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Figure 7. Thickness of the basal temperate ice layer for the control run (left) and the cold-mode run (right). Values are in meters and

contour interval is 25m. The dashed line is the cold-temperate transition surface. Dotted areas indicate where the bed is temperate but

the ice immediately above is cold.
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Figure 8. Basal melt rate for the control run (left) and the cold-mode run (right). Values are in millimeters per year. The dashed line is

the cold-temperate transition surface.
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Figure 8. Basal melt rate for the control run (left) and the cold-mode run (right). Values are in millimeters per year. The dashed line is

the cold-temperate transition surface.
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Basal melting  ~5 mm yr-1 Surface runoff  ~1000 mm yr-1

4136 56 km3 yr21 (1.16 0.2 mm SLE yr21) in 1960–69
to 5726 53 km3 yr21 (1.66 0.2 mmSLEyr21) in 2000–10,
following the trends in air temperature and precipita-
tion (Table 2 and Figs. 2a,b). The runoff simulations
indicated that 69% of the runoff to the surrounding
seas originated from the GrIS and 31% originated from
the land area (Table 2; for division between the GrIS
and the land area, see Fig. 1a). For the land area, the
trend in simulated runoff was constant (Fig. 2d), and
the average runoff was 1486 41 km3 yr21 (Table 2). A
possible reason for the minimal change in slope of the
land-area runoff (0.1 km3 yr21) in the Fig. 2d curve is
because the glaciers and ice caps are already melting all
summer, and an enhanced melt season and melt extent
were therefore not possible. In contrast, simulated
GrIS runoff, on average, has increased 3.9 km3 yr21

since 1960 (Table 2), and there has been enhanced
surface melt extent (Fettweis et al. 2011; Mernild
et al. 2011b). Runoff values resolved previously for
all of east Greenland indicated a 60% origin from the
GrIS and 40% from the land area (Mernild et al.
2008b): these east Greenland runoff values are similar

to the Greenland runoff values simulated in the current
study.
In Fig. 2d, 1960–2010 simulated runoff time series

from both the GrIS and all of Greenland are illustrated.
The impact on runoff variability due to major episodic
volcanic eruptions, such as Agung (1963), El Chichón
(1982), and Mt. Pinatubo (1991) (Fig. 2d), and in the
years immediately after do not appear to be systematic.
For the year immediately after Agung and Pinatubo,
simulated annual runoff values decreased, and they in-
creased after El Chichón. The simulated Greenland
runoff variations seems to be due to a combination of
annual variations in both temperature and precipita-
tion that are controlled by factors other than volcanic
activity. Hanna et al. (2005) stated that global dust
veils generated by volcanic activity might cool the
polar regions and suppress ice sheet melt, but clearly
there are other aspects of the climate system that may
offset the volcanic signal. In contrast, the general cli-
mate forcing conditions captured by variations in the
smooth AMO index time series (Fig. 2b) can be traced
in the overall Greenland runoff pattern (Fig. 2d). In

FIG. 3. (a)Mean annual simulatedGrIS dry-snow line (dotted lines; the maximum average decadal boundary betweenmelt and nomelt
on the glacier surface) (for definition, see Cuffey and Paterson 2010) on decadal intervals from 1960–69 through 2000–10. The percentages
in brackets express the average annual melt extent on decadal scale for GrIS (time series of simulated meanmelt extent 1960–2010 can be
found inMernild et al. 2011b). (b) Annual average simulatedGreenland spatial surface runoff on decadal intervals for the decade with the
lowest (1970–79) and highest (2000–10) runoff and mean (1960–2010). (c) The difference between the 2000–10 annual simulated
Greenland runoff and the 1960–69 runoff and between the 2000–10 annual simulated runoff and the 1960–2010 mean.
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Discharge ~3 m3s-1 per kilometre of margin

Individual drainage basins have summer meltwater discharge  1 m3s-1 - 1000 m3s-1

Water sources



- Surface water flows down surface gradient

- Basal water flows down surface gradient 
+ small influence of bed gradient 
+ small influence of effective pressure 

• Basal melting due to geothermal heat flux, frictional heating, turbulent
dissipation. Typical rates 5 mm yr−1.

• Surface melting during summer. Typical rates 1000 mm yr−1.

• Surface melt water provides the dominant source of water (different
from Antarctica - more like mountain glaciers).

• Ways in which water affects sliding. Effective pressure.

• What happens to water and how to model it.

q ∝ −∇φ

φ = ρwgz + pw

At surface elevation z = s,

φ = ρwgs

At bed elevation z = b,

φ = ρigs+ (ρw − ρi)gb+N

Effective pressure N = pi − pw. pi and pw are averaged over some repre-
sentative area.

Surface z = s
Bed z = b
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Two key concepts
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Hydraulic potential
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Effective pressure (pressures taken to be suitable local averages)
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Saturated sediments

- not capable of carrying required discharge

Röthlisberger 1972, Nye 1976, Hooke et al 1990

‘Distributed’ systems

- linked cavities

- micro-cavity networks

- Nye channels

- canals

- uneven water films

Walder & Fowler 1994

Weertman 1972,  Walder 1982,  Alley 1989, Creyts & Schoof 2009

Nye 1973

Fountain & Walder 1998, Flowers & Clarke 2002

Lliboutry 1976,  Walder 1986, Fowler 1986, Kamb 1987

‘Channel’ systems

Subglacial drainage
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Channel spacing

Modelled channels tend to coarsen over time.

More densely spaced smaller channels likely if
- slope is large

- distributed system is poorly connected

Steady state may never occur in practice.

Continuum of scales, from orifices to channels.

More poorly connected cavities
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in ice velocity at sites 1, 2 and 3 precede the daily discharge
peak at Leverett Glacier by 2.5, 1.6 and 1.2 hours on average
respectively. This pattern is also consistent across both years
and there is no seasonal signal. Daily velocity cycles at Site 4
in 2009 are almost in phase with discharge and at site 5 in
2010 the peak in ice velocity follows the peak in discharge.
Since these sites lie outside of the Leverett Glacier hydro-
logical catchment, however, there is little reason to imply
cause and effect.
[29] Although we observe close relationships between the

timing of variations, we can find no systematic relationship
between the magnitude of the daily velocity cycles and daily
range, peak or mean values in either temperature or dis-
charge. Tentatively, we find the largest amplitude cycles in
ice velocity at sites 2 and 3 in the early part of the melt season
in both years, although there are some periods in the latter
half of the season when the magnitude of daily velocity
variations can still exceed 150% of winter background.

5. Subglacial Conduit Model

[30] The basic physical behavior of subglacial conduits can
be described by a single equation for their cross-sectional
area, S, which captures both cavity and R-channel behavior
[Schoof, 2010]:

∂S
∂t

¼ c1Q
∂f
∂s

þ ubh# c2NnS ð1Þ

where Q is the water discharge, ∂f
∂s is the hydraulic gradient

along the conduit and N = pi # pw is the effective pressure

in the conduit (ice overburden, pi, minus water pressure, pw).
The first term on the right-hand side in equation (1) is the rate
of conduit opening due to wall melting, the second term is
opening due to bed-parallel sliding (at speed ub) past bedrock
obstacles (with height h) and the third is conduit closure due
to collapse under the weight of overlying ice. c1 is a constant
which is related to the latent heat of fusion for ice, L, by c1 =
1/(ri / L), where ri is the density of ice (910 kg m#3). c2 is
equal to 2Bn#n where B is Glen’s flow law coefficient and
n = 3 is the exponent in Glen’s flow law for ice. Q can be
related to S and ∂f

∂s by the Darcy-Weisbach law:

Q ¼

ffiffiffiffiffiffiffiffi
8

rw f

s

A3=2∂f
∂s

1=2

W#1=2 ð2Þ

where A is the filled cross-sectional area, W is the channel
wetted perimeter, rw is the density of water (1000 kg m#3)
and f is the Darcy-Weisbach friction factor. Equation (2)
is a general case of the equation which was applied by
Schoof [2010] for a full semicircular conduit. Analysis of
equation (1) by Schoof [2010] demonstrates, for steady state,
that N decreases with Q below a critical threshold in Q, while
at higher discharge N increases with Q, reflecting the tran-
sition from cavity to channel-like behavior.
[31] We present a simple model which uses equation (1) to

describe the behavior of a subglacial conduit in a lumped
formulation [e.g., Clarke, 1996, 2003] in response to time-
varying water input. The configuration is inspired by the
approach used by Cutler [1998]. In this model, a subglacial
conduit is directly connected to a moulin that drains from the

Figure 7. Detailed record showing the temporal relationship between diurnal cycles in ice velocity (blue),
air temperature (red) and proglacial discharge (black) at site 2 between July 1 and July 10, 2010. Daily
peaks and troughs are marked by colored dots. Winter background ice velocity is indicated by a black
dashed line.
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Iken and Bindschadler: Subglacial water pressure and surface velocity 
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Fig. 6. Velocity of pole C3 as a function of the subglacial 
water pressure (shown as depth of water level below 
surface). The water pressure. equal to the ice-overburden 
pressure 00 at the centre line . corresponds to a depth of 
water level of 18 m below the surface. Different symbols 
refer to different periods: 

o large open symbols indicate that the scatter of depths of 
water levels in different bore holes was small. as well as 
the scatter of velocity values at profiles B to D. 

• small . full symbols indicate a larger scatter. 
upward pointing arrows indicate that cavities were 
presumably shrinking (water levels were dropping) . In 
this case. the sliding is too small compared to the steady 
state. 
downward pointing arrows indicate that cavities were 
presumably growing. In this case. the sliding velocity is 
too large compared to the steady state. 

The lower part of the figure is an enlarged section. 

c is shown at the top of Figure 2b. (The method of calcul-
ation of short-term velocities and of the estimation of 
tolerances is described in Appendix I.) 

Velocity variations of longer duration and larger 
amplitude were in general similar at profiles B to D. (An 
obvious exception is the marked velocity peak occurring at 
profile D on 7 June.) Velocities measured at profile c, 
which was in the centre of the study area, correlate best 
with the water-level data, also shown in Figure 2b. In Fig-
ure 6, the velocity of pole C3 is plotted against the mean 
depth of water levels in bore holes 3, 4, 6, and 11, which 
were all between 160 and 175 m deep. The points of this 
plot were selected subject to certain conditions, as explained 
in Appendix 11. The plot shows some remarkable features 
from which important conclusions can be drawn: 

(I) The points cluster along a distinct curve which 
appears to have an asymptote where the subglacial 
water pressure approaches the ice-overburden pressure 
or a value close to that. (At its centre line, the glacier 
is 180 m deep and the ice-overburden pressure is 
equivalent to that of a column of water 162 m in 
height; the corresponding water level is 18 m below the 
surface). 

(2) A functional relationship is still distinct down to 
water levels as low as 80 m below the surface. 

(3) Data points of different periods, indicated by 
different symbols, are approximately on the same curve. 
This applies even to the data from the pilot study in 
June 1980. (Exceptions are the low-pressure points of 
the period 30 May-4 June 1982.) 

The first feature will be discussed in a later paragraph. 
Feature (2) permits a definite conclusion to be drawn on 
the mechanism of water-pressure dependent motion rele-
vant in the study area. There is no doubt that it is the 
sliding motion which is affected by the water pressure, and 
that the short-term variations of measured surface velocity 
are related to those of the sliding velocity. Possible mechan-
isms are: 

(a) Growth of water-filled cavities at the glacier sole 
as a function of subglacial water pressure (e.g . 
L1iboutry, 1968, 1978, 1979; Iken, 1981) or, in 
Weertman's (1979) terminology with some modification 
non-uniform growth of a water layer which has 
non-uniform and locally substantial thickness. 

(b) Decoupling of glacier sole and bed where the 
glacier is afloat. 

(c) Increased sliding when the pore pressure in 
subglacial sediments is large enough that deformation of 
subglacial sediments can take place (Boulton, 1979). 

In the study area the glacier is up to 180 m thick. It 
can only be afloat if the water level is not deeper than 
18 m below the surface. Clearly, mechanism (b) above is ID-
adequate to explain most of the velocity variations. 

Deformation of granular sediments (c) is possible if 

(I) 

where T is the shear stress, 09 the overburden pressure, Pw 
the pore pressure in the sediment, and F r is the friction 
factor, a constant. 

For densely packed granular sediments, F r is in the 
range of 0.8-1.1; for loose packing Fr is between 0.6 and 
0.7 (Lambe and Whitman, 1979). Near the centre line, at 
the glacier sole, 0 0 15.9 bar - 15.9 x 105 Pa and 
T I bar !OS Pa. 

(The latter figure was estimated from glacier geometry. 
Assuming that the sliding velocity is constant along a trans-
verse profile, one finds with a geometric shape factor of 
0.58 and a mean surface slope, taken over 2 km, of 6.5 0 

that T 1.05 bar. Assuming, alternatively, that the basal 

105 

Iken & Bindschadler 1976

Water pressure
Sp

ee
d

Basal sliding

Frequently observed that ice speed varies diurnally

Correlations between speed and 
borehole water pressure



Basal sliding

Hard bedrock Cavities Soft sediments

∂S

∂t
=

1

ρiL

�
kcS

α

����
∂φ

∂s

����
β+1

+ lrkh
α

����
∂φ

∂s

����
β+1

�
− K̂S|N |n−1N

Q = −kcS
α|Ψ|β−1Ψ

Q = −kcS
α

����
∂φ

∂s

����
β−1 ∂φ

∂s

Q = −kcS
α|∇sφ|β−1∇sφ

∂S

∂t
=

kcSα|∇sφ|β+1

ρiL
+ lr

khα|∇φ|β+1

ρiL
− K̂S|N |n−1N

zs

zb

ε̇ = Aτn

A(T ) n

0 = −∇p+∇ · τ

ε̇ = A(T )τn−1τ

∇ · u = 0

ub = f(x, τb, N)τ b

ub = f τ b

τ b = f ub

τ b = β ub

∂T

∂t
+ u ·∇T = κ∇2T

pi ≈ ρig(zs − zb)

5

∂S

∂t
=

1

ρiL

�
kcS

α

����
∂φ

∂s

����
β+1

+ lrkh
α

����
∂φ

∂s

����
β+1

�
− K̂S|N |n−1N

Q = −kcS
α|Ψ|β−1Ψ

Q = −kcS
α

����
∂φ

∂s

����
β−1 ∂φ

∂s

Q = −kcS
α|∇sφ|β−1∇sφ

∂S

∂t
=

kcSα|∇sφ|β+1

ρiL
+ lr

khα|∇φ|β+1

ρiL
− K̂S|N |n−1N

zs

zb

ε̇ = Aτn

A(T ) n

0 = −∇p+∇ · τ

ε̇ = A(T )τn−1τ

∇ · u = 0

ub = f(x, τb, N)τ b

ub = f τ b

τ b = f ub

τ b = β ub

∂T

∂t
+ u ·∇T = κ∇2T

pi ≈ ρig(zs − zb)

5

∂S

∂t
=

1

ρiL

�
kcS

α

����
∂φ

∂s

����
β+1

+ lrkh
α

����
∂φ

∂s

����
β+1

�
− K̂S|N |n−1N

Q = −kcS
α|Ψ|β−1Ψ

Q = −kcS
α

����
∂φ

∂s

����
β−1 ∂φ

∂s

Q = −kcS
α|∇sφ|β−1∇sφ

∂S

∂t
=

kcSα|∇sφ|β+1

ρiL
+ lr

khα|∇φ|β+1

ρiL
− K̂S|N |n−1N

zs

zb

ε̇ = Aτn

A(T ) n

0 = −∇p+∇ · τ

ε̇ = A(T )τn−1τ

∇ · u = 0

ub = f(x, τb, N)τ b

ub = f τ b

τ b = f ub

τ b = β ub

∂T

∂t
+ u ·∇T = κ∇2T

pi ≈ ρig(zs − zb)

5

∂S

∂t
=

1

ρiL

�
kcS

α

����
∂φ

∂s

����
β+1

+ lrkh
α

����
∂φ

∂s

����
β+1

�
− K̂S|N |n−1N

Q = −kcS
α|Ψ|β−1Ψ

Q = −kcS
α

����
∂φ

∂s

����
β−1 ∂φ

∂s

Q = −kcS
α|∇sφ|β−1∇sφ

∂S

∂t
=

kcSα|∇sφ|β+1

ρiL
+ lr

khα|∇φ|β+1

ρiL
− K̂S|N |n−1N

zs

zb

ε̇ = Aτn

A(T ) n

0 = −∇p+∇ · τ

ε̇ = A(T )τn−1τ

∇ · u = 0

ub = f(x, τb, N)τ b

ub = f τ b

τ b = f ub

τ b = β ub

∂T

∂t
+ u ·∇T = κ∇2T

pi ≈ ρig(zs − zb)

5

∂S

∂t
=

1

ρiL

�
kcS

α

����
∂φ

∂s

����
β+1

+ lrkh
α

����
∂φ

∂s

����
β+1

�
− K̂S|N |n−1N

Q = −kcS
α|Ψ|β−1Ψ

Q = −kcS
α

����
∂φ

∂s

����
β−1 ∂φ

∂s

Q = −kcS
α|∇sφ|β−1∇sφ

∂S

∂t
=

kcSα|∇sφ|β+1

ρiL
+ lr

khα|∇φ|β+1

ρiL
− K̂S|N |n−1N

zs

zb

ε̇ = Aτn

A(T ) n

0 = −∇p+∇ · τ

ε̇ = A(T )τn−1τ

∇ · u = 0

ub = f(x, τb, N)τ b

ub = f τ b

τ b = f ub

τ b = β ub

∂T

∂t
+ u ·∇T = κ∇2T

pi ≈ ρig(zs − zb)

5

∂S

∂t
=

1

ρiL

�
kcS

α

����
∂φ

∂s

����
β+1

+ lrkh
α

����
∂φ

∂s

����
β+1

�
− K̂S|N |n−1N

Q = −kcS
α|Ψ|β−1Ψ

Q = −kcS
α

����
∂φ

∂s

����
β−1 ∂φ

∂s

Q = −kcS
α|∇sφ|β−1∇sφ

∂S

∂t
=

kcSα|∇sφ|β+1

ρiL
+ lr

khα|∇φ|β+1

ρiL
− K̂S|N |n−1N

zs

zb

ε̇ = Aτn

A(T ) n

0 = −∇p+∇ · τ

ε̇ = A(T )τn−1τ

∇ · u = 0

ub = f(x, τb, N)τ b

ub = f τ b

τ b = f ub

τ b = β ub

∂T

∂t
+ u ·∇T = κ∇2T

pi ≈ ρig(zs − zb)

5

Lower effective pressure
Larger cavities

Less friction

Lower effective pressure
Lower yield stress
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Discharge to the ocean

Terminus at flotation

Terminus above flotation

Discharge from terminus

Discharge from terminus

How is discharge to the ocean distributed?



Summary

How appropriate are effective pressure-dependent sliding laws?

What is basal water pressure?

Any channelized flow may fan out near a terminus.

Increased quantity of surface runoff in recent years.

Little data on subglacial hydrology.  Simple first order approaches required for modelling.

Ice dynamics; may be better to use statistical links between surface melting and sliding speed.

Evolution of the drainage system is important.


