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Abstract

Geometric changes on a sample of Svalbard glaciers have been studied using subtraction of
repeat digital terrain models to determine early surge-stage dynamics. Changes in surface
features were also analyzed. A number of new surges were found for glaciers that were not
known to have surged previously. The surge development could be followed through three
stages, of which the first two had not been previously described in Svalbard. The first two stages
are mainly identified from glacier thickness changes and showed little visual evidence. In stage 1
initial surface lowering was found in the upper part of the glacier, followed by a thickening
further down glacier in stage 2. The third stage represents the period of well developed surge
dynamics that is usually reported. Some surges ceased at stage 2 as a partial surge and never
developed into a fully active surge. These partial surges could be misinterpreted as rapid
response to climate change. The results of this study further support previous findings that the
majority of Svalbard glaciers are of surge-type.



INTRODUCTION

Glacier surges are cyclical velocity fluctuations that reflect internal changes in the glacier system
rather than changing climate (Meier and Post, 1969; Raymond, 1987). Climate changes,
however, can influence the reoccurrence interval of the surge (e.g. Hagen and others, 1993;
Harrison and Post, 2003) or potentially “switch off” the surge behaviour (Dowdeswell and
others, 1995). Surge triggering mechanisms are still incompletely understood, and several
processes have been proposed including changes in the thermal or hydrological properties of the
glacier (e.g. Clarke and others, 1984; Kamb and others, 1985; Murray and others, 2003b). In
Svalbard, many surging glaciers have been recognized (Liestal, 1969) although there is
disagreement over the overall number of surge-type glaciers in the archipelago. According to
Lefauconnier and Hagen (1991) up to 90% of Svalbard glaciers are surge-type whereas Jiskoot
and others (1998) concluded that the figure is only 13%. Svalbard surges are characterized by
both a long quiescent phase and surge phase with relatively low surge velocities compared to
other regions with surging glaciers (Dowdeswell and others, 1991). Typically the active phase of
Svalbard surges lasts for several years, with the quiescent phase lasting from 30 to more than 150
years (Hagen 1987; Hagen and others,1993; Dowdeswell and others, 1991; Murray and others,
2003a, b; Sund and Eiken, 2004). In some cases, the quiescent phase may last as much as 500
years (Solheim, 1991). One of the common criteria for defining a surge has been a cyclic
occurrence. In Svalbard however, most surge events are observed only once (Hagen and others,
1993) which can be attributed to a long reoccurrence interval that exceeds the historic
observation period. Although some Svalbard glaciers have been studied during a developed
surge stage (Hagen, 1987; Murray and others, 1998; 2003a, b; Dowdeswell and Benham, 2003;
Sund, 2006), the initiation phase of surges is poorly studied due to the difficulty of recognizing a
surge at an early stage. Surface crevassing in areas where no crevasses have been observed
earlier can be the first indication of a surge initiation (Hagen and others, 1993). Once a surge has
developed routine space-borne imaging and the related large data archives have much facilitated
the search for signs of surges and the recapturing of the course of events.

In this paper we present a number of new observations of Svalbard surge-type behaviour, based
on evidence from geometric changes and complemented by observations of newly developed
crevasse fields. Two criteria are used to indentify a surge, either individually or in combination:
(1) Mass displacement from the upper to the lower glacier part and: (2) presence of new crevasse
fields, which indicate rapid or strong changes in stresses. The aims of our study are to contribute
to a more complementary picture and better understanding of the transition from build-up stage
via initial surge dynamics to the previously described mature stage where the changes are more
pronounced. We also investigate if all surges develop fully, the implications of partial surges to
interpretation of surface lowering related to varying climate conditions and finally we discuss the
large spread in estimates for the number of surge-type glaciers in Svalbard.

METHODS

We have studied 50 glaciers for surge evidence in the island Spitsbergen, Svalbard (Table 1 and
Figure 1). We refer to the glacier inventory by Hagen and others (1993) for more detailed
information on the glaciers. Small glaciers that are not specifically mentioned in the inventory
are listed with information on their length and area according to the most recent maps in Table 1.



Different sources of data were used to examine the evolution of selected glaciers during this and
the last century. We examined satellite images and aerial photographs to identify the
development of new crevasse fields and identify visible geometric changes. The Norwegian
Polar Institute’s (NPI) airphoto archive, used here, consists of a collection of aerial photos since
1936. In the following text the photographs from this archive are referred to as Syy, where yy
denotes the acquisition year in the last century. Maps and written sources were also examined.
The geometric changes are mainly derived from comparison of digital terrain models (DTMs)
from different times.

Geometric changes

New and old maps (Coster, 1925; De Geer, 1919; Kjellstrom, 1901 and NP1 1:100 000) were
studied to reconstruct the extent of glaciers at different times. DTM subtraction was used to
derive vertical changes and infer information on glacier dynamics related to the surges. The 1936
DTM, with 100 m grid size was generated from map contour lines based on oblique aerial
photos. In the case of Kroppbreen, Perseibreen and Vindeggbreen, the 1936 photos were taken in
the upglacier direction, which makes the elevation accuracy lowest in the upper part, where it is
estimated to be c. £15 m RMS. The 1990 DTM with a grid size of 20 m was
photogrammetrically compiled by the NP1, from vertical aerial photos. The estimated vertical
accuracy of the 1990 DTM is c. £2m RMS in rather flat areas, while it decreases to ¢. £6 m RMS
in steep slopes. On Scheelebreen there are no 1990 photos from the upper part of the glacier and
the (NPI) 1990 DTM is here based on photos from 1961. The boundary between the 1961 and
1990 elevation data is approximately in the upper third of the accumulation area. This is also the
case for Ljosfonn and the upper part of Liestglbreen. The accuracy of the DTM is the same
throughout, however, the use of the 1961 DTM could add differences on a scale of several 10s of
metres, mainly towards more positive values in the case of normal accumulation in the period up
to 1990.

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) launched in
December 1999, with scenes covering 60 by 60 km gives new opportunities to detect surface
elevation changes. With a spatial resolution of 15 m for the stereo channels, ASTER-derived
elevations are not sufficient to detect fine changes in topographic details, but have been shown to
clearly depict large-scale patterns of elevation changes (Kéaib 2008). A successful
photogrammetric DTM extraction from optical stereo data requires sufficient optical surface
contrast for matching of stereo-parallaxes. ASTER data from 2000, 2001 and 2005 could not be
used for DTM generation due to the lack of optical contrast but were used for visual inspection.
ASTER data for late summer 2003 could be used for DTM production because of particularly
strong snow melt that season. The 2003 DTM was compiled using photogrammetric methods
within the PCI Geomatica Orthoengine software. The near-infrared nadir and back-looking bands
3N and 3B were used for DTM generation, and colour composites of the visible and near-
infrared bands 1, 2, and 3N were used for visual interpretations. Generation and accuracy
assessment of ASTER-derived DTMs are discussed in more details by e.g. Ké&ab (2002) and
Toutin (2002). For our ASTER-derived DTMs we estimate the vertical accuracy for an
individual elevation point to be better than £15 m RMS for conditions of sufficient optical
contrast in the image used, as supported by an extensive test study in Eastern Svalbard (Ké&ab,
2008). The 2006 DTM from Store Norske used for Kroppbreen is based on airborne laser



scanning except for a small area near the front, which we compiled using digital
aerophotogrammetry. The accuracy of the laser scanning-DTM is better than £1 m RMS.
Vertical changes between the DTMs were obtained by subtraction using Golden software Surfer.
At Kroppbreen repeated Global Navigation Satellite Systems (GNSS) measurements were made
of stakes on the glacier, using static relative measurements to a fixed point on the terminal
moraine. A network of vectors has been measured and position accuracies of stakes of ¢. £2 cm
RMS have been achieved.

Crevasse identification

In order to identify visible glacier changes several amateur photos taken from scheduled flights
to and from Svalbard were examined and compared with the NP1 aerial photos. Not all glaciers
are covered in all years by the NPI photographs, but most are covered both by the 1936/38 and
1990 flights. For Kroppbreen, Store Norske provided aerial photos from 2006. In order to
investigate possible dynamic changes as a cause of pronounced and new crevassing, elevation
changes were used to confirm such behaviour. Even medium-resolution space-borne images such
as from ASTER can be used to identify crevasse fields from the early stage of a surge, in
particular when pronounced snow melt makes crevasses better visible at the surface. The
medium spatial resolution of ASTER, up to 15 m, limits the identification of small crevasses. On
snow cover only wide crevasses could be distinguished due to poor optical contrast. Narrower
crevasses could, nevertheless, be identified as linear features when they were much longer than
the spatial image resolution. On several of the glaciers the first observed occurrence of new
crevasses was 2003, probably reflecting very low snow cover in that year. However, the fact that,
many newly observed crevasses also appear in areas that were below the snow line on the 1990
aerial photos suggests that snow cover alone was not the only reason behind observation of new
crevasses.

RESULTS

We will mainly concentrate on the more recent surges although other surges also are mentioned
to describe both the dynamic and spatial range of the surge behaviour in Svalbard. Based on our
observations, we have defined three stages of surge development, described in turn below. The
transition between the stages not abrupt, however, and the magnitude of the elevation changes
and crevassing during the different stages will vary substantially between individual glaciers, and
will depend on e.g .bed and surface topography and icethickness. Crevassing can start as early as
stage 1 but may not form extensively until stage 3. In addition, the measurement techniques used
influence the degree of elevation changes to be detected, and thus the separation between stages
1and 2. Note that stage 1 and 2 do not correspond to previously defined surge phases (e.g.
Dolgushin and Osipova, 1975; Murray and others, 2003b), which describe different phases
within the later surge stage (our stage 3).

Stage 1

Stage 1 is the earliest phase where a surge development could be detected when the glacier
changes from build-up to surge. It is characterised by an initial surface lowering in a section of
the reservoir area and increased ice velocities in this area. This stage was also often found to be
associated with the first signs of transversal and marginal crevassing. One example of this stage
was found on Zawadzkibreen (Fig. 2). When analysing the elevation change between 1990 and



2003, a lowering of up to 40 m in the upper accumulation area basins was found. Yet, a
corresponding increase in ice thickness at lower glacier parts was not found at this stage. This is
presumably because the displaced mass has been dispersed over a larger area as the ice flows out
of the smaller basin so that elevation changes could not be detected within the resolution and
accuracy of the ASTER DTM. On the 2003 ASTER images, the first development of increased
crevassing in the upper accumulation zone was found to extend downglacier to the confluence
with the tributary glaciers. By June 2007 the glacier had reached stage 2. Marginal crevasses
extending past the tributary basins and further downglacier were observed and a slight bulge
appeared at the border between activated and non-activated glacier sections at the terminus.
Other examples for stage 1 are Liestglbreen, Ljosfonn (Fig. 2), Scheelebreen (Fig.3) and
Vallakrabreen (Fig. 4b).

Stage 2

In contrast to stage 1, stage 2 is defined here as a larger mass displacement with surface lowering
in major parts of the reservoir area and a measurable mass displacement downglacier towards the
receiving area. The separation is arbitrary in that it depends on the measurement accuracy
available, but is meant to describe and classify measurements. However, our separation would
not drastically change with, for instance, much more precise methods such as laserscanning,
because the vertical accuracy of ASTER-derived DTMs of in the order of 15 m might also
roughly be seen as a possible threshold between glacier thickness changes due to surge-type
activity and those not related to surge-type activities. More pronounced crevasse fields, often
marginal, may also occur in addition to an unusually undulating surface. However the velocity or
stresses have not increased enough to cause disintegration of the majority of the glacier surfaces.
Generally for both stage 1 and 2 it is noteworthy that large mass displacements can take place
and still result in limited fracturing of the surface, indicating that the process is still relatively
slow.

There are individual differences from glacier to glacier, possibly caused by the various
geometries of the glaciers. On Kroppbreen a comparison of the surface profile calculated from
the 1936 and 1990 maps (Fig. 4a) showed a build-up of up to 40 m in the upper part while the
lower half of the glacier experienced thinning, resulting in a steeper profile. The lower area of
the glacier has also become narrower due to melting during this time. The first changes were
observed on a 2000 ASTER scene together with wide crevasses and some sort of surface
collapse in the upper part. This crevassing is the most spectacular we have found at this stage.
The other glaciers at this stage 2 displayed crevasses of a smaller magnitude, if at all. The 2001
ASTER scene over Kroppbreen showed smaller lateral crevasses along the eastern margin
constrained to the upper basin. The first indication of surge behaviour from elevation changes we
observed for this glacier was for the period 1990-2003 (Fig. 4a). The glacier experienced a
surface lowering in the accumulation area of up to 60 m while the elevation increased up to 40 m
in the centre. In the 2005 ASTER scene, the crevasses could be found further downglacier. Fresh
cracks that penetrated through the snow layer and snow covered crevasses superimposed on the
older large ones, could be seen on the high resolution aerial photos from late August 2006.
During this period three generations of crevasses with different directions were found. A section
of the lower part has also thickened as a result of mass displacement. The formation of marginal
ice ridges point to flow resistance due to less developed sliding conditions and lateral friction
compared to the lowered centre zone. The elevation changes between 1990 and 2006 (Fig. 4a.)



displayed a progress of the stage 2 where the changes since 2003 are small in the wider upper
part while the area of ice thickening enlarged and propagated further down glacier with a slight
increase in ice thickness and a more pronounced bulge as a frontal steepening of the thickening
zone. Velocity measurements in 2007 showed that at this stage the velocities were highest (13.8
ma) at c. 290 m a.s.1. close to the top of the bulge which was now below the previously
estimated equilibrium line altitude (ELA) of 360 m a.s.l. (Hagen and others, 1993), while the
velocities in the upper, vertically lowering part of the glacier at c. 490 m a.s.l. were less than half
(5.4 ma’Y) (Fig 4a). Still the glacier at this stage did not appear as a surging glacier in terms of
previous descriptions (i.e. intense crevassing, moraine loops, advance). Other examples of
glaciers in stage 2 of a surge are listed in Table 1.

Stage 3

At stage 3 almost the entire glacier experiences a pronounced acceleration. At the beginning of
this stage, transversal crevasses may be limited in extent, but later widespread crevassing and
large chasms often can be seen together with an advance of the terminus. However, not all
glaciers in this stage advance. The appearance of this stage is well known from previous surge
studies in Svalbard (e.g. Liestal, 1969; Hagen, 1987; Murray and others, 1998; Dowdeswell and
Benham; 2003, Sund, 2006). Ingerbreen, for example, has a terminal confluence with
Richardsbreen (Fig. 4c). On the 2001 ASTER scene slight changes could be seen on the glacier
surface compared to the S90 photographs, indicating that the surge has already reached the front.
Two larger depressions were found diagonally from SW to NE in the upper part and also some
crevassed bumps at the terminus, indicating some degree of mass displacement and activation.
These features are similar to those we have interpreted from Perseibreen in 2000 (in Dowdeswell
and Benham, 2003) and on 2001 ASTER image. In 2003 the surface of Ingerbreen had totally
changed it appearance and was heavily crevassed all over the glacier. Fig. 4c shows the DTM
subtraction between 1990 and 2003. Fig 4d shows the changes of Perseibreen and Vindeggbreen
during build-up (1936-1990), with a lowering of about 20 m in the upper part indicating an initial
stage 1, and during full surge (1990-2003). On Skobreen, which is known to have developed to a
stage 3 surge (Sund, 2006; Benn and others, 2009), extensive marginal and increased transverse
crevassing could be seen from 2000 on. The 1990-2003 DTM comparison (Fig. 3) shows a
lowering of about 60 m at the head of the glacier and a thickening of about 40 m in the lower
part of Skobreen, which by 2003 had reached stage 3. The surface rise had by then propagated
beyond the moraine separating Skobreen from Paulabreen and started to affect the lower part of
the latter. Note that the surge was still not detected by ground observations until two years later.
The upper part of Paulabreen was not affected (Sund, 2006). Other examples of this stage are
listed in Table 1. It is also interesting to notice that the bulge from the Bakaninbreen surge
(Dowdeswell and others, 1991; Murray and others, 1998) proceeded c. 200 m downglacier (Fig.
3) during the period 1990 - 2003, which is consistent with other evidence for slow termination of
Svalbard surges (Murray and others, 2003b). Some other glaciers have recently attained stage 3:
Comfortlessbreen, which is currently advancing into tidewater at Engelskbukta (Table 1). On
Zawadzkibreen, all but a small part of the terminus was surging by September 2008. By
February 2009 the terminus had advance 2-3 km together with the terminuses of Nathorstbreen-
Ljosfonn and Polakkbreen (Table 1).



Partial and ‘invisible’ surges

We have termed surges that do not further develop after stage 2 ‘partial surges’ and
discriminated them from surges in stage 3 as described above. A partial surge must not be
confused with a mini-surge (Kamb and Engelhardt, 1987), which occurs at a much shorter time
scale. A closer examination of aerial photos, maps and DTMs revealed dynamic changes in many
glaciers that have not previously become apparent, as the stage 2 can show limited changes in
surface structures. The related elevation changes are not necessarily observed other than through
DTM subtractions. Fig. 3 shows very little change over the entire Knoppbreen and Kjglhgbreen
basins. The NPI aerial photo archive revealed that in 1970 these basins were heavily crevassed
and had marginal shear zones, indicating that a substantial mass displacement occurred, as the
glaciers were not crevassed prior to this year and are uncrevassed at present. On the basis of the
observed crevassing we classify the 1970 dynamics in these basins as close to a stage 3 surge.
The surge did not propagate more than half way down Paulabreen. Fig. 3 also shows an about 20
m high aggregation of ice along the north-western margin of Nataschabreen. Lowering of about
40 m was found in the reservoir area. The curved medial moraine between this glacier and
Kjglhgbreen also indicates that a larger mass displacement took place at Nataschabreen prior to
the surges of Knoppbreen and Kjalhgbreen in 1970 (all are upper basins of Paulabreen, Fig.3). A
partial surge was also found on Firmbreen (Fig. 4b and Table 1).

Some apparent partial surges can occur in connection with other surges in the catchment. For
example around 1985 Osbornebreen surged (Rolstad and others, 1997). The next basin is
unnamed and here is called S. Osbornebreen. This basin was not immediately affected, but the
S90 photographs of the area shows that also the lower part of S. Osbornebreen was activated at
the confluence with Osbornebreen and Vintervegen. However, very few crevasses were seen in
the upper part of the glacier at this stage. On the S95 photographs the entire S. Osbornebreen was
covered by transverse crevasses, indicating increased velocities or stresses, although they are far
lower in magnitude than found on Osbornebreen.

The almost synchronized surge of the Perseibreen — Vindeggbreen system shows how a slight
delay in one basin may obscure the historic evidence of a surge. DTM comparison between
1936 and 1990 suggested that the Vindeggbreen basin probably have had a partial surge prior to
the recent surge, while there was a considerable build-up in the upper half of Perseibreen.
Nevertheless, the medial moraine was folded into Perseibreen after the surge, indicating that
Vindeggbreen was the last active basin during the major surge stage. This suggests that there was
a reciprocal action between the basins in the initiation phase, where possibly Vindeggbreen
started to flow more rapidly, causing a lowering of the basin, then Perseibreen followed and
Vindeggbreen then had a final speed-up at stage 3. The last phase was described by Dowdeswell
and Benham (2003). When the crevasse healing is finished, apparently only a surge of
Vindeggbreen will be apparent from the looped moraine. Another example was found from the
NP1 1936 map Kvalvagen C11 where it appears from the moraine morphology that first
Indrebgbreen and then Kvalbreen surged into Strongbreen. Today the tidewater front has melted
far back into the bay and no looped moraines are visible on the surface. The medial moraine
between the two glaciers appears straight, giving no visual indication of a surge. This implies the
possibility several tidewater glacier complexes may have experienced unrecorded surges.



DISCUSSION

Surge stages

Our results show that the initiation of surges can develop with little surface evidence until the
surge has reached stage 3 and its peak acceleration as described by Murray and others (2003b).
Substantial changes are found in the upper part of the studied glaciers before the surge
characteristics of stage 3 become clearly visible, as exemplified for Zawadzkibreen. Stages 1
and 2 are not previously reported on Svalbard glaciers, probably because initial surge-related
crevasses are covered by snow and are thus not visible when assessing the glacier in situ during
in winter or on coarse resolution satellite images such as from the 30 m resolution Landsat TM.
The stage 1 and 2 surge velocities and stresses have usually not yet reached values large enough
to cause extensive and wide crevassing. Stages 1 and 2 are characterized by elevation changes
and possibly a corresponding initial onset of limited acceleration in parts of the glacier. On
Kroppbreen however, large crevasses found in the upper part indicate that a substantial
acceleration had already occurred during stage 1 or 2 and then slowed down to a more moderate
development. Currently the velocities are higher in the lower, thickening part. The measured
velocities of Kroppbreen show that velocity measurements at stages 1 and 2 are more useful for
determining longitudinal comparison within the studied glacier, than for comparison with other
glaciers as the velocities are not yet extraordinary high. Thus, when long-term time series are not
available a short-term measurement alone will not be sufficient to detect dynamic changes unless
also the elevation change is addressed. The longitudinal measurement of surge velocities showed
an irregular velocity distribution with higher velocities below the ELA. By investigating the
surges at an earlier stage it may be possible to unveil more information about the triggering
mechanisms. This also implies that the initiation and acceleration towards a fully developed
surge (stage 3) may be even more long lasting than previously found (e.g. Hagen, 1987;
Dowdeswell and others, 1991; Murray and others, 2003b).

In the first two stages, surge activity is implied by the observed elevation change, but
downglacier-propagating bulges may not be detected. Stage 3 with the highest velocities of all
three stages starts once the surge activity affects the entire glacier or large parts of it. The first
two stages characterized here also have implications for the conclusions drawn by some previous
studies that interpreted the surges of Svalbard tidewater glaciers to be initiated in the lower part
(e.g. Rolstad and others, 1997; Murray and others, 2003a, b; Dowdeswell and Benham, 2003). In
Svalbard all tidewater glaciers are grounded (Hagen and others, 2003). Viewed from our results
we argue that the glaciers in the previous studies had by the time investigated, already reached
their late surge stage 2 or early stage 3, so that the surges appeared to be initiated in the lower
part. This is supported by the results of Dowdeswell and Benham (2003) who stated that rapid
advance was present between June 2000 and May 2001, but that the glaciers started to advance
between 1990 and 2000. The importance of timing of a study was also demonstrated by Sund
and Eiken (2004) who showed that the Hessbreen surge was initiated in the upper-central part,
while Liestgl (1976) due to a late observation suggested a triggering in the lower part and also a
subsequent initiation. Further, if the assumption of different initiation areas for tidewater and
landbased glaciers (Murray and others, 2003b) is correct, it must imply that glaciers that used to
be tidewater glaciers like Scheelebreen now will change initiation area, as the glacier now
terminates on land.



Partial surges

Several examples of partial surges are introduced here. Small-scale surges are not totally
unknown and have been observed previously, for example in a small glacier next to Steele
Glacier, Alaska (Meier and Post, 1969). On Bjuvbreen (Table 1), located in the same area as
Kroppbreen, a boundary between stagnant ice and more active ice was found to appear in 1970.
On the basis of the developing bulge Hamilton (1992) classified the glacier as surge-type. The
bulge built up in 1977 and propagated slowly downglacier during the following years (Asberg,
2001). However, these authors did not interpret the behaviour to be a surge. Yet, we found
similarities to the mass displacement occurring on Kroppbreen and interpreted the behaviour of
Bjuvbreen to be a partial surge. Visual evidence from a concave downglacier front and crevasses
on S36 photographs points to a surge of Bjuvbreen some 20 years prior to 1936. Hamilton (1992)
estimated the glacier to be in late surge or early quiescent phase by this time. We do not know if
the ca. 1915 surge formed a bulge. On Trapridge glacier Frappé and Clarke (2007) found that the
two last surges observed differ in appearance. The last surge of Trapridge Glacier lasted for more
than 20 years with a lower velocity than the previous. Also a distinctive bulge propagated down
the glacier. This also implies that for some glaciers the ratio between the durations of the surge
and the quiescent phase could vary according to the development of the surge. However, the fast
and quiescent periods can still be distinguished on the basis of visible geometric changes
indicative of locally high strain rates

We have also identified partial surges of Luntebreen, which borders Scheelebreen with a
semicircular moraine, and in a second basin further south (Fig. 3). Both surges are seen as a
lowering in the upper part. Luntebreen is registered with another surge at c. 1930 (Croot, 1988).
It has been proposed that surges generally get weaker with diminishing mass (Dowdeswell and
others, 1995). In spite of increased temperatures since the 1920s’ (Hanssen-Bauer and others,
1990) and decreasing ice mass on many glaciers (e.g. Dowdeswell and others, 1997; Kohler,
2007) recently relatively large surges have occurred on e.g. Skobreen, Ingerbreen and
Dobrowolskibreen. On Skobreen, the semicircular moraine that bordered the terminus prior to
the last surge could indicate a smaller or partial surge in the past similar as seen on Luntebreen.
A bulge-like feature was also found in the 1936 profile of Skobreen (Sund, 2006). Thus,
fluctuations between weaker or partial surges and stronger developed surges seem possible. The
shape of the Luntebreen moraine after the last surge also supports this view. There are also
indications that such behaviour is also occurring on Hessbreen, where smaller bulges were found
to accumulate downglacier (Sund and Eiken, 2004). In addition a noticeable mass re-distribution
from the upper to the middle part of the glacier was measured between 1952 and 1970 prior to
the last surge (Liestal, 1976). This could point to occurrence of smaller mass displacements
during the build up period towards a larger surge. Such partial surges may explain why some
glaciers have a very long build-up phase, as this partial adjustment could on the one hand delay a
surge by partially emptying the surge reservoir, but could on the other hand favour a larger surge
as the small and partial releases of ice from the surge reservoir allow for a slower, more stable
and possibly enhanced build-up of ice mass.

Number and frequency of surges

As mentioned before the estimated fraction of surge-type glaciers in Svalbard has varied from 13
% to 90 %. This is possibly related to the different approaches in the various studies. As a result
for example, the currently surging glacier Comfortlessbreen was classified as a surge-type



glacier on the basis of moraine structures by Croot (1988), but was removed from the surge-type
glacier list in Jiskoot and others (1998, 2000).

The size of the observed surge-type glaciers in Svalbard can vary from approximately 0.5 km2 as
found here, to Brasvellbreen (Liestal, 1969) of approximately 1100 km2. It has been suggested
that long glaciers in Svalbard were more likely to be of surge-type (Hamilton and Dowdeswell,
1996; Jiskoot and others, 2000). Like the other small glaciers studied here, the 0.5 km?
Klubbebreen S (Table 1) is more of a cirque glacier. It surged recently and went through a major
mass displacement. The smallest glaciers were ignored in the glacier population used in the
previous studies. Favourable conditions for accumulation through snowdrift and avalanches can
be of larger importance for small glaciers than for larger or wider glaciers. Deep cirques might
favour the conditions for both build up and surges in small glaciers that are located high enough
to maintain sufficient accumulation in times of less favourable climatic conditions. Surges on
such small glaciers are more difficult to discover and might have influenced the number of
glaciers that are interpreted as surge-type. The surge of Klubbebreen S demonstrates that even
relatively large surges in small glaciers could be overlooked if not studied explicitly. This fact
may also in part explain the very different estimates for the number of surge-type glaciers in
Svalbard. Even if the surges themselves are not assumed to be connected to climate (Meier and
Post, 1969), long surge cycles such as in Svalbard will undoubtedly be influenced indirectly
through the mass balance and through changes in the thermal regime of the glaciers
(Baranowski, 1978; Dowdeswell and others, 1995), which is why also the appearance of the
surges may vary both between the individual glaciers and within the same glacier over time as
suggested for Bjuvbreen here and for Trapridge Glacier by Frappé and Clarke (2007).

The many new surges found in this study imply either that many glaciers have a longer quiescent
phase than covered by human scientific activity or that surface evidence like looped moraines of
some surges has disappeared. Investigations in Svalbard during the last 100-150 years have
predominantly been carried out along the coast. There is also little information about the inland
glaciers prior to the first systematic aerial photo coverage of the Svalbard Archipelago in
1936/38. Evidence of surges could be found from surface structures (Lefauconnier and Hagen,
1991), and also in historical documents.

Coster (1925) describes the difference between the glaciers Hogandsbreen, which is at “a state of
rest” in contrast to Helsingborgbreen where “the lateral margin is nearly perpendicular, with
pinnacles of ice” indicating a sudden advance. The adjacent glaciers are located inland in
Kjellstromdalen and have relatively equal orientation, area and elevation distribution. Thus if the
advance of Helsinborgbreen was due to positive mass balance some indications of the same on
Hoganasbreen should be expected. Gripp (1927) reported folded moraines are found close to the
terminus of Nathorstbreen, indicating surges of the different tributaries in the system which also
includes Zawadzkibreen. However, the present medial moraines were until recently flow-
parallel. The same appeared at the interaction between Kvalbreen and Indrebgbreen, where
visual evidence of surges is currently difficult to find. Also on Negribreen, which is known to
have surged around 1935-36 (Liestel, 1969) currently only parallel medial moraines could be
seen.
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Imaging from satellites has brought new possibilities of monitoring glacier changes more
frequently than what is possible using aerial photographs. Another approach to evidence of
surges was carried out by Mavlyudov (2006), who studied surge-type glaciers from unusual
surface structures originating from old, inactive crevasses. He found additional surge-type
glaciers to those mapped in Dowdeswell and others (1991). Finally the glaciers in Svalbard
consist of complex systems of tributary and trunk glaciers, the so-called Spitsbergen type
(Ahlmann, 1933). This makes it sometimes complicated to delimit the dynamic activity. The
naming of the glaciers could also make it difficult to assess data from old sources as the trunk
glacier might have one name while the upper basins have another one. That makes it difficult to
date surges, particularly historical surges, as the outlet glacier may have one name but is fed by
various inland basins or tributaries that may surge independently. Thus it can be challenging to
extract the origin of an advance of such an outlet. It may also appear that these outlets surge
often, because surges might originate from different basins. Hambergbreen is an example of such
a glacier (Lefauconnier and Hagen, 1991), and the previously discussed Paulabreen is another.
If we include all larger mass displacements as well as partial surges, surges in small glaciers and
vanished evidence from maraines, it suggests that the fraction of surge-type glaciers in Svalbard
is closer to former maximum estimates of 90% rather than former minimum estimates of 13%.
However, due to long quiescent phases and varying climate conditions an exact number will be
difficult to give.

Elevation changes as indications of surges or climate change?

The examples from Kjglhgbreen, Knoppbreen, Nataschabreen (Fig. 3) and Firmbreen —
Vallakrabreen (Fig. 4b) where partial surges resulted in a general lowering of the entire glacier
surface, demonstrate the importance of addressing the dynamics of the glaciers in Svalbard prior
to conclusions on large mass losses resulting solely from climate change. This is also valid for
surges in stage 2 and partial surges.

Kohler and others (2007) found that accelerated glacier thinning in a surface profile across
Wedel Jarlsberg Land (WJL) was consistent with climate trends found on other Svalbard
glaciers. However, Hagen and others (2005) and Jania and others (2006) found surge behaviour
in two systems draining from Amundsenisen; Hagstebreen (1990-1996) and Nornebree-
Paierlbreen (1996-2002) which are within the WJL profile. The surge in the Hggstebreen system
seems to occur slowly and is still going on. We have found that at the same time the adjacent
basin Profilbreen (Table 1) is also moving faster, as new crevasse fields could be observed at the
confluence with vestre Torellbreen (Table 1). For Nornebreen-Paierlbreen we interpret a surge
initiation already started prior to 1990 as crevasses already covered the entire basin by this year,
with indications for the Paierlbreen basin being the main surging basin and with Nornebreen only
responding to the increased flux.

Hagen and others (2005) concluded that in Svalbard surface elevation changes alone cannot be
used to assess mass balance and that the dynamics must be evaluated as well. They suggested a
survey interval of 10 years or more for short-term variations. However the slow development of
some surges such as those we have reported in this paper, indicates that a development towards a
full surge could last more than 10 years. Evaluation of the surge status is important to avoid
misinterpretation of rapid surface elevation changes that are caused by surge activity. Under
changing climate conditions a surge may also accelerate the climate-induced thinning of a glacier
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as large part of the glacier mass are brought to lower elevations that are more exposed to
ablation. Thus, long and rather thin valley glaciers at low elevations might be more sensitive to
climate change when surges are considered than small cirque glaciers. On the contrary a general
surface lowering is not necessarily a signal of an initial surge. Under atmospheric warming,
warmer summers may lead to a more widespread melting and formation of superimposed ice in
higher elevations (Wadham and Nuttall, 2002) which may appear as surface lowering due to the
higher density of superimposed ice compared to snow and firn. Therefore the pattern and rate of
the surface lowering should also be considered with care when assessing early stages of surges.

CONCLUSION

A number of new surges in glaciers in Svalbard that were not previously known to have surged
were identified in this study. The entire development of a surge was divided into three stages,
where the new results in this study cover stages 1 and 2 while stage 3 corresponds to the main
surge phase identified by previous workers. Subtraction of DTMs revealed lowering of restricted
areas in the accumulation area of the glaciers in stage 1 in connection with the transition from
build-up to the initial surge stage. In some glaciers these changes were accompanied by new, yet
moderate crevassing. In stage 2 the mass displacement was approaching the receiving area and a
thickening was observed in addition to a more pronounced lowering in the now more defined
reservoir area. The crevassing was still limited in stage 2. None of our results indicate surge
initiation in the terminus zone of tidewater glaciers. For all tidewater glaciers studied here, the
initial signs of surge were found in the upper glacier parts, similar to the land-based glaciers
studied. Our results showing signs of surge initiation earlier than in previous studies, points to
even longer surge durations in Svalbard than assumed so far. Our study pinpoints the areas of
surge initiation, which could help to focus the future surge initiation studies. We have found that
some surges cease at stage 2, and do not develop to a full surge. We have termed these “partial
surges’. Some of these rarely leave morphological evidence into the quiescent phases. Partial and
stage 2 surges may be misinterpreted as rapid response to climate change, due to the thinning in
the upper glacier parts as a consequence of mass displacement, and due to thinning in the lower
glacier parts as result of ablation. Finally our results supports that a majority of the current
Svalbard glaciers are of surge-type as already proposed by Liestal (1969).

ACKNOWLEDGEMENT

We are grateful to all photographers that made an effort to take photographs, to Lufttransport AS
that helped with reconnaissance of several glaciers and to Trine Abrahamsen at Store Norske
who provided 2006 aerial photos of Kroppbreen and Vallakrabreen and data for the 2006 DTM.
The Norwegian Polar Institute kindly provided access to their aerial photo archive and the 1990
DTM. The ASTER data are courtesy NASA/ METI/ JAROS, the US/Japan ASTER Science
team and the GLIMS project. This study is a part of the IPY- GLACIODY N project funded by
the Research Council of Norway. Thanks also to D. Benn for English proof reading. Special
thanks are due to H. Jiskoot, an anonymous referee and the scientific editor T. Murray for their
detailed comments that helped to improve the manuscript.

12



REFERENCES

Ahlmann, H. W:son, 1933. Scientific results of the Swedish-Norwegian Arctic
Expedition in the summer of 1931. Part VIII. Geogr. Ann. 15 (2-3), 161-216.

Asberg, S. 2001. Glacier dynamics and surge behaviour at Bjuvbreen, Svalbard. (Masters
thesis. University Centre in Svalbard.) 71 pp.

Baranowski, S. 1978 Surges of Spitsbergen as features related to climate. Materialy
Glaciol. Issled., 33, 1978, 168-170.

Benn, D.I., Kristensen, L. and Gulley, J. 2009. Surge propagation constrained by a
persistent subglacial conduit, Bakaninbreen-Paulabreen, Svalbard. Ann. Glaciol. this
volume.

Clarke, 1991. Length, width and slope influences on glacier surging. J. Glaciol., 37(126)
236-246.

Clarke, G. K. C., Collins S. G. & Thompson, D. E. 1984: Flow, thermal structure and
subglacial conditions of a surge-type glacier. Can. J. Earth Sci., 21(2), 232-240.

Coster, F.1925. Results of the Swedish expedition to Spitsbergen in 1924. I. Quaternary
geology of the region around the Kjellstrom valley. Geogr. Ann.,7, 104-121.

Croot, D. G. 1988. Glaciotechtinics and surging glaciers: A correlation based on
Vestspitsbergen, Svalbard, Norway. In Glaciotectonics: Forms and Processes, Croot, D.
G., ed, Balkema, Amsterdam. 49-62.

De Geer, G. 1919. On the physiological evolution of Spitsbergen. Geogr. Ann., B2, 161-
192.

Dolgushin, L. D. and Osipova, G. B. 1975. Glacier surges and the problem of their
forecasting. IAHS-AISH publ. 104. 292-304.

Dowdeswell, J. A and Benham, T. J. 2003. A surge of Perseibreen, Svalbard, examined
using aerial photography and ASTER high resolution satellite imagery. Polar Res., 22(2),
373-383.

Dowdeswell, J. A., Hamilton, G. S. & Hagen, J. O. 1991: The duration of the active
phase on surge-type glaciers: contrasts between Svalbard and other region. J. Glaciol.,
37(127), 388-400.

Dowdeswell, J. A., Unwin, B., Nuttall, A. -M., Hagen, J. O. & Hamilton, G. S. 1995:
Mass balance change as a control on the frequency and occurrence of glacier surges in
Svalbard, Norwegian High Arctic. Geophys. Res. Lett. 22, 2909-2912.

Dowdeswell, J. A., Hagen, J.O., Bjoérnsson, H., Glazovsky, A.F., Harrison, W.D.,
Holmlund, P., Jania, J., Koerner, R.M., Lefauconnier, B., Ommanney, C.S.L.H, Thomas,
R.H.H 1997. The mass balance of circum-Arctic glaciers and recent climate change.
Quaternary Research, 48(1), 1-14.

Frappé, T.-P. and Clarke, G. K. 2007. Slow surge of Trapridge Glacier, Yukon Territory,
Canada. J. Geophys. Res. Let. 112(F03S32), doi: 10.1029/2006JF000607.

Gripp, 1927. Glaciological and geological result of the Hamburg Spitzbergen-expedition
of 1927. 3-98. In. van der Meer, J. J. M. ed. 2004. Spitsbergen Pushmoraines.
Developments in quaternary Science 4, London.

13


javascript:SubSearch(top.two.five.three.document.nform,%22AU%22,%22Lefauconnier,%20B.%22);
javascript:SubSearch(top.two.five.three.document.nform,%22AU%22,%22Ommanney,%20C.S.L.%22);
javascript:SubSearch(top.two.five.three.document.nform,%22AU%22,%22Thomas,%20R.H.%22);
javascript:SubSearch(top.two.five.three.document.nform,%22AU%22,%22Thomas,%20R.H.%22);

Hagen, J. O., Melvold, K., Pinglot, F. and Dowdeswell, J. A. 2003. On the Net Mass Balance of
the Glaciers and Ice Caps in Svalbard, Norwegian Arctic. Arctic, Antarctic, and Alpine
Research 35(2):264-270. 2003 doi: 10.1657/1523
0430(2003)035[0264:0TNMBQ]2.0.CO;2

Hagen, J. O. 1987. Glacier surge at Usherbreen, Svalbard. Polar. Res., 5(29), 239-252.

Hagen, J. O., Liestel, O., Roland, E. and T. Jargensen, 1993. Glacier Atlas of Svalbard
and Jan Mayen. Nor. Polarinst. Medd. 129.

Hagen, J. O. Eiken, T, Kohler, J and Melvold K. 2005. Geometry changes on Svalbard
glaciers: mass-balance or dynamic response? Ann. Glaciol., 42, 255-261.

Hamilton, F. S. 1992. Investigations of surge-type glaciers in Svalbard. (Ph.D. thesis,
University of Cambridge.) 275 pp.

Hamilton, G. S. and J. A. Dowdeswell. 1996. Controls on glacier surging in Svalbard. J.
Glaciol., 42(140), 157-168.

Hanssen-Bauer, 1., Kristensen Solas, M. Steffensen, E. L. 1990. The climate of
Spitsbergen. Norwegian Meteorological Institute Research Report 39/90.

Harrison, W. D. and Post, A. S. 2003. How much do we really know about glacier
surging? Ann. Glaciol., 36, 1-6.

Jania, J. A., Grabiec, M., Gajek, G., Kolondra, L., Glowacki, P. and Puczko, D. 2006.

Changes in the topography of selected glaciers in Southern Spitsbergen in the light of the
GPS survey in 2005. Extended abstracts. Workshop and GLACIODYN planning
meeting, 29 January — 3 February 2006. Obergurgl (Austria) IASC Working group on
Acrctic Glaciology. 54-59.

Jiskoot, H., Boyle, P. and Murray, T. 1998. The incidence of glacier surging in Svalbard:
evidence from multivariate statistics. Comput. Geosci., 24, 387-399.

Jiskoot, H., Boyle, P and Murray, T. 2000. Controls on the distribution of surge-type
glaciers in Svalbard. J. Glaciol. 46(154), 412-422.

Kaéb, A. 2002. Monitoring high-mountain terrain deformation from repeated air- and
spaceborne optical data: examples using digital aerial imagery and ASTER data. ISPRS
J. Photogramm. Rem. Sens., 57(1-2), 39-52.

Kéab A. 2008. Glacier volume changes using ASTER satellite stereo and ICESat GLAS laser
altimetry. A test study on Edgegya, Eastern Svalbard. IEEE Trans. Geo.

Rem. Sens. (10), 2823-2830

Kamb, B. and 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.

Kamb, B. and 7 others. 1985. Glacier surge mechanism: 1982-1983 surge of Variegated
Glacier, Alaska. Science 227 (4686), 469-479.

Kjellstrom, O. C. J. 1901. En exkursion for uppmétning av Van Mijen Bay under 1898
ars svenska polarexpedition. Ymer H1, 29-34.

Kohler, J., James, T. D. Murray, T. Nuth, C. Brandt, O. Barrand, N. E. Aas, H. F. and
Luckman, A. 2007. Acceleration in thinning rate on western Svalbard glaciers. Geophys.
Res. Lett., 34, L18502, d0i:10.1029/2007GL030681.

Lefauconnier, B. and Hagen, J. 0.1991. Surging and calving glaciers in eastern Svalbard.

Nor. Polarinst. Medd. 116.
Liestgl, O. 1969. Glacier surges in West-Spitsbergen. Can. J. Earth Sci., 6, 895-897.
Liestgl, O. 1976.Glaciological work in 1974. Nor. Polarinst. Arbok 1974. 191-193.

14



Mavlyudov, B. R. 2006. Vnutrennie drenagnye sistemy lednikov (in Russian) (Internal
drainage systems of glaciers). Rossijska Akademija Nauk, Institut geografii. Moskva.

Meier, M. F. and Post, A. 1969. What are glacier surges? Can. J. Earth Sci., 6,

8907-8917.

Murray, T., Dowdeswell J. A., Drewry., D. J. and Frearson, I. 1998. Geometric evolution
and ice dynamics during a surge of Bakaninbreen, Svalbard. J. Glaciol. 44(147), 263-
272.

Murray, T., Luckman, A. J., Strozzi, T. & A.-M. Nuttall. 2003a. The initiation of glacier
surging at Fridtjovbreen, Svalbard. Ann. Glaciol., 36. 110-116.

Murray,T., Strozzi, T., Luckman, A., Jiskoot, H. and Christakos, P. 2003 b. Is there a
single surge mechanism? Contrasts in dynamics between glacier surges in Svalbard and
other regions. J. Geophys. Res. 108 B5, 2237, doi:10.1029/2002JB001906.

Raymond, C. F. 1987. How do glaciers surge? A review. J. Geophys. Res. 92(B9), 9121-

9134.

Rolstad, C. E., Amlien, J., Hagen J. O. Lundén, B.1997. Visible and near-infrared digital
images for determination of ice velocities and surface elevation during a surge on
Osbornebreen, a tidewater glacier in Svalbard. Ann. Glaciol., 24, 255-261.

Solheim, A. 1991. The depositional environment of surging sub-polar tidewater glaciers.

Nor. Polarinst. Skri. 194. Oslo.

Sund, M. 2006. A surge of Skobreen. Polar Res. 25(2), 115-122.

Sund, M and Eiken, T. 2004. Quiescent-phase dynamics and surge history of a
polythermal glacier: Hessbreen, Svalbard. J. Glaciol., 50(171), 547-555.

Toutin, T. 2002. Three-dimensional topographic mapping with ASTER stereo data in
rugged topography. IEEE T Geosci. Remote Sensing, 40(19), 2241-2247.

Wadham, J. and Nuttall, A.-M. 2002. Multiphase formation of surperimposed ice during
a mass-balance year at a maritime high-Arctic glacier. J. Glaciol. 48(163), 545-551.

15



Table caption:

Table 1

Figure

. Overview of the studied glaciers. The glacier numbers refer to Fig. 1, numbered from
north to south and west to east.

captions:

Fig 1. Locations of the glaciers. The Svalbard archipelago. A North-west Spitsbergen, B. South

Fig. 2.

Fig. 3.

Fig. 4. :

Spitsbergen. The numbers indicate the location of glaciers and glacier systems named in
Table 1.

Van Keulenfjorden. Elevation changes from 1990- 2003 DTMs, based on a grid of 30 m,
superimposed on an ASTER scene of 2003. For the upper part of Liestglbreen,
Nathorstbreen-Ljosfonn (in surge stage 1), the 1990 DTM is partly combined with a 1961
DTM. Zawadzkibreen is in stage 1 and Dobrowolskibreen and Polakkbreen are in stage
2.

Rindersbukta. Elevation changes from 1990- 2003 DTMs, based on grid of 30 m,
superimposed on ASTER 2003 scene. The 1990 DTM is partly combined with a 1961
DTM in the in the upper part of Scheelebreen, which is in stage 1 (Luntebreen is the
lowered northeastern basin). Ragna-Mariebreen and Nataschabreen are in stage 2;
Skobreen is in stage 3; and Bakaninbreen, Knoppbreen and Kjglhgbreen are post-surge.
Insets show two small glaciers (numbers 30 and 31 in Table 1) which surged recently.

a) Kroppbreen, flowing towards NE. DTM subtractions, based on grid of 30 m;
during the build up (1936-1990), stage 2 surge (1990 -2003) and progress of stage 2 surge
1990-2006.

b) Vallakrabreen and Firmbreen flowing towards SW. Subtracted 1990- 2003 DTMs,
based on grid of 30 m. Vallakrabreen, with a slight decrease in the upper part (stage 1)
and a stage 2 surge of Firmbreen.

c) Ingerbreen, flow turning 180 degrees from NW to SE. Subtracted 1990 - 2003 DTMs,
based on grid of 30 m. The lower part of the glaciers is covered by clouds on the 2003
DTM and the elevation changes here are not reliable (black colour).

d) Perseibreen and Vindeggbreen flowing towards NE. DTM subtractions, based on grid

of 30 m; during build up and possible partial surge (1936 — 1990) of the northern basin
and surge stage 3 (1990 - 2003).
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