








T(0)

PW (m water above bed)

—20 =

ot A A N I o i ——"
wwé

50

VAT 77

¥ VPR T W TS T Ll h l L o

1

PW (m water above bed)

100
B94-9
50 BY5-1 -
B95-5
B95-t |
15 Jul. 1 Aug. 15 Aug. 1 Sep. 15 Sep. 1 Oct. 15 Oct. 1 Nov. 15 Nov. 1 Dec. 15 Dec

Date (1995)

Figure 6-15. Water pressure (in meter water column above the glacier bed) records from 1995 in boreholes
B95-1, B95-5, B95-9, and B95-t (sensor emplaced in basal till beneath the glacier). Air temperature (curve,
scale to the left) and precipitation (bars scale to the right) from measurements at Tarfala Research station.
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Figure 6-16. Water pressure (in meter water column above the glacier bed) records from 1996 in boreholes
B95-1, B95-5, B95-9, and B95-t (sensor emplaced in basal till beneath the glacier). Air temperature (curve,
scale to the left) and precipitation (bars scale to the right) from measurements at Tarfala Research station.

6.3.2 Pressure records from 1997

In 1997, the water pressure records (Figure 6-17) follow the same general behavior as during 1996, i.e.
showing high frequency fluctuations during summer. The amplitude of fluctuations during 1997 are larger
than those during 1996, they are even larger later in the summer than earlier. It is difficult to see a clear
explanation to this behavior. The pressure records from B95-9 and B95-t show identical records, both in
terms of pressure level and variability throughout the year, with the possible exception of a period in mid-
winter but a lack of data prevents us from making further-reaching inferences. It is furthermore possible
that B95-5 also is coupled to the B95-9/B95-t system for a period during spring until mid-June. Around
mid-June, the B95-5 record switches from following the B95-9/B95-t record to following the B95-1
record. However, B95-1 and B95-5 do not seem to be perfectly coupled since the water levels differ over
time, but the variability is similar in both records. A brief warm spell in late September seems to affect all
pressure records in the same way by a sudden lowering of water level. This can be interpreted as that the
system undergoes similar changes as was described for the 1995 late fall events.
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Figure 6-17. Water pressure (in meter water column above the glacier bed) records from 1997 in boreholes
B95-1, B95-5, B95-9, and B95-t (sensor emplaced in basal till beneath the glacier). Air temperature (curve,
scale to the left) and precipitation (bars scale to the right) from measurements at Tarfala Research station.
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6.3.3 Pressure records from 1998

During the winter of 1997/1998 (Figure 6-18) pressure change very little with B95-1 showing a
slight increase during mid-winter. As with earlier years the pressure undergoes high frequency variabi-
lity during the melt season with an amplitude similar to what was recorded during 1997 (Figure 6-17).
During the second half of August, water levels seem to drop. During the following fall and early winter,
water levels undergo low frequency variations with much higher amplitude than recorded since the
summer 1995.The B95-9 and B95-t signals follow each other as during previous years but start to
deviate at the end of the year. B95-1 and B95-5 also show some degree of coupling reflected by similar
pressure variations through out the year. B94-9 ceases to function during the early winter 1998.

6.3.4 Pressure records from 1999

The pressures recorded during 1999 (Figure 6-19) differ from those recorded in previous year in that
the variability increases and also the general water levels decrease over the year. The B95-1 and B95-5
records continue to largely follow each other until B94-1 ceases operation in mid-August. There is
more high frequency variability during summer compared to previous years. B95-t experiences large
variations starting with a general drop in water level in early January. This is a permanent change
which is slowly accomplished also in the other borehole records but over the length of the entire
year so that all roughly match at the end of the year. The record from B95-t during the melt season
shows very large amplitude variations, similar to those recorded during 1995 when the system of
boreholes was deemed interconnected and also connected to some external system. The pressure
variations correlate with variations in temperature and precipitation events and hence reflect input
rate variations. However, diurnal behavior is only weakly represented in the record as fluctuations
superimposed on larger water level fluctuations. This may reflect that the basal system, naturally, is
fed by surface water but that the signal reaching B95-t mostly reflects input variations on time scales
longer than days. The records from B95-1 and B95-5 also shows similar low frequency variability
but with much smaller amplitude. In September the variability seen in B95-t is barely distinguishable
in B95-5. This indicates that the variations are too small to penetrate through to B95-5 from the
better connected B95-t. Note that these sensors were originally inserted in the same borehole. During
the fall and winter both remaining borehole sensors record large scale fluctuations that do not seem
to have any connection with each other.

6.3.5 Pressure records from 2000

The water pressure record from 2000 (Figure 6-20) shows few fluctuations with one notable
exception, a large pressure increase at B95-t in early March. Since the variation occurs during winter
it is not caused by sudden input of surface water. It is rather the result of internal reorganization from
glacier flow or by emptying of some internal storage location. B95-5 ceases operation in mid April
and B95-t shows little fluctuation during the entire record. Unlike in 1999, the variability shown by
B95-t during the melt season is small in amplitude, roughly similar to that recorded in 1996. Because
of significant loss of data during the last half of the year, not much more can be added about the
conditions for this year.
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Figure 6-18. Water pressure (in meter water column above the glacier bed) records from 1998 in boreholes
B95-1, B95-5, B95-9, and B95-t (sensor emplaced in basal till beneath the glacier). Air temperature (curve,
scale to the left) and precipitation (bars scale to the right) from measurements at Tarfala Research station.
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Figure 6-19. Water pressure (in meter water column above the glacier bed) records from 1999 in boreholes
B95-1, B95-5, and B95-t (sensor emplaced in basal till beneath the glacier). Air temperature (curve, scale
to the left) and precipitation (bars scale to the right) from measurements at Tarfala Research station.
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Figure 6-20. Water pressure (in meter water column above the glacier bed) records from 2000 in boreholes
BY95-5, and B95-t (sensor emplaced in basal till beneath the glacier). Air temperature (curve, scale to the
left) and precipitation (bars scale to the right) from measurements at Tarfala Research station.

6.3.6 Pressure records from 2001

The pressure record from B95-t in 2001 (Figure 6-21) does not provide much information because
of the short duration of retrieved records, mostly caused by a malfunctioning data logger. We will

therefore not discuss this record further.
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Figure 6-21. Water pressure (in meter water column above the glacier bed) records from 2001 in borehole

B95-t (sensor emplaced in basal till beneath the glacier). Air temperature (curve, scale to the left) and
precipitation (bars scale to the right) from measurements at Tarfala Research station.
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6.3.7 Pressure records from 2002

The pressure record from 2002 constitutes the last year of operation of sensor B95-t (Figure 6-22).
The winter 2001/2002 shows a very steady water level. As melt conditions start on the glacier in late
May to early June, small amplitude, diurnal water level fluctuations commence. A larger peak in water
pressure occurs around 20-22 June for reasons unclear because no precipitation record exists for this
part of the melt season. During the remaining summer the general water level fluctuates. Superimposed
is the small diurnal signal which does not seem to be significantly affected by precipitation. Some
larger variations seem to start at the end of the record, perhaps in response to precipitation.
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Figure 6-22. Water pressure (in meter water column above the glacier bed) records from 2002 in borehole
B95-t (sensor emplaced in basal till beneath the glacier). Air temperature (curve, scale to the left) and
precipitation (bars scale to the right) from measurements at Tarfala Research station.
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7 Discussion

The water pressure records can be classified into two categories based on the annual response, a
quiet winter regime dominated by low frequency variations and occasional high amplitude varia-
tions, typically of short duration, and a summer regime with both high frequency and high amplitude
variations. This difference is the result of the difference in water supply to the basal system between
summer and winter.

In summer, melt water is generated at the surface through melting and by rain fall. Melt rates are
strongly correlated to air temperature /e.g. Collins 1934, Hock 1999/ and variations in runoff from
melt varies diurnally and is superimposed on longer-term variations controlled by the advection of
air masses over the region. Therefore, summer water pressure variations are strongly correlated to
the meteorological conditions (e.g. Figure 6-9).

In winter, sub-freezing temperatures terminate surface melt and precipitation falls as snow. Little
variability in water pressure occurs and as can be seen in the records, water pressures remain quite
high even during winter (e.g. Figure 6-11). The winter regime records are, however, not devoid of
variations (e.g. Figure 6-10, winter of 1998/99). In autumn, subglacial conduits are adapted to the
high water discharge of the summer regime. Once the input decreases at the onset of autumn, water
pressures drop and the conduits start to close by creep continuing until the water pressure in the
conduit balances the ice pressure. Smaller conduits require high water pressure gradients to drive the
existing flux of water through the system. Hence, the creep closure of the conduits produces a rise
in water pressure during the fall and early winter and melt-enlargement caused by the high flow of
water causes lower water pressures in summer /Rothlisberger 1972/.

As can be seen in the winter records (e.g. Figure 6-12), constant high water pressures are not
necessarily maintained during the entire winter. There are instances of very rapid changes followed by
a relaxation towards seemingly long-term quasi-constant levels for each site. These transient pertur-
bations from the background levels are likely the result of sudden reorganization of flow structures
at the bed or abrupt drainages from or to englacial or subglacial pools of water. The glacier slides over
its bed all year round, conduits in the glacier become deformed and cut-off, opening of new links or the
complete re-routing of water can easily take place. Because we infer the winter hydrologic system to
be much more closed than the summer system, reorganizations of water flow would produce larger
effects in winter.

In glaciers, the general concept of the basal water system is one in which a fast and a slow system
exists in parallel /e.g. Fountain and Walder 1998/. The fast system can be exemplified by a conduit
system in which water is routed along distinct pathways /e.g. Rothlisberger 1972/. The slow system
is best thought of as a flow regime with multiple pathways along the ice bed interface /e.g. Shreve
1972, Weertman 1972/; in the case of a basal sediment layer, perhaps as groundwater flow through
such an aquifer. The slow system can also be a low gradient, distinct pathway system such as that
envisioned by /Kamb 1987/ for the basal network and as low gradient linked fractures as inferred by
/Fountain et al. 2005ab/ for the englacial system. This has important consequences.

The conduit system is fed from the surface and its dimensions determined by the water flux
originating at the surface. The pressure in this system is determined by a combination of the current
meltwater flux, the flux history and through the competition between creep closure of conduit walls
and the conduit enlargement by melt from viscous dissipation of heat. The fast system reacts quickly
to increases in water influx and slowly to decreases in flux. The slow system maintains a more
steady pressure and is not strongly influenced by the rapid influx changes from the surface. It is not
clear what determines the water pressure in this system. One possibility is that its pressure reflects
some average condition in the conduit system, i.e. that pressure variations occurring in the conduit
affect a zone around the conduit but are attenuated to a level that is determined by the longer-term
conditions in the conduit. This has been suggested by several studies /e.g. Weertman 1972, Nye
1976, Walder 1982, Weertman and Birchfieldd 1983, Lappegard 2006/. In this case it would be
longer-term trends in water pressure on, for instance, weekly to multi-weekly time scales that
determine the pressure in the slow system.
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Not much is known about the relative importance or the relative areas affected by these two drainage
systems. There are, however, a few observations that can provide some indications. Water pressure
variations are known to directly influence the measured glacier velocity, this is thought to be coupled
to the basal sliding speed /e.g. Iken and Bindschadler 1986, Jansson 1995, Hooke et al. 1997/. Thus
changes in the narrow conduits are enough to accelerate the entire ice mass. If conduits were few
and far between, or perhaps equivalently, if the portion of the bed occupied by conduits was very
small relative to the area covered by the slow system, the effect from the conduits and zones near
them must be very strong as suggested by /Hubbard et al. 1998/ to explain velocity patterns on Haut
Glacier d’Arolla. We do not observe such localized accelerations on Storglacidren. Hence, it seems
as if the network of conduits must either be dense or that there are large zones along the conduits

in which the water pressure fluctuations are transmitted and influence the ice. Alternatively, the
generally high water pressure in the slow system provides a good basis for sliding but that the low
pressure conditions in and around the conduits act so as to reduce the sliding, hence only allowing
sliding during high water pressure events.

The experience from our borehole pressure sensor measurements shows that a borehole will be
strongly coupled to a fast drainage system during the summer when the borehole is drilled /e.g.
Smart 1996/. Because of small dimensions of the boreholes and conduits, it is highly unlikely that
boreholes intersect basal conduits. Therefore, we infer that boreholes reach the bed either in regions
of slow systems because they are spatially distributed widely or in transition areas between the two
systems. Based on the large number of boreholes, monitored and unmonitored, that have reached the
bed and have connected to the drainage system, as indicated by a drop in water level and observable
rapid, typically diurnal, variations in water level, we can conclude that boreholes may create
connections to the fast system regardless to its proximity to the system. Since a borehole is always
filled to the top during drilling, excess water from the drilling overflowing onto the glacier surface,
the initial pressure head when intersecting the bed is higher (by a factor ~1.1) than that of the local
ice thickness. Hence, if the over-pressurized pulse of water connected with the slow system, the
slow system is locally overwhelmed and may lift the glacier so as to create an efficient connection
between the borehole and the fast system. In reality, water continues to be added to the partly drained
borehole because water flow to the drill cannot be stopped instantaneously after connection is made.
This aids to enlarge the new connecting conduit. It seems as if such a connection is not easily closed
during the course of the summer season despite glacier sliding which amounts to a few meters in the
summer months at Storglacidren /Hooke et al. 1992, Pohjola 1993/.

In borehole sensors that have survived one winter, the pressure records during the subsequent
summer markedly differ from those of the previous (e.g. Figure 6-14). We should point out that

it is unclear how long the physical borehole persists in the ice. Since it is at least partially filled
with water it may remain open for significant periods of time. However, it is likely that the sensor
eventually is coupled to the basal system while not located in a borehole per se. This indicates that
the connection between the borehole sensor and the fast system has been severed. Our interpretation
is that the sensor now is measuring the local characteristics of the system rather than that of a distant
fast system to which it was originally connected. If this is true, it is only during this phase of the
borehole pressure measurement that we can deduce anything about the distribution of the different
systems and the proximity to conduits.

The distribution of drainage system pathways beneath a glacier remains a critical unknown to
investigate. Our research shows that boreholes often connect when reaching the bed during drilling.
In some cases where drilling could not proceed, perhaps 0.5 m above the bed, may provide a connec-
tion after a few days, indicating that the mechanism suggested by /Weertman 1973/ is in operation.
We have no unambiguous evidence that any of the boreholes directly hit a subglacial pathway.
During the mid 1980s one bore hole drilled on top of the riegel seemed to be directly connecting into
a conduit. This was evident for hearing sounds of rushing water from the bore hole and water levels
almost at zero, indicating possible open channel flow. This bore hole was never monitored by a pres-
sure transducer so no further direct conclusions can be drawn from the experience. This experience
shows that it is rare to drill directly into the fast system but common to connect near the system.
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The investigations performed on Storglacidren are intended to provide insight into what can be
expected beneath and immediately downstream of a portion of an ice sheet where surface input

can occur. Our understanding of ice sheet hydrology has long been ignored. It seems very little

of ommon knowledge about glacier hydrology has entered the discussion /e.g. Boulton et al.
2007ab/. Only recently has the situation changed /e.g. Zwally et al. 2002, Alley et al. 2005, Das

et al. 2008/. The picture that now emerges is that a cold or polythermal ice sheet with a surface melt
ablation area may have the capability to route water to the bed tens if not hundreds of km from the
glacier terminus. This means we also need to apply the knowledge obtained from valley glaciers

to the ice sheet scale. The ice sheet hydrological system is complicated by the fact that the basal
thermal regime sets the boundaries for where subglacial hydrology can occur. Since large areas of
an ice sheet might experience basal melting but at the same time no surface melt due to low surface
temperatures, subglacial water can be generated and routed from subglacial areas upstream from the
uppermost surface input points (feeding surface generated water into the system). How this entire
system reacts to the seasonal and shorter input variations is far from certain, at least not when con-
sidering seasonal and shorter time scales. The wide spread drainage of large supraglacial lakes /e.g.
Das et al. 2008/ is common feature of ice sheets providing singular local short but very high pressure
events. Considering the patchwork of drainage basins identified over a portion of the Greenland Ice
Sheet by /Thomsen et al. 1986, 1989ab, 1993/, it is possible to see the ablation area being affected
simultaneously by input changes, despite the large distances involved. Hence, the ablation area of an
ice sheet such as that of south-western Greenland experiences water influx variations on both diurnal
and seasonal time scales similar to that of valley glaciers in e.g. the sub-arctic. Thus, the hydrological
characteristics identified on valley glaciers should be applicable on the ice sheet scale.
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8 Concluding remarks

Long term measurements of water pressure on Storglacidren reveals that borehole measurements of
water pressure record variations relating to input variations during their first melt season of opera-
tion. The inference is that boreholes connect to active drainage pathways and remain connected for
as long as the system remains active. During the winter following drilling, long-term changes occur,
occasionally interrupted by sudden and apparently violent changes. These rapid changes probably
occur in a system with very small volume so that even small rapid changes of system storage yield
large and rapid fluctuations in water pressure. In only a few cases do water pressure sensors seem
to remain connected to the main drainage system during a second melt season. This indicates that
the artificial connections created during drilling have been severed during the intervening winter.
Connections may have been severed by closure of the drainage conduits ice or by rearrangements
created from glacier sliding over the bed. The second season is typically characterized by an increase
in fluctuation but generally a lack of diurnal variations. This indicates that the sensor is picking up
longer-term variations in water pressure but without the diurnal signal so strongly overprinting the
signal during the first year. Although we cannot infer distances from the boreholes to the conduits
from the present study, diurnal pressure variations probably do not reach far outside the channel.
This conclusion is mainly based on the fact that boreholes easily connect to the basal system when
drilled but are easily disconnected during the winter following their creation. If true, it poses an
important question regarding how water pressure affects ice velocity. Our inference implies that
most of the bed is not experiencing diurnal signals and that only a narrow zone of unknown sizae is
directly affected by such variations. Yet, the glacier responds with diurnal velocity variations. In light
of developments in ice sheet hydrology, these processes and characteristics of valley glacier hydrology
should be applicable to the ice sheet scale. This implies that large short-term (diurnal to weekly) to
seasonal variations will affect the base of ice sheets as has been shown /Zwally et al. 2002/.

43



9 Acknowledgements

Thanks are due to Jason Amundsen who helped with the drilling operation during the 2002 field
season. Rachel Brown provided much assistance during the 2004 campaign. Tarfala Research Station
and personnel are also gratefully acknowledged for helping with the logistics of flying the drill up to
and down from the glacier each summer and helping out with different aspects of the work. Tarfala
Research Station superintendent Henrik Térnberg’s mechanical understanding helped in preparing
and maintaining the drill. We are also indebted to Andrew Fountain cost sharing in terms of fuel and
drill logistics between our projects. Careful comments by Andrew Fountain and Tristam Irvine-Fynn
helped improve the report.

45



10 References

ACIA (Arctic Climate Impact Assessment), 2004. Impacts of a Warming Arctic: Arctic Climate
Assessment. Cambridge University Press, Cambridge.

Albrecht O, Jansson P, Blatter H, 2000. Modelling glacier response to measured mass balance.
Ann. Glaciol. 31, 91-96.

Alley R B, Dupont T K, Parizek B R, Anandakrishnan S, 2005. Access of surface meltwater to
beds of subfreezing glaciers: Preliminary insights. Ann. Glaciol. 42, 8-14.

Bauder A, Mickelson D M, Marshall S J, 2006. Numerical modeling investigations of the
subglacial conditions of the southern Laurentide Ice Sheet. Ann. Glaciol. 40, 219-224.

Bjornsson H, 1981. Radio-echo sounding maps of Storglacidren, Isfallsglacidren, and Rabots
glacidr, northern Sweden. Geogr. Ann. 63A (3—4), 225-231.

Boulton G S, Caban P E, 1995. Groundwater flow beneath ice sheets: Part II — Its impact on glacier
tectonic structures and moraine formation. Quat. Sci. Rev. 14 (6), 563-587.

Boulton G S, Caban P E, van Gijssel K, 1995. Groundwater flow beneath ice sheets: Part [ — Large
Scale Patterns. Quat. Sci. Rev. 14 (6), 545-562.

Boulton G S, Lunn P, Vidstrand P, Zatsepin S, 2007a. Subglacial drainage by groundwater-channel
coupling, and the origin of esker systems: Part 1 — glaciological observations. Quat. Sci. Rev. 26
1067-1090.

Boulton G S, Lunn P, Vidstrand P, Zatsepin S, 2007b. Subglacial drainage by groundwater-channel
coupling, and the origin of esker systems: Part 2 — theory and simulations of a modern system. Quat.
Sci. Rev. 26, 1091-1105.

Breemer C W, Clark P U, Haggerty R, 2002. Modeling the subglacial hydrology of the late
Pleistocene Lake Michigan Lobe, Laurentide Ice Sheet. GSA Bull. 114 (6), 665-674.

Collins E H, 1934. Relationship of degree-days above freezing to runoff. Trans. AGU, Part 1,
624-629.

Cutler P, 1998. Modelling the evolution of subglacial tunnels due to varying water input. J. Glaciol.
44 (148), 485-497.

Das S B, Joughin I, Behn M D, Howat I M, King M A, Lizarralde D, Bhatia M P, 2008. Fracture
propagation to the base of the Greenland ice sheet during supraglacial lake drainage. Science. 320
(5877), 778-78]1.

Fischer U H, Iverson N R, Hanson B, Hooke R LeB Jansson P, 1998. Estimation of hydraulic
properties of subglacial till from ploughmeter measurements. J. Glaciol. 44 (148), 517-522.

Fountain A G, Walder J S, 1998. Water flow through temperate glaciers. Rev. Geophys. 36 (3),
299-328.

Fountain A G, Schlichting R, Jansson P, Jacobel R W, 2005a. Observations of englacial flow
passages — a fracture dominated system. Ann. Glaciol. 40, 25-30.

Fountain A G, Jacobel R W, Schlichting R, Jansson P, 2005b. Fractures as the main pathways of
water flow in temperate glaciers. Nature. 433 (7026): 618—621.

Fowler A, Larson D, 1978. Flow of polythermal glaciers: 1. Model and preliminary analysis. Proc.
R. Soc. Lond. Ser. A. A363, 217-242.

Grudd H, Schneider T, 1996. Air Temperature at Tarfala Research Station 1946-1995, Geogr. Ann.
78A (2-3), 115-119.

Hanson B, 1995. A fully three-dimensional finite-element model applied to velocities on
Storglacidren. J. Glaciol. 41 (137), 91-102.

Hanson B, Hooke R LeB, 1994. Short term velocity variations and basal coupling near a bergschrund,
Storglacidren, Sweden. J. Glaciol. 40 (134), 67-74.

47



Hanson B, Hooke R LeB, Grace Jr E M, 1998. Short-term velocity and water-pressure variations
down-glacier from a riegel, Storglacidren, Sweden. J. Glaciol. 44 (147), 359-367.

Hedberg C-E, Strand K, 1998. Utveckling av glacidrborrutrustning. Examensarbete, Inst f.
Maskinteknik, Lulea tekniska universitet. 1998:028 CIV.

Herzfeld U C, Eriksson M G, Holmlund P, 1993. On the influence of kriging parameters on the
cartographic output — a study in mapping subglacial topography. Mathematical Geology. 25 (7),
881-900.

Hoaglund J R II1, Kolak J J, Long D T, Larson G J, 2004. Analysis of modern and Pleistocene
hydrologic exchange between Saginaw Bay (Lake Huron) and the Saginaw Lowlands area. GSA
Bull. 116 (2), 3-15.

Hock R, Hooke R LeB, 1993. Evolution of the internal drainage system in the lower part of the
ablation area of Storglacidren, Sweden. GSA Bull. 105 (4), 537-546.

Hock R, 1999. A distributed temperature-index ice- and snowmelt model including potential direct
solar radiation. J. Glacial. 45(149), 101-111.

Holmlund P, 1988a. An application of two theoretical melt water drainage models on Storglacidren
and Mikkaglacidren, Northern Sweden. Geogr. Ann. 70A (1-2), 1-7.

Holmlund P, 1988b. Internal geometry and evolution of moulins, Storglacidren, Sweden. J. Glaciol.
34 (117): 242-248.

Holmlund P, Eriksson M, 1989. The cold surface layer on Storglacidren. Geogr. Ann. 71A (3—4),
241-244.

Holmlund P, Hooke R LeB, 1983. High water-pressure events in moulins, Storglacidren, Sweden.
Geogr. Ann. 65A (1-2): 19-25.

Holmlund P, Jansson P, 1999. The Tarfala mass balance program. Geogr. Ann. 81A (4), 621-631

Holmlund P, Jansson P, Pettersson R, 2005. A re-analysis of the 58 year mass balance record of
Storglacidren, Sweden. Ann. Glaciol. 42, 389-394.

Hooke R LeB, 1989. Englacial and subglacial hydrology: A qualitaline review. A ref. Alp. Res.
21(3),221-233.

Hooke R LeB, 1991. Positive feedbacks associated with erosion of glacial cirques and
overdeepenings. GSA Bull. 103: 1104—-1108.

Hooke R LeB, 2005. Principles of glacior Mechanics. Second Edition. Cambridge University Press,
Cambridge.

Hooke R LeB, Pohjola V A, 1994. Hydrology of a segment of a glacier situated in an overdeepening,
Storglacidren, Sweden. J. Glaciol. 40 (130), 140-148.

Hooke R LeB, Miller S B, Kohler J, 1988. Character of the englacial and subglacial drainage
system in the upper part of the ablation area of Storglacidren, Sweden. J. Glaciol. 34 (117), 228-231.

Hooke R LeB, Calla P, Holmlund P, Nilsson M, Stroeven A, 1989. A 3 year record of seasonal
variations in surface velocity, Storglacidren, Sweden. J. Glaciol. 35 (120), 235-247.

Hooke R LeB, Laumann T, Kohler J, 1990. Subglacial water pressures and the shape of subglacial
conduits. J. Glaciol. 36 (122), 67-71.

Hooke R LeB, Pohjola V A, Jansson P, Kohler J, 1992. Intraseasonal changes in deformation
profiles revealed by borehole studies, Storglacidren, Sweden. J. Glaciol. 38 (130), 348-358.

Hooke R LeB, Hanson B, Iverson N R, Jansson P, Fischer U, 1997. Rheology of till beneath
Storglacidren, Sweden. J. Glaciol. 43 (143), 172-179.

Hubbard B, Nienow P, 1997.

Hubbard A, Blatter H, Nienow P, Mair D, Hubbard B, 1998. Comparison of a three dimensional
model for glacier flow with field data from Haut Glacier d’Arolla, Switzer-land. J. Glaciol. 44 (147),
1998, 368-378.

48



Iken A, Bindschadler R, 1986. Combined measurements of subglacial water pressure and
surface velocity of Findelengletscher, Switzerland: conclusions about drainage system and sliding
mechanism. J. Glaciol. 32 (110), 101-119.

IPCC (Intergovernmental Panel on Climate Change), 2001. Climate Change 2001: The scientific
basis. Houghton, J.T., Y. Ding, D.J. Griggs, M. Noguer, P.J. Van der Linden, X. Dai, K. Maskell and
C.A. Johnson (eds.). Cambridge University Press, Cambridge. 881 pp.

Iverson N R, Jansson P, Hooke R LeB, Hanson B, 1992. Direct measurements of the shear
strength and deformation of till beneath Storglacidren, N. Sweden (Abstract). EOS, Trans. Am.
Geophys. Union 74 (47), 160.

Iverson N R, Jansson P, Hooke R LeB, 1994. In-situ measurement of the strength of deforming
subglacial till. J. Glaciol. 40 (136), 497-503.

Iverson N R, Hansson B, Hooke R LeB, Jansson P, 1995. Flow mechanism of glaciers on soft
beds. Science. 267 (5195), 80-81.

Iverson N R, Baker R W, H Hooke, R LeB, Hansson B, Jansson P, 1999. Coupling between a
glacier and a soft bed: 1. A relation between effective pressure and local shear stress determined
from till elasticity. J. Glaciol. 45 (149), 31-40.

Jansson P, 1995, Water pressure and basal sliding, Storglacidren, Sweden. J. Glaciol. 41 (138),
232-240.

Jansson P, 1996. Dynamics and hydrology of a small polythermal valley glacier. Geogr. Ann. 78A
(2-3), 171-180.

Jansson P, 1997. Longitudinal coupling effects in ice flow across a subglacial ridge. Ann. Glaciol.
24, 169-174.

Jansson P, Hooke R LeB, 1989. Short-term variations in strain and surface tilt on Storglacidren,
Kebnekaise, northern Sweden. J. Glaciol. 35 (120), 201-208.

Jansson P, Nislund J-O, Rodhe L, 2007. Ice sheet hydrology — A review. SKB, Stockholm,
Technical Report, TR06-34.

Kamb B, Engelhardt H, 1987. Waves of accelerated motion in a glacier approaching surge: the
mini-surges of Variegated Glacier, Alaska, USA J. Glaciol. 33 (113), 27-46.

Kaser G, Fountain A, Jansson P, 2003. A manual for monitoring the mass balance of mountain
glaciers. UNESCO, Paris. IHP-VI. Technical documents in Hydrology. No. 59.

Kohler J C, 1992. Glacial hydrology of Storglacidren, northern Sweden. PhD diss. Department of
Geology and Geophysics, University of Minnesota, USA.

Kohler J, 1995. Determining the extent of pressurized flow beneath Storglacidren, Sweden, using
results of tracer experiments and measurements of input and output discharge. J. Glaciol. 41 (138),
217-231.

Lappegard G, 2006. Basal hydraulics of hard-bedded glaciers: Observations and theory related to
Engabreen, Norway. PhD diss. Department of Geosciences, Oslo University, Oslo, Norway. 113 p.

Lawson D E, Strasser J C, Evenson E B, Alley R B, Larson G J, Arcone S A, 1998.
Glaciohydraulic supercooling: a mechanism to create stratified, debris-rich basal ice: 1. Field
evidence: J. Glaciol. 44 (148), 547-562.

Lemke P J, Ren R B, Alley I, Allison J, Carrasco G, Flato Y, Fujii G, Kaser P, Mote R H,
Thomas and T Zhang, 2007. Observations: Changes in Snow, Ice and Frozen Ground. In:

Solomon S, D Qin, M Manning, Z Chen, M Marquis, K B Averyt, M Tignor and H L Miller (eds.),
Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.

Nilsson J, Sundblad B, 1975. The internal drainage of Storglacidren and Isfallsglacidren described
by an autoregressive model. Geogr. Ann. 57A (1-2), 73-98.

Nye JF, 1976. Water flkow in glaciers: jokulhlaups, tunnels and veins. J. Glaciol. 17 (76), 181-207.

49



Pettersson R, Jansson P, Holmlund P, 2003. Cold surface layer thinning on Storglaciéren,
Sweden, observed by repeated ground penetrating radar surveys. J. Geophys. Res. 108(F1), 6004,
10.1029/2003JF000024.

Pettersson R, Jansson P, Blatter H, 2004. Spatial variability of water content at the cold-temperate
transition surface of the polythermal Storglacidren, Sweden. J. Geophys. Res. 109 (F2), F02009,
doi:10.1029/2003JF000110.

Pettersson R, Jansson P, Blatter H, Huwald H, 2007. Spatial pattern and stability of the cold
surface layer of Storglacidren, Sweden. J. Glaciol. 53 (180), 99—109.

Piotrowski J A, 1997. Subglacial hydrology in north-western Germany during the last glaciation:
groundwater flow, tunnel valleys and hydrological cycles. Quat. Sci. Rev. 16, 169—185.

Pohjola V A, 1993. TV-video observations of bed and basal sliding on Storglacidren, Sweden.
J. Glaciol, 39 (131), 111-118.

Pohjola V A, 1994. TV-video observations of on glacial voids in Storglacidren, Sweden. J. Glasciol,
40 (135), 231-240.

Rothlisberger H, 1972. Water pressure in intra- and subglacial channels. J. Glaciol. 11 (62),
177-203.

Rothlisberger H, Lang H, 1987. Glacial hydrology. In: Gurnell A M and Clark M J (eds.),
Glaciofluvial sediment transfer. Wiley & Son, Chichester, 207-284.

Schneider T, 1994. Water movement and storage in the firn of Storglacidren, northern Sweden.
Department of Physical Geography, Stockholm University, Research Report 99.

Schneider T, 2001. Hydrological processes in firn on Storglacidren, Sweden. PhD diss. Department
of Physical Geography and Quaternary Geology, Stockholm University. Dissertation No. 19.

Schytt V, 1959. Glacies of the Kebnekaise Massif. Geogr. Ann. 41 (4), 213-227.

Seaberg S Z, Seaberg J Z, Hooke R LeB, Wiberg D, 1988. Character of the englacial and subglacial
drainage system in the lower part of the ablation area of Storglacidren, Sweden, as revealed by dye
trace studies: J. Glaciol. 34 (117), 217-227.

Shreve R L, 1972. Movement of water in glaciers. J. Glaciol. 11 (62), 205-214.

Smart C C, 1996. Statistical evaluation of glacier boreholes as indicators of basal drainage systems:
Hydr. Proc. 10, 599-613.

Stenborg T, 1965. Problems concerning winter run-off from glaciers. Geogr. Ann. 47A (3), 141-184.
Stenborg T, 1969. Studies of the internal drainage of glaciers. Geogr. Ann. 51A (1-2), 13-41.

Stenborg T, 1973. Some viewpoints on the internal drainage of glaciers. Symposium on the
Hydrology of Glaciers. Cambridge, 7-13 September 1969, organized by the Glaciological Society.
IAHS Publ. no. 95, 117-130.

Thomsen H H, Thorning L, Braithwaite R, 1986. Vurdering af de gletscher-hydrologiske forhold
pa inlandsisen ved Paakitsup Akuliarusersua, [lulisat/Jakobshavn. Arbejdsnotat. \Grenl. Geol.
Unders. 15/12 1986.

Thomsen H H, Thorning L, Braithwaite R, 1989. Glacier-hydrological conditions on the inland
ice north-east of Jakobshavn/Ilulisat, West Greenland. Grenl. Geol. Unders. Rapport No. 138.

Thomsen H H, Thorning L, Olesen O B, 1989. Applied glacier research for planning hydro-electric
power, Ilulissat/Jakobshavn, West Greenland. Ann. Glaciol. 13, 257-261.

Thomsen H H, Braithwaite R J, Weidick A, Olesen O B, 1993. Evaluation of hydropower
potential for possible future industrial use Nuuk area, West Greenland. Rapp. Grenl. Geol. Unders.
159, 59-62.

Walder J S, 1982. Stability of sheet flow of water beneath temporate glaciers and implications for
glacier surging. J. Glacial. 28(99), 273-293.

Weertman J, 1972. General theory of water flow at the base of a glacier or ice sheet. Rev. Geophys.
Space Phys. 10 (1), 287-333.

50



Weertman J, 1973. Can water-filled crevasses reach the bottom surface of a glacier? In: IUGG-
IAHS Symposium on the Hydrologg of Glaciers, Cambridge, 7-13 September, 1969. IAHS Publ. 95,
139-145.

Weertman J, Birchfield G, 1983. Stability of sheet flow under a glacier. J. Glaciol. 29 (101),
374-382.

Zimmerer S, 1987. A study of the englacial and subglacial hydrology of Storglacidren, northern
Sweden. MS diss. Department of Geology and Geophysics, University of Minnesota, USA.

Zwally H J, Abdalati W, Herring T, Larson K, Saba J, Steffen K, 2002. Surface melt-induced
acceleration of Greenland ice-sheet flow. Science, 297 (5579), 218-222.

Ostrem G, Brugman M M, 1991. Glacier mass-balance measurements. A manual for field and
office work. Environment Canada, Norwegian Water Resources and Energy Administration (NVE),
NHRI Report, 4.

51



Appendix 1

Below is an example of an archetypal data logger program run on the Campbell Scientific CR10X to
monitor water pressure with a Geokon 4500 vibrating wire pressure sensor.

; {CR10X}

*Table 1 Program

; Measure every 600 seconds (10 minute interval)
01: 600.0000 Execution Interval (seconds)

; Measure battery voltage
1: Batt Voltage (P10)
1: 15 Loc [ ]

; Set high res mode
2: Resolution (P78)
1: 1 High Resolution

; Measure vibrating wire pressure transducer
3: Vibrating Wire (SE) (P28)

1: 1 Reps

2: 1 SE Channel

3: 1 Excite all reps w/Exchan 1

4: 25 Starting Freqg. (100 Hz units)

5: 31 End Freq. (100 Hz units)

6: 500 No. of Cycles

7: 0 Rep Delay (0.01 sec units)

8: 1 Loc [ ]

9: -47.824 Mult
10: 436.69 Offset

;Make output every 10 minute (or whatever the sampling interval is
4: Do (P86)

1: 10 Set Output Flag High (Flag 0)

; Record Year, day, hor/minute
5: Real Time (P77)
1: 1110 Year,Day,Hour/Minute (midnight = 0000)

; Sample the water pressure
6: Sample (P70)

1: 1 Reps

2: 1 Loc [ 1

; Sample the battery voltage
7: Sample (P70)

1: 1 Reps

2: 15 Loc [ ]

End Program
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