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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.

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.

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.
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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.

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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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.

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 
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 6-21. 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.

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 /Röthlisberger 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. Röthlisberger 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 Storglaciären. 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 Storglaciären /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 Storglaciären 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 Storglaciären 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/.
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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 Freq. (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 [ _________ ] 
 
; Sample the battery voltage 
7: Sample (P70)  
 1: 1 Reps 
 2: 15 Loc [ _________ ] 
 
End Program 
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