The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIII-B3-2021
XXIV ISPRS Congress (2021 edition)

A REVIEW OF SURGE-TYPE GLACIERS

Zixiang Sun, Gang Qiao*

1 College of Surveying and Geo-Informatics, Tongji University, 1239 Siping Road, Shanghai, China — (1933658,giaogang)
@tongji.edu.cn

Commission TCII, WG 111/9

KEY WORDS: Glacier surge, Surface displacement, Glacier thickness, Mass gain, Mass loss.

ABSTRACT:

The study of glacier surges is meaningful for the understanding of glacier dynamics and the mechanisms of surge-type glaciers. Here,
we briefly introduce the distribution of surge-type glaciers and the reason of their tendency to cluster within particular regions. Then
we make a review of optical and SAR remote sensing methods for the spaceborne measurement of the surface velocity about surge-
type glaciers and show the details of characteristics of Surging Glaciers including the acceleration and deceleration of the velocity of
the glacier surface, the terminus may move forward a few kilometers in just a few months, then we give a specific example of surge-
type glacier, Sortebree. Finally, we summarize the existing mechanism of the glaciers surging.

1. INTRODUCTION

Glacier surging is a phenomenon that the speed of glacier
movement alternates between slow and fast and regularly. The
surface velocity of a surge-type glaciers fluctuates between a
long-term low velocity (a period of tens or even hundreds of
years) and a short-term high velocity (1-10 years) (Clarke et al.
1984; Jiskoot et al. 1998). The speed of ice flow during the
surging phases is dozens or even hundreds of times faster than
that during the quiescent period. The occurrence of the surging
phenomenon is usually considered to be due to internal
instabilities such as the hydrological conditions at the glacial bed
or the topographical factors and are not thought to be directly
triggered by external climate forcing (Sevestre and Benn 2015;
Sharp 1988). During the quiescent periods, the surface velocity
of the entire glacier is in a very low state. At this stage, the upper
reservoir area of the glacier is supplied with ice mass due to
factors such as precipitation and snowfall. Converging ice flow
thickens the upper reservoir area, the lower part stagnates and
thins by ablation, and the front end of the glacier usually retreats.
The surge appears to start when the state of the entire glacier
reaches a certain critical state. Since a large amount of ice is
redistributed in a short period of time, the occurrence of the
pulsation phenomenon is usually accompanied by a rapid
advance of the front end.

Only~ 1% of the world’s glaciers have been observed to have
surging behavior (Jiskoot and others, 1998; Sevestre and Benn,
2015). The surge-type glaciers cover a wide range of types,
including land-terminating and tidewater glaciers, temperate and
polythermal glacier, cirque glaciers, valley glaciers as well as ice
streams (Murray, 2003). One of the most distinct facts about
surge-type glaciers is that they are not randomly distributed, but
concentrated in certain areas. The surging behavior in different
regions of the world is also very different. For example, glaciers
in Svalbard tend to have surge periods lasting 3-10 or even
decades, and the static periods lasting between 50 and 500 years
(Dowdeswell et al. 1991). For the surge-type glaciers in Alaska
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and Yukon, the surge period is generally 1-3 years, and the
quiescent period is 20-40 years (Dowdeswell et al. 1991; Murray
et al. 2003). These two different regions of surge-type glaciers
also correspond to two different types of surging mechanisms:
thermal (Clarke et al. 1984; Murray et al. 2003) and hydrological
(Kamb 1987) mechanism. Although surge-type glaciers are rare,
it is of great significance to the study of glacier dynamics and the
mechanisms of surge-type glaciers. The study of glacier surges
in the north-west West Kunlun Shan indicates that surging may
be related to climate change (Chudley et al. 2018). In addition,
this kind of study can provide valuable insight into internal
evolution of glaciers and global climate change. The movement
of a large amount of ice during glacier surging may have a huge
impact on the life safety of people in the downstream area and
through their influence on glacial lake outburst floods (GLOFs)
(Bhambri et al. 2020).

The study on surge-type glaciers is mainly carried out from two
aspects. One is the surface velocity, mainly through SAR and
optical remote sensing methods. Optical imaging technology
generally traces the characteristics of the glacier surface (e.g.,
crevasses, rifts, cracks) (feature tracking) or the cross-correlation
of entire image patches (image matching) in successive co-
registered satellite images of the same location (Heid and K&gb,
2012; Lucchitta and Ferguson, 1986). The way to use SAR
remote sensing to derive surface velocity is mainly divided into
two technologies: phase-based and offset-based. Phase-based
methods include differential interferometric SAR (DInSAR) and
Multiple-Aperture Interferometry (MAI) while offset-based
methods can be categorized into speckle, co-herence and
intensity tracking (Dirscherl, 2020). Another aspect is the
elevation decrease in the upper reservoir area of the glacier and
the increase of the terminal part of the glacier during the surging
periods. Elevation information can be obtained through airborne
laser scanner (ALS), ICESat-mission, or two TanDEM-X,
ASTER,DISP images.
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In this study, we briefly introduce the characteristics of surface
velocity and elevation changes during the surging period, and
summarize the mechanism of the glaciers surging.

2. THE DISTRIBUTION OF SURGE-TYPE GLACIERS

Although the number of surge-type glaciers in the world is very
small, they show obvious aggregation in spatial distribution.
They are mainly distributed in Alaska-Yukon, parts of the eastern
and western Greenland, Svalbard, Iceland and the Karakoram
Mountains, Pamirs, and Tianshan Mountains. Other regions of
the world such as the Caucasus Mountains rarely exist or do not
exist. No glacier surging behavior has been observed in
Antarctica so far (Sevestre and Benn, 2015). The study of their
tendency to cluster within particular regions is controlled by what
factors are of great significance for surging mechanisms. The
study on the climate and geometric conditions of the 2,317 surge-
type glaciers worldwide distribution regions indicates that the
highest densities of surge-type glaciers occur within an optimal
climatic envelope bounded by temperature and precipitation
thresholds (Sevestre and Benn 2015), which is explained by a
new enthalpy cycle model. In the process of ice mass
accumulation, the enthalpy will be in an increased state. In cold
and dry areas, glaciers are thinner, with lower flux and can
conduct effective heat conduction. Amid glaciers in warm and
humid environments usually have a large amount of melt water
discharge. Heat conduction and melt water discharge will release
increased enthalpy. Therefore, the glaciers in these areas are
stable. The regional environment where surge-type glaciers
gather is often located in intermediate conditions, where neither
heat conduction nor runoff can effectively discharge enthalpy
gains. Fluctuations between quiescence periods and active
periods can happen (Sevestre and Benn 2015).

Surge-type glaciers can be divided into two types: Alaska type
and Svalbard type. These two types can both be observed in
Greenland. The surge-type glaciers in East Greenland, Harald
Moltke Bree, and Northwest Greenland are identified as Alaska
type (Jiskoot et al., 2003; Hill et al. 2018). However, the
Storstremmen Glacier and Bistrup Bree in East Greenland are
probably the largest surge-type glaciers in the world showing
characteristics of Svalbard type (Mouginot et al., 2018). The 35-
year investigation of ice velocities in combination with
observations of surface elevation and glacier area change of
Hagen Brz in the north of Greenland shows that Hagen Brae
Glacier is a glacier with two characteristics of Alaska and
Svalbard (Solgaard et al., 2020). In addition, some surging
glaciers are known to exist on Disko Island (Qeqgertarsuaqg) and
the Nuussuaqg peninsula in West Greenland (Yde and Knudsen,
2007). The surge-type glaciers in the Qinghai-Tibet Plateau are
mainly distributed in the Karakoram and Kunlun Mountains
(Chudley et al. 2018; Paul et al., 2019).

The distribution of surge-type glaciers within the globe based on
Randolph Glacier Inventory (RGI) version 6.0 is shown in Figure
1 (RGI Consortium, 2017).
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Figure 1. Global distribution of surge-type glaciers based on
Randolph Glacier Inventory (RGI) version 6.0.

3. THE CHARACTERISTICS OF SURGING GLACIERS

3.1 Review of methods for the spaceborne measurement of
ice motion

The most typical feature of surging glaciers is the abrupt change
in surface velocity. There are mainly two methods for measuring
ice velocity: optical remote sensing method and SAR remote
sensing method. The method of deriving flow velocity from
optical images is mainly by image matching in the spatial domain
or the frequency domain. Image matching in the spatial domain
is performed using the normalized cross-correlation (NCC). This
method mainly uses a small image chip in a reference image and
searching for correspondence within a limited area of the second
image (Haug et al., 2010; Scambos et al., 1992). On the other
hand, the calculation speed in the frequency domain is very fast
as a result of inclusion of Fourier Transforms (FFTs). For
example, the Co-registration of Optically Sensed Images and
Correlation (COSI-Corr) software package is based on phase
correlation in the Fourier domain and has a good performance in
deriving the surface velocity of Antarctic glaciers (Chen et al.,
2016; Li et al., 2018; Miles et al., 2018; Shen et al.,2018).

Both DINSAR and MAI use two images obtained at slightly
different look angles and at different times to obtain the phase
difference through interference. The way to use DInsar requires
the topographic phase term removed by external DEM or
deriving surface displacement and topography with two InSAR
pairs simultaneously (Joughin et al., 1998). SAR offset tracking
is another way when accurate elevation information is not at hand
or when interferometric coherence cannot be maintained
(Joughin et al., 2010). The optical remote sensing velocity
measurement techniques only require a single image pair with
long time spans or covering regions of particularly fast ice flow
(Bindschadler and Scambos, 1991; Haug et al.,2010). For the
SAR velocity measurement techniques, the main advantage is the
ability of active imaging sensors to see through clouds (Joughin
et al., 2010). Besides, the accuracy of the obtained ice velocity
map using SAR measurement techniques can reach very high
precision (mm-cm level) (Nagler et al., 2017; Rignot et al., 2011).
Nevertheless, the applicability of SAR techniques depends on the
time between acquisitions, and will fail under the condition of
fast ice motion (Joughin et al., 2010). Therefore, the trend in
studying ice dynamics is towards using a combination of optical
and SAR techniques.
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3.2 The details of Characteristics of Surging Glaciers

The pattern of medial moraines on surging glaciers is typical, this
is the most obvious surface feature of surging glaciers and can be
observed from optical images. The loop is formed by the flow of
ice from a tributary glacier while the main glacier is quiescent
and moves downstream along with the ice flow when the surging
behavior of the main glacier occurs. Hispar Glacier is one of the
largest glaciers in the Central Karakoram mountain range. The
surging behavior of this glacier was observed during the recent
surge (2014-2016) (Guo et al. 2020). We can clearly see the
features from the optical images (Figure 2) and roughly infer that
the amount of movement of the loop moraine during June 2014
to July 2016 is about 4,400 m from the optical image.

The Alaska-type glaciers (Murray et al., 2003) usually initiate
and terminate suddenly, which can be deduced from the sudden
increase or decrease speed of ice flow in the beginning and end
of the surging. The surface displacement of these surge-type
glaciers during the surge period will be very high. For example,
Variegated Glacier, a temperate glacier located in southeastern
Alaska, has a maximum ice velocity of 50 m/d in the lower region
of the glacier during the surging period (Kamb et al., 1985). Such
type of surges usually has relatively short cycles and about 1 to 2
years surge phases.

The Svalbard-type glaciers exhibit slow initiation and
termination, and the surface displacement during the surge period
is low, generally less than 6 m/d. The surge phases are longer,
usually continue for several years or even decades. A large mass
is transported from the upstream reservoir area to the downstream
receiving zone during the active phases. Therefore, the change of
glacier thickness is also an important feature for the surge-type
glaciers. Hispar Glacier is one of the largest glaciers in the
Central Karakoram mountain range. The lower part of the glacier
was thickened by 180 m, and the elevation of the main supply
tributaries decreased by 50 m during February 2013 to September
2016 (Guo et al., 2020). If we know the change of the flow
velocity and elevation of the glacier, then we can calculate the
amount of an upper ‘reservoir zone’ mass loss and the lower
‘receiving zone’ mass gain during the active period.
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Figure 2. Hispar Glacier, Karakoram mountain. (a) The
beginning of surging behavior (June 6, 2014). (b) the Ending of
the surging behavior (July 29, 2016). The image is Landsat-8
OLI (bands 8).

3.3 An example of surge-type glacier, Sortebrze

Sortebree, (68°45°N, 27°05°W) is a 65 km long tidewater-
terminating glacier in central East Greenland (Fig. 3 ). Sortebrae
surged around 1950 and again between 1992 and 1995, giving a
quiescent phase of 39~49 years (Murray et al., 2002; Jiskoot et
al., 2001). We can clearly see the tear-like moraine in the middle
of the glacier, between 6 October 1991 (Fig. 4a) and 6 September
1992 (Fig. 4b). The tear-like moraine had almost no movement
at all, and at this time the glacier was in a quiescent period, with
the terminus advancing about 360 m (~480 m/y). Sortebrae West
dominated the calving front. From September 6, 1992 (Fig. 4b)

to June 5, 1993 (Fig.4c), it is very conspicuous that the tear-like
moraine on the surface of the glacier moved about 1,800 m
(~2400 m/y) and the terminus advanced about 1,470m (~1960
m/y) in 9 months with the beginning of the surge. From October
11, 1993 (Fig.4d) to June 8, 1994 (Fig.4e), the tear-like moraine
moved approximately 3,800 m (~15kmly), the terminus
advanced about 1370 m (~480m/y) with the surging of the glacier.
Between June 8, 1994 (Fig.4e) and June 27, 1995 (Fig.4f), the
moraine on the surface of the glacier moved forward about 3,000
m (~3 km/y). The terminus advanced 520 m (~620m/y) between
June 27, 1994 and July 13, 1995 (Fig.5). Glacier surface velocity
slowed down ever since. The DEM of pre-surge and post-surge
shows that the elevation of the reservoir area has dropped by
about 270m, and the receiving zone rises by 145m(Pritchard et
al., 2003).The ice front location of the glacier will continue to
retreat due to disintegration during quiescent period, it retreated
about 6200 km from 1997 to 2007 (Fig.6). The best explanation
mechanism at present is Kamb’s linked cavity sliding model
(Pritchard et al., 2005).

Figure 3. (a) Ovrview of Sortebrae Glacier (image from
Landsat-8 OLI (band 4,3,2), 20 August 2020). (b) Location of
Sortebree in Greenland.
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Figure 4. Sortebree Glacier, central East Greenland. (a-e) tear-
like moraine in Landsat-5 TM (bands 4) image from 6 October
1991 to 27 June, 1995.
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Figure 5. Sortebrae Glacier, central East Greenland. Ice front
location from October 6, 1991 (peony pink) to July 13, 1995
(medium apple) overlaid on Landsat-5 TM (bands 4). Dashed
grey lines the central flowline.
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Figure 6. Sortebrae Glacier, central East Greenland. Ice front
location from May 15, 1997 (Gray) to July 15, 2007 (Black)
Background image is Landsat 7 ETM+ image (bands 8;
September 3, 2002). Dashed Seville Orange lines the central
flowline.

4. THE MECHANISMS OF SURGE-TYPE GLACIERS

Due to the diversity of surge-type glaciers distribution and
different characteristics, there is no unified mechanism that can
be applied to all surge-type glaciers and to argue for one basic
mechanism that can explain all surges may be unrealistic (Cuffey
et al., 2010). Two mechanisms have been proposed to explain the
observed surging behavior, thermal regulated and hydrological
regulation, for the explanation of Svalbard-type and Alaska-type
glacier surging, respectively. Thermal regulated surges are due to
the cold-based ice in quiescence converting to warm-based ice
during the surge because of the geothermal and frictional heating.
Such type of glaciers likely overlies a soft and deformable

substrate (Murray et al., 2003). Hydrological regulation surges
generally switch from the channelized glacier basal water system
in quiescence, to the distributed glacier basal water system,
leading to cavity formation and increasing the bottom water
pressure. The increased water pressure further decouples the
glacier from its bed and fast sliding (Kamb et al., 1987). Recently,
a theory based on enthalpy and mass balance has been proposed
to explain the surge behavior that includes both temperate and
polythermal glacier surges in a single framework. The theory
attributed the surging behavior to the imbalance between
enthalpy gain (geothermal heating plus frictional heating) and
enthalpy losses (conduction and loss of meltwater) and offers an
explanation of why the majority of glaciers do not surge (Benn et
al., 2019).
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