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35.1 cm/day around 9 August 1997, of 40.1
cm/day around 10 July 1998, and of 38.6 cm/
day around 30 July 1999. After these periods of
accelerating flow, the velocity decreased mark-
edly to a minimum of 28.9 cm/day around 18
September 1997, of 29.8 cm/day around 19
August 1998, and of the lowest value of 27.6
cm/day around 29 August 1999. After the ve-
locity minima, the ice slowly accelerated again
over several fall months to return to the mid-
winter values.

The cumulative additional motion (Fig. 3)
caused by the summer accelerations was com-
puted as the difference between the measured
positions and the calculated along-track posi-

tions that would have occurred under a constant
velocity of 31.33 cm/day. At the transition from
accelerating flow to decelerating flow in early
September 1997, the ice had moved an addi-
tional 3.0 m relative to the baseline rate. At the
1998 and 1999 transitions, the respective net
additional displacements were 4.7 m and 6.0 m.
During periods of slower flow in the fall, after
the transitions, the additional displacement was
reduced by about 45 to 65% (24).

From a 21-year record of Greenland surface
melting from passive microwave data, the sum-
mer of 1996 was the second-lowest melt year
since 1979, the summer of 1997 was slightly
below the 21-year average, and the summers of

1998 and 1999 were well above average (25).
We investigated relationships between the avail-
ability of summer meltwater for basal lubrica-
tion and changes in the ice velocity using the
cumulative positive degree-days (PDDs) (26) at
the camp, as shown in Fig. 3C. For the four
summers (1996 to 1999), the respective total
PDDs were 47.6, 60.8, 116.5, and 94.7. The
corresponding mean areas of melt from June
through September in the Jacobshavn region
from passive microwave data were 28.2, 52.0,
79.6, and 74.5 ! 103 km2, which show similar
year-to-year variations as the PDDs (27). The
quality of PDDs as an indicator of ablation and
consequent meltwater production was shown by
Braithwaite and Olesen (28), who obtained a
0.96 correlation coefficient between annual ice
ablation and PDDs, even though variations in
radiation and other energy-balance factors such
as wind speed also affect the rate of ice ablation
(29).

Correlations Between Acceleration
and Surface Melting
In all years, correlations are evident be-
tween the changes in ice velocity and both
the intensities and timings of surface melt-
ing. For the summers of 1998 and 1999, the
respective ratios of the increases in velocity
of 8.8 and 7.3 cm/day to the PDDs of 116.5
and 94.7 are nearly the same (0.076 and
0.077), whereas the ratios in 1996 and 1997
are somewhat smaller (0.032 and 0.063).
For the summer of 1999, the melting period
was shorter in duration, but of greater in-
tensity in the month of July than in the
other summers.

Although melting downstream of the equi-
librium line begins a few days to several weeks
earlier than at the camp, comparison of the
timing of the acceleration and melting is based
on the melt record at the camp (30). Although
some melting usually occurs in May, more-
continuous melting does not usually begin until
the beginning of June. In 1997, the onsets of ice
acceleration and melting were nearly simulta-
neous in mid-June. In 1998, the acceleration
onset (also in mid-June) lagged the melting
onset by about 2 weeks. In 1999, although a
small temporary increase in velocity appeared
in May, the major ice acceleration and the
melting onset were both delayed until the be-
ginning of July. Correlations between the tim-
ing of the transitions from acceleration to de-
celeration and the cessations of melting were
also good, particularly in 1997 and 1999 when
the respective transitions at the beginning of
September and mid-August were nearly coinci-
dent with the end of melting. In 1998, some
melting continued after the transition in early
August. In 1996, the year of minimal accelera-
tion, the ice accelerated in July and early Au-
gust until the end of a period of minimal
melting in late August when the transition to
deceleration occurred.

Fig. 3. (A) Horizontal ice velocity (red curve) along a smoothed line of motion showing ice
accelerations during the summer melt seasons and the abrupt transitions to deceleration around
the times of melt cessation. The cumulative additional motion (horizontal residual, black) relative
to a wintertime-average velocity of 31.33 cm/day is 6.0 m by the time of the maximum velocity
in 1999. (B) The vertical residual (blue) indicates a 50-cm uplift at the time of the 1997 transition
from accelerating flow to decelerating flow. (C) Cumulative PDDs and PDDs for 10-day intervals
(10d DD, red) from temperatures measured at the Swiss Camp, showing correlations of the melting
with the intensity and timing of the ice accelerations and decelerations (units are degree-days).
Vertical dotted lines mark May 1, July 1, and September 1 for each year.
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Ice speed varies diurnally

bed-parallel motion is about 0.8 mm d!1 (see Appendix A).
The total horizontal ice motion during the summer is <50 m,
and the ice thickness (>500 m) is such that bed features with
wavelengths less than the ice thickness are not expressed at
the ice surface [Gudmundsson, 2003]. As a consequence, we
assume that a is constant over the short distances traveled
during one season. We assume that any change in observed
surface velocity from background is due to increased sliding.
Accordingly, our velocity data indicate that ub increases
during most of the summer, but we cannot reliably deter-
mine the component of the observed background surface
velocity due to sliding. Therefore we make an assumption
that is conservative for the calculation of ċ as a residual from
equation (5) and assume that during the background time
period ub,bg = us,bg, which minimizes the increase in mag-
nitude that we subsequently apply to ub tan a during the
summer. Because a slopes downward in the direction of
flow or is close to zero at all stations, this minimizes our
calculation of elevation lowering due to bed parallel motion
and, therefore, may underpredict uplift due to ċ.
[20] We integrate equation (5) in time to calculate the

displacement due to bed separation, Dċ as a residual using
Dt = 1d

Dċ ¼ ċDt ¼ Dzs ! us=us;bg
! "

ub;bg tanaDt ! D! ð7Þ

where Dzs is the observed surface displacement.
[21] We estimate the uncertainty in calculated cumulative

bed separation to be %6.5 mm during the background time
period, followed by an increase of %3 mm d!1. By day 191
this results in 10 cm and, by day 223, 20 cm of uncertainty in
bed separation (see Appendix A). Additional unquantifiable
uncertainty is introduced by assumptions that vertical strain
rates are constant with depth, the station pair spacing used
for calculating strain rates is appropriate, and uplift due to till
dilation is negligible (see Appendix A). For these reasons,

we consider the estimated time-series of bed separation to
be broadly indicative of increases or decreases in the volume
of water stored at the bed, and we consider the relative
magnitude and timing to be more reliable than the
absolute values.

3. Results and Analysis

3.1. Seasonal Description
3.1.1. Surface Hydrology
[22] PDD in the region began around day 152 (1 June) and

terminated around day 244 (1 September) of 2007 (Figures 2
and 3); the two weather stations reported similar variations in
air temperature during the summer. Three prolonged periods
of elevated PDD occurred in the middle of the summer:
days 175–182, 185–210, and 222–233 (Figure 2). However,
due to the upglacier migration of the snowline during the
summer (Figure 4), late-summer modeled melt rates tend
to be higher. For example, the highest temperatures of the
season occurred around day 190. In the downglacier region
ice was exposed at this time, leading to the highest modeled
melt rates of the summer. In the midglacier and upglacier
regions, the highest modeled melt rates occurred during
somewhat lower temperatures later in summer as the underly-
ing ice was exposed in those regions. Modeled melt decreased
with distance upglacier due to both fewer PDD and prolonged
snow cover. Modeled melt for the entire summer was 1.9, 1.1,
and 0.4 m w.e. in the downglacier, midglacier and upglacier
regions, respectively.
[23] In 2007 there were 15 lakes within 5 km of our GPS

stations in our downglacier region, 28 in the midglacier
region, and 19 in the upglacier region. Of these 62 lakes,
45 (73%) had a diameter greater than 0.25 km, and 25 (40%)
had a diameter greater than 0.50 km. Lake filling in all
regions began shortly after the onset of melt and nearly all
lakes were identifiable before snow cover became patchy,

Figure 3. Six-hr mean horizontal velocity (dark blue, green, and red lines) and hourly air temperature
(gray) for GPS stations. (top) Stations 107, 207 and 307 overlying temperature from JAR1. (middle)
Stations 407, 507 and Wild1 overlying temperature from Swiss Camp. (bottom) Stations 607, 707
and 807 overlying temperatures extrapolated to mean elevation in this region. Velocity has been
normalized with respect to the background velocity (Table 1) at the beginning of the data collection
period (days 133–158). Note the change in horizontal and vertical scales from Figure 2.
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[ken and Bindschadler: Subglacial water pressure and surface velocity 
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Fig. 2. a. Velocity records for poles near the centre line of the glacier. Broken lilies indicate mean 
velocities over periods when no short-interval measurements were made. 
b. Top: velocity 0/ two poles 0/ profile c. Broken lines indicate mean velocities over periods whell no 
short-interval measurements were made. 
Upper middle: depth of the water level below surface in four bore holes. 
Lower middle: discharge of the terminal stream ( by courtesy of Grande Dixence. S.A .). Broken line: a 
dam had broken alld discharge data refer to only part of the outlet stream. 
Bol/om: thick line: air temperature near the glacier terminus ( by courtesy of Grande Dixence. S.A. ). 
Thin line: temperature of the free atmosphere at the 700 mbar level near Payerne (by courtesy 0/ 
Schwei;;erische Meteorologische Anstalt). 

the water level was very roughly, that is within 
approximately 10 m, at the same depth below surface in all 
of them. This applies also to holes 8 and 9 during the brief 
period when they had connections. 

In the two semi-marginal holes, I and 5, where the ice 
is only 110 and 85 m thick, respectively, the water levels 
tended to be somewhat deeper. That is, the piezometric sur-
face, which approximately paralleled the ice surface in the 
central part of the glacier, appeared to drop slightly towards 
the margin; transverse profiles over the ice surface were al-
most horizontal in the study area. The record of hole 5, 

Fig. 3. Longitudinal sections through the part of glacier 
studied. (a) Vertical section along a straight line through 
bore h07es 1. 7, and 10. Poles or bore holes which were 
located at a significant distance from this section are 
indicated with broken lines. (b) Section following 
approximately the Talweg of the glacier and passing 
through bore hole 4. 
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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 
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Lots of evidence suggests subglacial drainage systems are constantly evolving.

Subglacial drainage system

Inefficient drainage through sediments and cavities.

Efficient drainage through tunnels.



Surface runoff

Subglacial drainage 
system Force balance

Basal friction law

Ice speed

Modelling coupled hydrology and sliding

Cavitation

Basal melting

Isothermal ice-sheet model (2d vertically integrated approximation incorporating longitudinal 
stresses and internal shear).  

Fixed ice-sheet geometry.
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Soft sediments
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Assume sliding depends on 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.
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Friction law
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Cavity friction law
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Connectedness of the drainage system

Water pressure in the hydrology model is really an average over a connected drainage system.

It cannot be expected to be the same as pressure in unconnected regions.

Comparison with borehole measurements is very difficult!

?

Increase pressure



Summary

• Model combines an effective pressure-dependent friction law with calculation of water 
pressure in the subglacial drainage system.  It can reproduce a range of observed ice 
behaviour.  Quantitative evaluation is still needed.

• Understanding the coupling of meltwater and ice dynamics is also important for erosion 
and long term landscape evolution.

• Important aspects of the model

• The assumption of local connectivity of the drainage system is almost certainly wrong.  
Observations suggest we should consider

- unconnected regions of the bed

- transient cavitation

- evolution of the subglacial drainage system

- feedback of sliding speed on the drainage system
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