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Supplementary Figure 1: Assessing sensitivity of basal friction law to effective pressure. Com-
parison of minimum moulin hydraulic head with the ratio of range in speed to range in moulin
hydraulic head on each day. This provides a measure of how the sensitivity of the basal friction
law to effective pressure decreases at large effective pressures. See Methods: Ice velocity calcula-
tions for detailed description. Each point represents one day and corresponds to a line segment in
Fig. 3: the x-axis here is the x-value of the left endpoint of each line segment in Fig. 3, and the
y-axis is the slope. Red points are derived from the observations of moulin head and ice surface
speed. Blue points are derived from the modeled channel hydraulic head and ice surface speed
from the model with an evolving weakly-connected system, and cyan are for the model with static
weakly connected system. To confirm model parameter calibration we calculate a line of best fit
for the observations and both models. To apply linear regression, we restrict the regression to the
region of smallest moulin hydraulic head values (<-120 m), indicated by the black box, where this

relationship is approximately linear.
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Supplementary Figure 2: Seasonal evolution of the relationship between subglacial water pres-

sure and ice speed with f,, declining by 0.10. Each plot shows the minimum and maximum daily

values of hydraulic head in the moulin-channel system and ice surface speed for the second half

of the 2012 summer. a Observed relationship showing seasonal hysteresis of lowering ice speed

for the same moulin head as summer progresses. Modified from Andrews et al.2. b Modeled

relationship with f,, declining by 0.10 over the 47 day period plotted rather than changes to the

permeability. ¢ Modeled relationship from control simulation with static weakly-connected sys-

tem.
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Supplementary Figure 3: Seasonal evolution of the relationship between subglacial water pres-
sure and ice speed with f,, increasing by 0.10. Each plot shows the minimum and maximum
daily values of hydraulic head in the moulin-channel system and ice surface speed for the second
half of the 2012 summer. a Observed relationship showing seasonal hysteresis of lowering ice
speed for the same moulin head as summer progresses. Modified from Andrews et al.>. b Mod-
eled relationship with f,, increasing by 0.10 over the 47 day period plotted rather than changes
to the permeability. ¢ Modeled relationship from control simulation with static weakly-connected

system.
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Supplementary Figure 4: Subglacial till model results. Hydraulic head in the weakly-connected
system as computed by the till model (black) compared to hydraulic head measured in boreholes

(pink, orange, and maroon) and the weakly-connected cavity model (red). BH=borehole.
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Supplementary Figure 5: Seasonal evolution of the relationship between subglacial water pres-
sure and ice speed with f,, = 0.90. Each plot shows the minimum and maximum daily values of
hydraulic head in the moulin-channel system and ice surface speed for the second half of the 2012
summer. a Observed relationship showing seasonal hysteresis of lowering ice speed for the same
moulin head as summer progresses. Modified from Andrews et al.2. b Modeled relationship with
increasing permeability of the weakly-connected regions of the bed. ¢ Modeled relationship from

control simulation with static weakly-connected system.
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Supplementary Figure 6: Seasonal evolution of the relationship between subglacial water pres-

sure and ice speed with f,, = 0.50. Each plot shows the minimum and maximum daily values of

hydraulic head in the moulin-channel system and ice surface speed for the second half of the 2012

summer. a Observed relationship showing seasonal hysteresis of lowering ice speed for the same

moulin head as summer progresses. Modified from Andrews et al.>. b Modeled relationship with

increasing permeability of the weakly-connected regions of the bed. ¢ Modeled relationship from

control simulation with static weakly-connected system.



Supplementary Table 1: Physical constants and model parameters.
Physical constants

Puw density of water 1000 kg m~3
i density of ice 910 kg m~3
g gravitational acceleration 9.81 ms2
L latent heat of fusion of water 3.35 x 10° J kg™!
N viscosity of water 1.7 x 1073 Pas
Model numerics
Ax = Ay  horizontal grid spacing 200 m
At time step 2 hr
Subglacial hydrology model parameters
h, height of bedrock bumps 0.2m
Ly wavelength of bedrock bumps I m
G geothermal heat flux 0.06 W m~2
ko permeability constant for distributed sys- 3.5 x 1076
tem
fw area fraction of weakly-connected system 0.67
A flow law parameter of basal ice 6.4 x 10724 st Pa?
b basal traction 0.1 MPa
F channel roughness 150 kg m~8/3
T stress transfer factor for weakly- 0.13
connected cavities
As radius of weakly-connected cavity 10m
patches
P, perimeter of weakly-connected cavity 5355 m

patches per grid cell

Kow,irror base permeability constant for weakly- 4.3 x 1071
connected cavities

Krate summer permeability change rate for 1.2 x 10712 yr!
weakly-connected cavities

Ice dynamics model parameters

C Coulomb friction coefficient 0.045

Amaz/Mmaez  Tatio of controlling bedrock bump wave- 0.01 m
length to maximum slope

Ty Strength of basal “sticky” spots 55 kPa



Supplementary Table 2: Till model parameters.

Parameter Description Model value Reference values
and source
Ny reference normal effective 1000 Pa 1000 Pa; van der
pressure Wel, et al.?®
€ void ratio at N, 0.6 0.6; van der Wel,
et al.?
C. coefficient of compressibility  0.15 0.25; van der
Wel, et al.?®
ko reference permeability 4.5 x 107 m? 2.9 x 10713 m?;
Boulton, et al.>*
my permeability factor 4.7 x 1076 5.6 x 107%; Boul-
ton, et al.>*
Nt maz maximum effective pressure 3.0 x 10° Pa 1.0 x 10% Pa;
in permeability relation Boulton, et al.?*
Ny min maximum effective pressure 3.0 x 10° Pa 1.0 x 10° Pa;

in permeability relation

Boulton, et al.>*



Supplementary Table 3: Comparison of idealized model domain with field sites FOXX and GULL.
Model FOXX GULL

Surface elevation (m) 745 707 880
Ice thickness(m) 745 620 700
Hydraulic head floatation elevation (m) 678 651 817
Surface slope (m/m) 0.015 0.029 0.023
Distance from terminus (km) 25 22 28



Supplementary Methods

The distributed and channelized drainage components used were previously described by Hoffman
et al.!. Primary modifications from the previous description are changes to model nonlinear creep
closure of subglacial cavities and the implementation of the new weakly-connected cavity system
created to simulate the observations at drill site FOXX?*?3 as described in Methods. Complete
descriptions of the distributed and channelized drainage components are provided here for clarity.

A complete list of model parameters is provided in Supplementary Table 1.

Distributed drainage model. Distributed drainage is modeled as a two-dimensional macroporous

sheet*. Conservation of mass of water is described by
— tV-q=——-——-—+ (D

where h is the water thickness in an equivalent macroporous sheet (m), q is the areal discharge

2571, pu is the density of water (kg m~3), v, is

of the sheet (m? s™1), m is the melt rate (kg m~
water transferred between the distributed system and channel (m?® s=1), and ~,, is water transferred
between the distributed system and the weakly-connected system (m® s~1). A, is the area of the

distributed system within each grid cell (m?), defined as (1 — f,,) AzAy.

The evolution of subglacial cavity space within the sheet is described by a balance between

opening of cavities by sliding and creep closure’ of the ice above following a Glen flow rheology®:

Ooh h,
- = |up|

ot

—h 24
I, 27

2)

where uy, is the sliding velocity, A is the temperature dependent rate factor, Ny is ice effective pres-
sure in the distributed system, and A, and [, are parameters describing the height and wavelength,

respectively, of bumps on the bed.

The distributed system assumes a Darcy style® ! flow law®,

koh?
=== =1 = fuVou, 3)
where 7,, is the viscosity of water (Pa s) and ¢, is the hydraulic potential (Pa) in the distributed

system. From a Darcy flow perspective, the permeability (m?) is kyh? where kg is a permeability
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constant and the power to which h is raised is chosen as an analog for laminar flow assumed
to occur within the distributed system®. The term /1 — f,, is a correction that accounts for the
fact that flow through the distributed system only occurs within some fraction of the grid cell (as

discussed further below).

Energy for local melting comes from the geothermal flux, G (W m~2) and frictional heating

from ice sliding. Assuming isothermal ice conditions at the bed, this energy is given by
mL=G—up -1, 4

where 7, 18 the basal traction vector and L is the latent heat of fusion of water.

Channelized drainage model. Channelized drainage’-!'! uses a similar set of equations, though
the physical processes which dominate system evolution differ. A single channel is imposed along
the center of the domain (Fig. 2b). While the channel area is able to freely evolve, it is assumed
that the map-plane area of the channel remains small relative to that covered by the distributed and
weakly-connected systems. Therefore, it is implemented as a linear feature in the computational

domain and takes up no area on the two-dimensional model grid (Fig. 2b).

The mass balance of water within the linear channel is expressed by

05 00 _M o itk
ot 0xr  py WS T AL

where S is channel area (m?), () is volumetric channel flowrate (m® s=!), M is melt rate within
1

&)

the channel (kg m~! s71), w is an englacial source term accounting for surface meltwater draining
to the bed (m? s~!), and w; is an englacial source term accounting for release of water stored in a

near-surface englacial reservoir (m? s™1).

Observations indicate that moulin water pressure does not significantly exceed floatation
pressure (Fig. 4b); therefore we include a parameterization of a near-surface englacial storage sys-
tem (represented by w,). We assume this reservoir is composed of crevasses and fractures'? into
which water can back up when water levels in the moulin are high. Storage in the moulin itself
is also possible, but the observations suggest this missing storage process is important only when
moulin water levels are near the ice surface, making crevasses a more likely candidate. Subglacial
storage due to hydraulic jacking is another possibility!*~'¢ that we do not consider due to its sub-

stantial complexity!>!6. To reproduce the observed behavior, we add a simple parameterization

11



of crevasse storage and release to the model. If meltwater input causes channel hydraulic head
to exceed 60 m below the ice surface in any grid cell, w is decreased within that grid cell until
channel hydraulic head matches the elevation corresponding to 60 m below the ice surface, with
this value chosen as a typical depth of the brittle crevasse zone'>!”. To conserve mass, the excess
melt input is stored in a near-surface englacial reservoir that releases a steady fraction of its stored
water volume over time w,, following

Ws = —= (6)

where V; is the volume of water currently stored and ¢, is a time constant controlling the rate of
release. This is a simplified version of the englacial hydrologic system described by Flowers and
Clarke'®. The time constant determining the constant for water release is tuned to ¢, = 2 days to
best reproduce the moulin head variations following the large melt event that occurs around day
230.

The evolution of channel area is given by the balance of melt opening and creep closure’
following a Glen flow rheology®:
e 7
81& Pi 27 ¢’ ( )

where NV, is the effective pressure in the channel.

Melt within the channel is entirely from dissipation:

IP.
oxr '

ML =Q 3

where ¢, is the hydraulic potential in the channel.

Within the channel, we use Manning’s law for turbulent flow,

FQ2 — 58/3%

9 €))

where F is a roughness parameter (kg m~%/3).
The channel is coupled to the distributed system model on either side by calculating a flux,

v, between the surrounding distributed system and the channel based on the Darcy flow law (Sup-

plementary Equation (3)):

ok de— 6

. Az (10)
Mo 3AY
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Note that exchange between the channel and the distributed drainage component can be in either
direction, with water always moving from the component with higher hydraulic potential to that
with lower. There is no exchange between the channel and weakly-connected drainage, but indi-
rect interactions between the channel and weakly-connected drainage occur via the intermediary
distributed system.

19:20 and observations®!?? have argued for the existence of

Subglacial till model. Both modeling
significant amounts of till underlying marginal regions of the GrIS. The rough topography of our
study area makes it unclear to what extent till coverage is continuous. Additionally, the presence
of till does not exclude the formation of subglacial hydrologic features typically associated with
hard beds, including channels?® and lee-side cavities**. Furthermore, canals eroded into till may
behave similarly to cavity-based distributed systems®2*2>26, Thus, our models for channelized,
distributed, and weakly-connected drainage may all be applicable in the presence of till. Here we
address the possibility that the weakly-connected system is composed entirely of till without signif-
icant cavitation. Based on a simple till model formulation, we find that a weakly-connected system
composed of till could have a similar hydrologic signature to our proposed weakly-connected cav-

ity system.

The alternative formulation for the weakly-connected system is derived from the assump-
tion that the weakly-connected regions are composed of heterogeneously distributed subglacial
till. As for the weakly-connected cavity model, we keep the formulation as simple as possible
while including the basic processes expected to occur. As such, this simple model ignores many
of the complicated behaviors of till such as dilation, comminuation, and piping?’. Similar to the
weakly-connected cavity model, we conceptualize the till model as patchy till with low permeabil-
ity surrounded by the distributed system (as in Fig. 2b Inset). We assume the same characteristic

spatial dimensions, P,, and A,,, for the till model as for the weakly-connected cavity model.

Till porosity, 1, is defined as the ratio of fluid volume (i.e., water), V; to solids volume, V':

_%
b= (11)

Void ratio, e;, is a function of porosity:

S (12)

1=
13



Effective normal stress in the till, N;, can be written in terms of void ratio®’’:

€0

o (13)

Nt - N010

where NNy is the reference normal effective pressure (Pa), ¢, is the void ratio at Ny, and C. is the

coeffecient of compressibility.

Exchange of water from the till to the surrounding distributed system, ~;, follows Darcy

17,27

flow through a porous medium similar to Methods Equation (6), and takes the place of ,, in

Supplementary Equation (1):
ki — ¢
Tt = e A
where 1, is calculated as V; per unit area.

Py, (14)

For the till model we can make use of an empirical relationship between effective pressure
and permeability?*?7,
k?t = ktO exp(—tht) s (15)

where ky and m, are material properties of the till. Boulton, et al.?*

describe the range of effective
pressure over which this empirical relation is expected to hold as ~10°~10° Pa, and the pressure
dependence of permeability would be expected to be much weaker outside of this range. In tuning
our model to match borehole observations, we consider these limits as tunable parameters (/V; 44
and Ny i), but keep them the same order of magnitude. In our model, permeability then remains
at its limiting values outside of this range. For our application we consider /N; in Supplementary
Equation (15) to be the maximum of the effective pressure in the distributed system and the till.
In other words, water flow out of the till is limited by the region of the till with the higher ef-
fective pressure, and therefore, the smaller permeability — either the interface of the till with the
surrounding drainage system forms a low permeability “plug” when the distributed system has a
larger effective pressure or the interior of the till is unable to transmit water fast enough for the

interface region to accept it when the till itself is at higher effective pressure.

We find that in order to reproduce diurnal variations in water pressure, the till model requires
an explicit representation of diurnal variations in normal stress. We introduce a parameterization
for this by making the ice overburden pressure experienced by the till, p;.,, a function of the

effective pressure in the distributed system in the same grid cell:

Dice, = PigH + 1 Ng. (16)
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The adjustment factor, r;, represents the ratio of mechanical support between the two systems,
which in theory would be a function of the relative area of the two systems as well as the fraction
of mechanical support provided by bedrock and clasts*’. We tune r, to 0.08 as a good fit to both
the winter pressure in boreholes and the amplitude of diurnal pressure variations observed in the

boreholes during summer.

We apply this simple till model by tuning available parameters to yield hydraulic head in
the till similar to that observed in boreholes. Tuned parameter values are generally within the
same order of magnitude as reference values (Supplementary Table 2). Water pressure in the till
calculated by the till model is qualitatively similar to the water pressure calculated by the weakly-

connected cavity model (Supplementary Fig. 4).

Note that while we do not perform ice dynamics calculations using results from the till model,
we would expect similar qualitative results as the weakly-connected cavity model, based on the
similarity of the basal traction relation for till to that for hard beds'’. Till yield strength, 7s, follows

the Mohr-Coulomb rule!”-27-2%-31,
7y = ¢+ Ntan(¢y) = Ntan(gy), (17)

where c; is the apparent cohesion of till, which is typically small, and ¢ is the angle of internal fric-
tion. To represent regions of hard and soft bed over scales relevant for ice dynamics, area weighted
fractions of basal traction from the two systems as in Methods Equation (13) are appropriate!’.
Thus, 7, in Methods Equation (13) would be defined by 7 in Supplementary Equation (17). Note
that in both the weakly-connected cavity model and the till model, the basal traction contribution
of the weakly-connected system is equal to the effective pressure in the weakly-connected system
times a friction factor (c.f., Supplementary Equation (17) and Methods Equation (11)). Therefore,
for appropriately chosen parameter values, similar values of basal traction, and therefore velocity,

will be generated from both models.
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