, suggesting that pressure decreases
in the efficient, channelized system do not control decreases in ice velo-
city during the latter portion of the melt season (Fig. 3d). Therefore, while
variability in moulin head appears to drive diurnal and multi-day velocity
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Figure 2 | Borehole and moulin hydraulic head and ice-surface velocity
during 2011 and 2012. a, 2011 hydraulic head measurements from the FOXX
moulin (blue), borehole 4 (red), borehole 6 (pink) and borehole 7 (dark red).
b, 2012 data from moulin 3 (navy) and moulin 4 (light blue). Borehole
colours are as in 2011 (a). ¢, 2011 GPS-derived ice velocity (black) and bed
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separation (green) for FOXX. d, 2012 GPS-derived ice velocity for FOXX and
25N1 (grey) and bed separation for FOXX and 25N1 (light green). e, f, 6-h
averaged 2-m air temperature for 2011 and 2012. Grey bars in all panels
indicate periods identified as melt events.
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Figure 3 | Relationships between hydraulic head and ice-surface velocity.
a, Linear regression between the magnitude of diurnal changes in ice velocity
and borehole and moulin hydraulic head for 2011 (p < 0.05; borehole 4 n = 48,
borehole 6 n = 59, borehole 7 n = 50). b, Linear regression between the
magnitude of diurnal changes in ice velocity and borehole and moulin
hydraulic head between days 192 and 240 in 2012 (p < 0.05; borehole 4 n = 80,

variations, longer-term decreases in ice velocity are potentially due to
decreasing water pressure in the unchannelized regions of the subgla-
cial hydrologic system.

As observed in alpine glaciers, isolated components of the subglacial
hydrologic system may act to resist ice acceleration®’. Previous studies
demonstrate that high (above overburden) water pressures out of phase
with ice velocity may be caused by transfer of mechanical support from
channelized regions of the bed to isolated regions™”'**’. However, the
diurnal range of borehole hydraulic heads is more strongly anti-correlated
with the diurnal range of ice velocity than with the diurnal range of
water pressure in nearby active regions of the bed (Methods), suggest-
ing that borehole hydraulic head variability is at least partly the result of
non-locally generated sliding®. In this proposed mechanism, pressur-
ization of neighbouring regions of the bed that have an efficient con-
nection to the channelized system induces sliding, which is transmitted
to these unconnected areas by stress transfer laterally within the ice. In
turn, water pressure in unconnected regions of the bed decreases as the
volume of bedrock cavities increases through sliding®' or as basal sedi-
ments deform®** without a commensurate water influx. A combination
of these processes results in a dynamic water pressure environment,
despite the apparent hydraulic isolation of these regions of the bed.

Negative feedback between increased ice velocity and decreased water
pressure in unconnected regions can act to limit sliding**** and poten-
tially control minimum ice velocity. This resistance to sliding probably
varies both spatially and temporally, owing to changes in connectivity
within the isolated system'”*>. Although borehole hydraulic heads are
typically anti-correlated with ice velocity, some boreholes experienced
infrequent periods when pressures are in phase with ice velocity follow-
inglarge melt events (for example, on days 211-218 of 2011 in borehole 6,
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borehole 6 n =79, borehole 7 n = 75, moulin 3 n = 85). Days when borehole
hydraulic head and ice velocity are in phase are excluded. ¢, Daily maximum
and minimum moulin hydraulic head plotted against associated ice velocity for
2012. d, Normalized daily minimum hydraulic heads and ice velocity as a
percentage of winter background for 2012. The minimum values are smoothed
over 5 days.

Fig. 2a). These in-phase periods may indicate ephemeral connections
to the unchannelized but interconnected parts of the drainage system,
which occur when the hydraulic capacity of the subglacial drainage
system is overwhelmed and water flows out of conduits into the sur-
rounding unchannelized system®'>*?¢,

While long-term decreases in ice velocity have previously been attrib-
uted to decreasing subglacial water pressure caused by increased chan-
nelization'°, our results suggest that during the latter part of the melt
season, the spatial extent of the unchannelized system is a primary control
on ice velocity. Basal traction is a function of both the interconnected and
isolated regions of the unchannelized system®". Therefore, increasing the
spatial extent of the interconnected system, at the expense of the isolated
system, should result in a larger fraction of the bed at lower water pres-
sures. Gradually increasing the connectivity of the isolated system (that s,
opening or enlargement of flow pathways) would have a similar result.

These processes could increase basal traction and decrease ice velocity
without a change in the efficiency of the channelized system®'. Indeed,
we observe a gradual decrease in water pressure in two of three bore-
holes (boreholes 4 and 6; Figs 3d; Extended Data Fig. 1), implying increas-
ing connectivity to active regions of the bed. This process is also observed
at a second field site in 2011 (Methods). These reductions in subglacial
pressure match well with velocity trends (Fig. 3d), suggesting that system-
atically decreasing pressures within the isolated system are occurring.
The observed decreases in water pressure may result in a higher spa-
tially averaged basal traction at the end of the melt season that persists
after meltwater inputs cease. Consequently, this mechanism could explain
the winter mediation of summer acceleration®".

Our results suggest that the subglacial drainage system consists of three
components that exert varying control on ice velocity over different
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spatiotemporal domains: a moulin-connected channelized system that
transports the available meltwater efficiently; an active, interconnected
unchannelized system strongly influenced by the channelized system;
and an isolated system that responds passively to changes in bed sepa-
ration because water flow is slow or absent. The spatiotemporal extents of
these domains are probably highly variable, with the spatial extent of each
component controlled by the spatial distribution of moulin locations”,
basal and surface topography*® and the hydraulic conductivity of basal
sediments®*.

Direct observations of multiple components of the subglacial hydro-
logic system illustrate how subglacial drainage efficiency modulates ice
dynamics across multiple timescales. The degree of control that each
component of the subglacial system exerts on ice velocity depends crit-
ically on the period considered. Our data from a sector of the GIS ablation
zone indicate that the drainage efficiency of the channelized system does
not change substantially during the latter portion of the melt season.
Instead, evolving efficiency of non-channelized drainage systems can
explain the observed trends in ice velocity during that time. Thus, we
caution against the application of channel-only models to explore the
seasonal relationship between subglacial hydrology and the ice dynamics
of the GIS. Future work should consider the seasonal evolution of all
observed components of the subglacial hydrologic system, including
isolated regions of the bed. Such investigations are increasing in impor-
tance as new results suggest that the melt-season behaviour of the sub-
glacial system affects ice dynamics in the ablation zone™'® and, potentially,
farther inland® after the melt season.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Seasonal data presentation. To clearly present diurnal variability in the measured
parameters, the time series is shortened to the period of time over which moulin
hydraulic heads are measured (Fig. 2). During 2011, velocity and bed separation
were measured throughout the melt season; in 2012, all parameters except moulin
pressures were recorded over the entire melt season (Extended Data Fig. 1).
Borehole drilling and instrumentation. During 2011, 13 boreholes were drilled
at two sites, seven at FOXX (Fig. 1;69° 27’ N, 49° 53’ W) and sixat GULL (69° 27' N,
49° 43" W), using hot water drilling techniques and equipment®”*"*, Drill water had
a consistent temperature and pressure of 80 °C and 8 MPa, respectively. At FOXX,
three boreholes were instrumented with pressure transducers at depths between
614 m and 624 m (Extended Data Table 1). In Greenland, thick cold ice results in
rapid (less than a day) closure of boreholes, eliminating the influence of surface
water input. Further, the volume of the boreholes is assumed to be small relative to
the subglacial system. Therefore, we assume that these boreholes function as accur-
ate manometers of the subglacial system.

Two boreholes (boreholes 4 and 6) were instrumented with the Swiss Federal
Institute of Technology (ETH) designed digital borehole sensor system (DIBOSS)’.
Borehole 7 was instrumented with a Geokon 4500HD piezometer. All sensors were
connected to the surface via cables able to accommodate an additional 20% strain
before breaking (Cortland Cable). Campbell Scientific CR1000 data loggers were
used for switching power supply and recording sensor measurements via CFM100
storage modules. The sampling interval ranged from 1 min to 15 min. Data were
decimated to 15-min intervals for analysis in this paper. All units remained pow-
ered between summer 2011 and spring 2013.

Several observations during and following the drilling process indicate that the
boreholes connected to the ice-bed interface: (1) all boreholes reached similar depths
of 614 to 624 m; these depths are similar to, though slightly deeper than, depths
expected from a 2012 CReSIS depth-sounding radar track through the FOXX field
site®; (2) drilling only ceased when pressures at the drill tip rapidly decreased; (3)
boreholes 4 and 6 drained slowly over the course of several hours; and (4) pump
tests were performed in boreholes 4 and 6, forcing a connection to the subglacial
system. Changes associated with pump tests were ephemeral and boreholes gradually
reverted to their pre-pump test state. Borehole 7 also connected to the bed because,
even though it did not drain before closure, the diurnal lags and melt event pressure
variations in borehole 7 are similar to those observed in boreholes 4 and 6 over the
course of both melt seasons.

Borehole hydraulic heads were calculated from measured borehole pressure
(from installed pressure transducer), surface elevation and borehole depth:

h= i + Zbed (1)
Pwg

where h is total hydraulic head. P, is directly measured from borehole sensors, but
is also equal to p,,gh,,. The density of water is p,,; gis the acceleration due to gravity
and h, is water height. zpq is the bed elevation determined from GPS-derived ice-
surface elevation and measured borehole depth. Representing borehole data as
hydraulic head allows us to determine water level absolutely, as measured from
sea-level in different locations.
Moulin instrumentation and measurements. Moulins were instrumented in both
the 2011 (FOXX moulin) and 2012 (moulins 3 and 4) melt seasons (Extended Data
Table 1). Water pressures were measured using the Geokon 4500 (2011) or 4500HD
(2012) piezometers on armoured cables ranging from 400 m to 600 m in length.
Campbell Scientific CR1000 data loggers were used for switching power supply
and recording sensor measurements via CFM100 storage modules. Water pres-
sures were corrected for local barometric pressure as measured at the FOXX GPS
station (2011) and moulin 3 (2012). Sampling intervals were 5 min or 15 min. Data
were decimated to 15 min for analysis except where noted.

Moulin instrumentation is complicated by moulin geometry and water-level fluc-
tuations that occur during pressure sensor installation. To constrain the absolute
elevation of the pressure sensor in each moulin several corrections to the measured
moulin water level must be made. These corrections include adjustment for the rise
of water levels during the sensor installation and the mean slope of the conduit.

During sensor installation, we periodically paused while lowering to observe the
water-level rise with the sensor held in a static position. These pauses allowed us to
constrain the total change in water level over the course of sensor installation. Once
the water level was corrected to a static level, we corrected for the slope of the moulin.
However, it is important to note that moulins in Greenland are generally nearly
vertical'!, so this correction is small. We subtracted the corrected sensor depth from
the GPS-derived surface elevation at each site to constrain the vertical sensor loca-
tion. Sensor elevation and measured water level provide hydraulic head without the
need to use poorly constrained ice thicknesses and bed elevations at moulin sites.

Owing to the possibly complex geometry of moulins, the error in sensor location
is higher than the error in borehole-sensor locations. We estimate the error in absolute

head measurements to be approximately 20 m. Uncertainty related to absolute head
measurements does not affect measurements of relative changes, such as diurnal
amplitudes of hydraulic head. The sensor in moulin 3 is near the bed of the ice sheet,
as indicated by the continual increase in water as the sensor was lowered and because
the total cable length deployed was similar to the local ice thickness. The sensor in
moulin 4 is approximately 175 m from the bed, on the basis of similar observations.
The 2011 sensor in the FOXX moulin is much shallower, as indicated by the trun-
cated pressure record. Owing to the deployment techniques, the absolute sensor
location is not as well constrained in 2011 as in 2012. We estimate the FOXX sensor
location to be 455 m above the bed.

Moulins connect directly to highly efficient components of the subglacial system*”
and have previously been used with varying levels of success to measure the water
level of the channelized component of the subglacial system™®**~**. Although mou-
lins are not considered manometers, measured moulin pressures can be considered
equivalent to subglacial water pressures within the channelized system, because
pressure changes in multiple moulins are coincident (Extended Data Table 2),
despite drainage basins of differing sizes and discharges. The volume of water in
a moulin is large relative to the volume of water being discharged at the bed, so
water flow within the moulin is slow®; we therefore neglect the velocity head.

In addition, to be considered effective measures of water pressure, the volume of
water within the moulin must be small when compared to the volume of water in
the channelized system. Considering that large portions of the channelized system
are connected™, the total volume in a single moulin is probably small relative to
the total water volume within the channelized system. With these assumptions, we
consider the measured moulin pressures to be representative of subglacial pres-
sures in the efficient component of the subglacial system.

Coincident observations. Over the course of 4 days (approximately day 192.5 to
day 196.5), we were able to monitor the water level in two moulins concurrently
(Fig. 2b). These observations suggest that the hydraulic heads of both moulins behave
very similarly, with peaks, and even small perturbations, occurring in both moulins at
the same time (Extended Data Table 2). We did not calculate the hydraulic gradient
between the two moulins because the length of the subglacial channel is unknown
and channel paths may diverge from those predicted by hydraulic potential theory”.
However, we do use the head difference as a proxy for the hydraulic gradient’, as-
suming that the subglacial channel does not alter its path significantly over the course
of the melt season.

Ice velocity and bed separation. Kinematic GPS positions were determined using
carrier-phase differential processing relative to a bedrock mounted reference sta-
tion using Track 1.24* and techniques described by ref. 13. GPS observations at all
stations were logged at 15-s intervals, and the relative position of each on-ice station
was determined at this frequency. Each 15-s time series was smoothed with a 6-hour
moving average, applied to reduce spurious signals associated with GPS uncertain-
ties, and then decimated to 15-min time series. Using the mean error generated
during processing, the horizontal and vertical position errors for 2011 (and 2012)
were £9.9cm (+8.8cm) and *1cm (£1 cm) respectively, with a velocity uncer-
tainty of ~8.8 myr ' (~7.7myr ).

During 2012, the antenna pole for the FOXX GPS station melted out owing to
higher than expected ablation rates. The data become unreliable after day 208, and
the station ceased recording by day 215. Owing to the similarity between FOXX
and 25N1 data (Fig. 2; Extended Data Fig. 1), the 25N1 GPS data were used for analysis
0f 2012 data. Over the entire melt season, ice velocities at both stations display the
characteristic decrease in daily minima'® (Extended Data Fig. 1).

Bed-separation calculations were performed incorporating additional observa-
tions from nearby GPS stations and following the procedures described in detail in
previous work". Both longitudinal (along flow) and lateral (across flow) strain
rates & were calculated from GPS data as follows:

. 1Al
S_EB (2)

where Al is the change in baseline distance between stations, At is the change in
time between measurements and [, is the initial baseline distance. Longitudinal
strain at our field location is generally compressional over the course of the season.
During 2012, GPS malfunction prevented the collection of data from 19N1 and
decreased the availability of data from the FOXX GPS; bed separation was there-
fore calculated between 25N1 and GULL and is presented as a proxy (Fig. 2 and
Extended Data Fig. 1). During 2012, malfunction of a GPS station used to deter-
mine lateral strain between 25N1 and GULL required that we assume a constant
lateral strain for bed separation calculations after day 205.

We approximate the vertical strain rate ¢ with the continuity equation, assum-
ing ice is incompressible:

tr= — (BT dyy) 3)

where x, y and z represent the longitudinal, lateral and vertical directions, respectively.
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Following accepted methodology®*, we decompose the vertical motion mea-
sured by the GPS as:

ws=uptan(ot) + &, H+¢ (4)

where u is the horizontal velocity, o is the bed slope, H is the ice thickness at the
GPS station, as measured by borehole depth, and ¢ is the rate of bed separation
(cavity opening and/or till dilation). Subscripts ‘s’ and ‘b’ refer to the surface and
bed of the ice sheet, respectively. Equation (4) is solved for ¢ using observations of
the other parameters.

The length scale over which bed slope should be measured is difficult to estimate
owing to the variability of bed roughness over several ice thicknesses in our study
region'>**. Therefore, we chose to derive the bed slope from calculations before the
onset of summer melting and the associated increase in velocity. During this window,
we assume that vertical strain and the rate of cavity opening are constant, yielding:

— & peH
o=tan"! (7ws’bg by > (5)
ub,bg

where the subscript ‘bg’ represents background conditions.

We note that diurnal variations in bed separation are generally within the range
of error. Our results suggest that vertical strain is a non-negligible contribution to
vertical motion in regions of the GIS (Extended Data Fig. 2); simply removing the
bed-parallel component of bed separation while assuming that £, is negligible may
result in inaccurate estimates of bed separation.

Melt events. During 2011 and 2012, an automatic weather station measured a wide
range of atmospheric conditions every 5 min, including ablation, incoming and reflected
short-wave radiation, wind speed and direction, humidity and the air temperature
at a height of 2 m above the ice surface. To quantitatively constrain melt events, we
simply difference consecutive calculations of 24-hour average temperature (with
noon Coordinated Universal Time (UTc) as the midpoint). A positive temperature
differential (that is, an increase in the 24-hour average temperature) of 0.5 °C is
considered a melt event. To limit visual confusion, the start of the melt event is plotted
as the minimum of the first day and the maximum of the last day of the melt event
(Fig. 2).

Cross-correlation analysis. To characterize the lead-lag relationship between borehole
hydraulic head, moulin hydraulic head and ice velocity, we performed cross-correlation
analyses. We used the maximum cross-correlation coefficients and associated lags
to examine the temporal relationship between various time series'” (Extended Data
Table 2).

Theice velocities used for cross-correlation analysis have a 1-hour moving average
applied to reduce spurious noise" but still maintain independence between velocity
measurements used in this analysis. We then decimated ice velocity and hydraulic
head measurements to a 1-hour sampling interval. For moulins 3 and 4, we use a
5-min sampling interval to determine more closely a potential lagged relationship.
We detrended all data using a 24-hour moving window mean and recorded mea-
surements as standardized residuals'”. Data gaps, which primarily occur in velocity
data (~3% during both years), are filled using linear interpolation. Less than 1% (and
generally 0%) of borehole and moulin data were linearly interpolated in either year;
the exception being the FOXX moulin data, with 6% in 2011. All re-expressed time
series, except the FOXX moulin, approximate a Gaussian distribution with a mean
centred at zero. Because the FOXX moulin does not approximate a Gaussian distri-
bution, we do not present cross-correlation analysis that includes the FOXX moulin.

Borehole hydraulic head and ice velocity exhibit the strongest inverse correlation

with a lag of ~4 hours. As 1-hour averaged ice velocities have inherently higher
errors than 6-hour averaged ice velocities, correlation coefficients with ice velocity
are low but still significant (Extended Data Table 2). Moulins 3 and 4 are strongly
correlated at zero lag (Extended Data Table 2), despite having differing supraglacial
inputs and geometries, suggesting pressure equalization within the channelized
subglacial system™.
Subglacial channel geometry. Recent evidence suggests that characteristics of the
GIS ablation zone distal from the margin (low surface slope and limited conduit
meltback) prevent the formation of an extensive channelized system®. However,
dye tracing suggests the presence of channelization through much of the ablation
area’. Our moulin observations indicate a component of the subglacial system that
is efficiently conducting the available melt water. However, this may be the result
of an efficient distributed pathway®. To characterize the nature of the efficient
system we performed a simple numerical analysis to explore the channel stability
in our study area.

Using the hydraulic head of moulin 3 and supraglacial discharge estimated from
ablation measurements at the FOXX weather station, we calculated the change in
channel geometry over ~30 days in 2012, following previous work®'>:

ds

a=C1Q(P+ubhb—C2N”S (6)
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where subglacial discharge Q is calculated as a function of moulin head h,, and
supraglacial input, Qqy,:
dh

Q=qur7 ?Sm (7)

and ¥is the hydraulic gradient calculated as a function of downstream (indicated
by subscript §") hydraulic head:

lm,j C3
Pwg

Effective pressure N was calculated at the point midway between hy, and h;.
Additional parameters are listed in Extended Data Table 3.

For these calculations, we set u,h, =0 to clarify the role of creep closure and
channel melt-back in the maintenance of subglacial channels. This assumption is
applicable for our data set because we measure pressures after the assumed onset of
channelization®. Once channels are larger than bedrock bumps, cavity opening due
to sliding probably plays a very limited part in continued channelization'. Initial
subglacial channel size is determined by initiating the model with a small channel
and sinusoidal inputs approximating the daily average and range of moulin 3’s head
and supraglacial discharge into the modelled moulin until the channel size stabi-
lizes. With this approach we cannot specifically address the timescale of channel
development because we do not constrain supraglacial input and moulin hydraulic
head at the beginning of the melt season. After determining the initial channel size,
we forced the system with observations of supraglacial input and the hydraulic head
of moulin 3 (Extended Data Fig. 4). Supraglacial input is calculated by scaling ablation
measurements to half of the moulin 3 drainage basin area*. As moulin hydraulic head
exceeds floatation only rarely, we assumed that all water entering the moulin enters
and stays within the channelized system over the short distance assessed here. This
assumption is conservative with respect to maximum channel melt back.

Usinga distance (1.5 km) and a bed and surface slope similar to those of our study
area, we were able to qualitatively reproduce the head difference between moulins 3
and 4 using this simple numerical analysis (Extended Data Fig. 4). Although this ana-
lysis cannot directly address the timescale of channel development, it does suggest
that with the observed supraglacial input and moulin hydraulic head, subglacial
channels can be maintained in our study area. However, we do note that supra-
glacial melt perturbations may be required to sustain channels over long periods;
so steady-state modelling may be insufficient to explore the spatial extent of sub-
glacial channels under the GIS. These calculations suggest that periods with ele-
vated hydraulic gradients, probably during and shortly after melt events, allow for
increased melting to effectively counter creep closure (Extended Data Fig. 4). This
melting results in channel enlargement; however, during periods of normal diurnal
variability, the available supraglacial melt and the associated hydraulic gradient are
generally lower, resulting in rapid channel closure. Regular melt events may be
essential in the maintenance of subglacial channels in this region of the GIS.

Recent studies indicate that increased efficiency of subglacial channels during high

melt years could result in the observed decline in late season ice velocities through
more extensive drainage of the bed following the cessation of surface melting”'°.
However, our results suggest that the rapid adjustment of subglacial channels to the
available melt, and the need for melt events to open the conduits periodically, may
preclude this possibility. Instead, the observed declines in ice velocity"*'*', may be
the result of changes in unchannelized regions of the subglacial system.
Potential mechanisms for borehole diurnal variability. Although the boreholes
in this study connected to the bed, there are several lines of evidence that suggest
borehole pressures are responding to pressure variations due to basal sliding rather
than the direct propagation of water pressure pulses at the bed. First, during 2011
(and mostly during 2012), borehole hydraulic heads are always higher than those
of the moulin that is only 300 m away, thus preventing the propagation of water
from the channelized system to the borehole locations. Second, if pressure fluctua-
tions in our boreholes resulted from propagation of diurnal pulses from channels
to boreholes through till, we would expect boreholes further from the channel to
exhibit smaller and more lagged peak diurnal water pressures. In contrast, we find
that water-pressure maxima and minima in boreholes display no consistent pat-
tern in lag times (Fig. 2), and cross-correlation analysis indicates that lag does not
increase as a function of distance from the moulinin 2011 (Extended Data Table 2).
Third, we computed the hydraulic diffusivity needed to produce the observed 15-h
phase lag between moulin and borehole pressure peaks following ref. 18:

By =hoy+ 2~ 2 — 2 Q28,0 (8)

X2

= Saof )

where x and t are the distance and time lag, respectively, between the channel and
the borehole sensor and  is the angular frequency of the periodic boundary
condition (@ =7.27 X 10 °s7! for a diurnal cycle). This calculation results in a
diffusivity of approximately 10" m*s™", several orders of magnitude larger than
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expected hydraulic diffusivities for glacial till** and in the range of the hydraulic
diffusivity for rock*” and yet there is evidence of thick sediments beneath our field
area®. Fourth, borehole minima are more closely correlated to moulin and velocity
maxima (Extended Data Table 2). As a result, we do not believe that the pressure
lag observed in the borehole record results from diffusion of the moulin-generated
pressure wave through subglacial sediments. These observations and recent mod-
elling results’ lead us to conclude that borehole-pressure fluctuations result from
non-locally forced ice motion. In this case, we expect and observe the pressure
fluctuations in the boreholes to scale with diurnal velocity variability (Fig. 3).
Flow coupling and mechanical support transfer. To constrain the mechanism
driving changing pressures measured via boreholes, we examine the relationship
between the diurnal range in borehole hydraulic head and the diurnal ranges in both
ice velocity and moulin hydraulic head. Borehole water levels are anti-correlated
with horizontal ice velocity and moulin water level (Figs 2 and 3a, b). Such anti-
correlated behaviour has been observed on alpine glaciers and is generally hypothe-
sized to occur through the transfer of mechanical support between the efficient and
weakly connected regions of the bed'”~'***. In our study, the two components are
represented by the moulin and borehole water levels, respectively. However, if load
transfer is the only mechanism controlling borehole water pressure, diurnal changes
inborehole water level should be most strongly anti-correlated with diurnal changes
in moulin water level. Instead, the diurnal magnitude of borehole head is more
strongly anti-correlated with the diurnal magnitude of ice velocity, as follows.
For moulin 3, (~day 192-240), borehole 4 7* = 0.68 (p < 0.05; n = 89), borehole
61 = 0.70 (p < 0.05; n = 88), borehole 7 * = 0.72 (p < 0.05; n = 85). For ice velo-
city, (~day 192-240), borehole 4 * = 0.75 (p < 0.05; 1 = 80), borehole 6 r* = 0.80
(p <0.05;n = 79), borehole 7 =081 (p <0.05;n = 75)). Local load transfer would
also result in moulin water levels and borehole pressures to be directly out of phase®.
We observe that minimum daily borehole pressures consistently lag daily maximum
ice velocity and moulin water level by about 4 hours (Extended Data Table 2), further
suggesting that flow coupling may be important in controlling unchannelized regions
of the bed”.

Moulin-velocity hysteresis. To examine the relationship between moulin hydraulic
head and ice velocity over the course of the observation period, we plot moulin
hydraulic head against ice velocity. During 2011 and 2012, the relationship between
moulin hydraulic head and ice velocity changes, showing a decreasing trend in velocity
without a similar change in moulin hydraulic head. Diurnal hysteresis is evident in
both years (Extended Data Fig. 4).

GULL borehole observations. During the 2011 field season, a series of boreholes
were also drilled and instrumented at GULL (69° 27" N, 49° 43" W), a site approxi-
mately 5 km up the flow line from FOXX. These boreholes were less than 500 m
downstream of a moulin slowly draining a supraglacial lake. As at FOXX, pressure
transducers were installed in three boreholes; however, owing to a highly deform-
able layer of ice, sensor cables sheared before the start of the 2012 melt season’.

146

Borehole head at GULL demonstrates small diurnal variations that are out of phase
with velocity. Yet, despite a temporally limited water pressure record, we observe
similar trends in decreasing daily minimum velocity and borehole head values and
borehole head as observed at FOXX during the 2012 melt season (Extended Data Fig.
5). Although these are observations are limited by the borehole spatial distribution,
this trend suggests that these long-term dynamic changes may be widespread.
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Extended Data Figure 1 | Borehole and moulin head and ice-surface velocity

Day of 2011

over two melt seasons. a, 2011 measurements from FOXX moulin (blue),
borehole 7 (dark red), borehole 6 (pink) and borehole 4 (red). b, 2012
measurements from moulin 3 (navy) and moulin 4 (light blue). ¢, 2011 ice
velocity (black) and bed separation (green) for FOXX. Peak velocity on day 182

Day of 2012

is 4023 myr ' (exceeding the y-axis limit). d, 2012 ice velocity and bed
separation for FOXX and 25N1 (grey, light green). Peak velocity for FOXX and
25N1 (312myr~ ' and 337myr ') occurred on day 173. e, f, 6-h averaged air
temperature for 2011 and 2012. Grey bars are melt events.
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Extended Data Figure 2 | Components of vertical motion 2011 and 2012.
a, Components of vertical motion for 2011 at FOXX. Bed parallel motion
(up tan(o); black), strain thickening and thinning (¢,,H; blue), elevation with

measured winter elevation removed (red), and calculated bed separation
(green). b, Components of vertical motion for 2012. Colours as in a for FOXX.
Lighter colours correspond to components of vertical motion from 25N1.
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Extended Data Figure 5 | Borehole hydraulic heads and ice velocityat GULL  located ~0.5 km from a moulin. Ice velocity from GULL GPS (black),
during 2011. Three hydraulic head records (red, yellow, blue) from boreholes ~ ~0.75km south of GULL boreholes.
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Extended Data Table 1 | Site coordinates and characteristics

Field site Latitude Longitude Elevation Ice thickness  Surface characteristics

(m) (m)
FOXX GPS & weather station 69.4458 -49.8847 706 602 uncrevassed, in small basin
25N1 GPS 69.4454 -49.7890 851 608 local crevasses
Borehole 4 69.4456 -49.8802 706 624 uncrevassed, near large supraglacial stream
Borehole 6 69.4463 -49.8807 706 614 uncrevassed, near large supraglacial stream
Borehole 7 69.4464 -49.8805 706 623 uncrevassed, near large supraglacial stream
FOXX moulin 69.4446 -49.8859 703 620" supraglacial stream entering from the northeast
Moulin 3 69.4358 -49.9092 657 564* supraglacial streams entering from the east & west
Moulin 4 69.4296 -49.8785 709 540" supraglacial stream entering from the east

Location and surface elevations determined from GPS. Ice thicknesses at borehole locations determined during drilling. *Ice thicknesses interpolated from CReSIS radar sounding data®°.
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Extended Data Table 2 | Cross-correlation analysis

LETTER

2011 2012
Observation period (day 195 to 235) Melt season (day 150 to 240) Moulin period (day 192 to 240)
Peak to minimum Peak to peak Peak to minimum Peak to peak Peak to minimum Peak to peak

Borehole 4/ ice velocity -0.15 (7) 0.16 (18) -0.45 (5) 0.38 (16) -0.49 (4) 0.46 (16)
Borehole 6/ ice velocity -0.21 (1) 0.23 (17) -0.38 (5) 0.34 (16) -0.49 (3) 0.46 (15)
Borehole 7/ ice velocity -0.39 (4) 0.39 (15) -0.42 (5) 0.39 (16) -0.44 (4) 0.43 (16)
Moulin 3/ ice velocity -- -- -- -- 0.48 (0) -0.45 (-13)
Borehole 4/ moulin 3 - - - - -0.83 (4) 0.75 (16)
Borehole 6/ moulin 3 -- -- -- -- -0.80 (2) 0.74 (14)
Borehole 7/ moulin 3 - - - - -0.76 (3) 0.69 (16)
Moulin 4/ moulin 3 - - - - 1.00 (0) -0.80 (11.5)

Maximum positive and negative correlation coefficient between indicated data sets; lag times are noted in parentheses. In 2011, sample sizes for borehole 4, borehole 6 and borehole 7 cross-correlations are
n=1,105,981 and 839, respectively. For the 2012 melt season, n = 2,159. Between days 192 and 240 of 2012, n = 1,155. The moulin 4 to moulin 3 cross-correlation sample size is n = 901. The 99% confidence
interval for all cross-correlation coefficients is less than 0 = 0.1. Negative lags indicate that the first series leads the second series.
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LETTER

Extended Data Table 3 | Parameters used in conduit-geometry calculations

Symbol Value Parameter
A 5.3e-24 Pa’s’ Glen’s flow law coefficient
e 7.5e-8Jkg" K Pressure melting coefficient
Cw 4.22e3 Jkg" K Specific heat capacity, ice
f 0.1 Friction factor
n 3 Glen’s flow law exponent
L 3.35e5 J kg Latent heat of fusion
pi 910 kg m* Density of ice
Pw 1,000 kg m™ Density of water
hy m Bedrock bump height
S m’ Conduit cross-sectional area
Sm m’ Moulin cross-sectional area
u, ma’ Basal sliding velocity
z m Bed elevation
Y Pam” Hydraulic gradient
N pighi — pwgh,, Effective pressure
[ (1 = pywcicy)/pil Melting parameter
c, 2An™" Closing parameter
3 (r + 2)p,, f/25/%n*/?
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