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More than half of Svalbard is covered by glaciers, 
and very few drainage basins are completely gla-
cier-free. Gain or loss of the freshwater locked up 
in Svalbard glaciers has both global implications 
for sea level and more local impacts. Runoff from 
glaciers impacts the hydrology of rivers, and the 
additional discharge of freshwater from the melt-
ing glaciers also affects the stratifi cation of the 
water column and, thus, the circulation within 
the surrounding seas and fjords. Changes in gla-
cier discharge may signifi cantly impact sea ice 
conditions around the archipelago, with conse-
quent changes for the biota and local climate. In 
the most dramatic climate warming scen ar ios, 
increased freshwater contribution from this par-
ticular region could even infl uence deepwater 
production on the Svalbard shelf. In this paper 
information about Svalbard glaciers that may 
have an impact on calculations of the runoff, 

mainly the mass balance, will be reviewed. Some 
new estimates of the overall net mass balance 
are given, based upon which the freshwater fl ux 
derived from the glaciers is discussed.

Glaciers in Svalbard

Glaciers and ice caps cover 36 600 km2, or about 
60 % of the land, of the Svalbard archipelago 
(Hagen et al. 1993). The eastern islands of the 
archipelago have the most contiguous ice cover-
age, linked to the coldest temperatures combined 
with moisture from the Barents Sea. Aust fonna 
on Nord aust landet in eastern Svalbard is the larg-
est ice cap in the Eurasian Arctic at 8120 km2 
and roughly 1900 km3 (Dowdeswell 1986; Hagen 
et al. 1993). Hagen et al. (1993) calculated the 
total ice volume of Svalbard to be approxi mately 
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7000 km3.
Various types of glaciers are found. Most dom-

inant by area are the large continuous ice masses 
divided into individual ice streams by mountain 
ridges and nunataks. Small cirque glaciers are 
also numerous, especially in the alpine mountain 
regions of western Spitsbergen. Several large ice 
caps are located in the relatively fl at areas of east-
ern Spitsbergen, Edgeøya, Barentsøya and Nor-
daustlandet. These ice caps calve in the sea. The 
total length of the calving ice front in Svalbard is 
about 1000 km. All margins are grounded (Dow-
deswell 1989).

Temperature conditions

The temperature conditions within the glaciers 
are of great importance for their fl ow and hydrol-
ogy. Most of Svalbard’s glaciers are subpolar or 
polythermal, which means that parts of the glacier 
are temperate, with temperatures at or close to the 
pressure melting point, and parts have tempera-
tures below 0 °C. In the accumulation area, water 
percolates down into the snow and fi rn layers 
during the melting period. Due to the sub-zero 
temperatures in these layers, the water refreezes, 
releasing latent heat and raising the tempera ture 
to the melting point early in the melt season. The 
deep fi rn and ice layers remain at the pres sure 
melting point throughout the year, resulting in a 
subglacial talik (unfrozen area) in the perma frost 
beneath the upper and central parts of the glaciers. 
Thus, water can penetrate to the bed of the glacier 
and feed the groundwater below the permafrost. 
In the ablation area, meltwater drains across the 
ice surface into crevasses, ice-marginal channels 
or moulins. No refreezing occurs within the ice, 
and as the annual mean surface temperatures are 
negative, ice temperatures remain below zero. At 
15 m depth, ice temperatures are usually 2 - 3 °C 
above the mean annual air temperature (Hagen 
1992; Björnsson et al. 1996). The thickness of the 
cold layer in the ablation area is usually a maxi-
mum of 80 - 100 m. Thus, for glaciers ending on 
land, the temperate layer does not reach the ice 
front, at which location there is continuous per-
mafrost. Small glaciers (A < 10 km2) are often not 
much more than 100 m thick and, therefore, the 
main body of these glaciers is cold. Infl uenced by 
the water temperatures at the calving front, calv-
ing glaciers have partly or completely temperate 
tidewater tongues.

The polythermal temperature regime of Sval-

bard glaciers has been confi rmed directly by 
measurements in boreholes drilled to bedrock 
and indirectly by the interpretation of ground pen-
etrating radar (GPR) echo soundings carried out 
from the glacier surface (Björnsson et al. 1996; 
Moore et al. 1999).

The water in the temperate parts also drains 
during winter. In front of glaciers ending on land, 
the winter discharge refreezes as it fl ows out on 
frozen ground and builds up naled ice (also called 
“icing” or “aufeis”). Since all the glaciers in Sval-
bard are either cold or polythermal, the presence 
of naled ice indicates that the glacier is a poly-
thermal (subpolar) glacier. At the front of tidewa-
ter glaciers, the winter runoff is released directly 
into the fjord.

Dynamics and surge

The fl ow rate of Svalbard glaciers is generally 
low due to the low ice temperatures and fairly 
low accumulation rates, usually less than 1 m a-1 
in water equivalents (ca. 3 m of snow) even in the 
highest accumulation areas. In general, glaciers 
ending on land fl ow much slower than calving 
glaciers. Typical surface velocities are between 
2 m a-1 in the lower ablation area and 10 m a-1 
close to the equilibrium line altitude (ELA) for 
the glaciers terminating on land. At Austre Brøg-
gerbreen (5 km2) and Midre Lovénbreen (5 km2), 
for example, only 2 m a-1 and 4.5 m a-1 have been 
measured close to ELA (Hagen, unpubl. data). 
Kronebreen, the tidewater glacier in the inner 
part of Kongsfjorden, is the fastest measured 
glacier in Svalbard. The mean annual velocity 
in the central part of the front of Kronebreen is 
2 m d-1, with a peak of 4.5 m d-1 at the begin ning 
of July (Voigt 1965; Melvold 1992; Lefaucon nier 
et al. 1994). The high velocities indicate that basal 
sliding is important and that the glacier sole is at 
the melting point. Such conditions lead to a sub-
stantial amount of water discharge and sedi ment 
transport to the fjord.

Surging glaciers are widespread in Svalbard 
(Liestøl 1969; Dowdeswell et al. 1991; Lefaucon-
nier & Hagen 1991; Hagen et al. 1993; Jiskoot 
et al. 2000). In a non-surging glacier, there is a 
balance between accumulation above the ELA 
and the ice fl ux into the ablation area. Hence, 
the glacier maintains a near steady-state lon-
gitudinal profi le. In a surge-type glacier, the 
ice fl ux is smaller than the accumulation (bal-
ance fl ux). Thus, the surface gradient gradually 
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increases, in turn causing the basal shear stress 
to increase. When the shear stress reaches a crit-
ical (but unknown) value, a surge can be trig-
gered and sliding increases rapidly. The surge 
results in a large ice fl ux from the higher to the 
lower part of the glaciers, usually accompanied 
by a rapid advance of the glacier front. Often, the 
surge is also accompanied by a major subglacial 
water and sediment fl ux and, in the case of tide-
water glaciers, by an increased iceberg produc-
tion. The surge events occur independently of cli-
matic variations, but the length of the quiescent 
(upbuilding) period is affected by the climate. 
The morphological evidence of past glacier max-
imum extent is therefore not necessarily directly 
linked to climatic conditions but rather to a surge 
advance (Lefauconnier & Hagen 1991).

The general retreat of calving and surging gla-
ciers over the last hundred years has been mapped 
along the eastern coasts of Svalbard by Lefaucon-
nier & Hagen (1991). The largest surge observed 
was at Bråsvellbreen in 1936–38 (Liestøl 1969). 
This outlet from the Austfonna ice cap is about 
1100 km2 and it is grounded in water in a 30 km 
long glacier front. During the surge the front 
advanced up to 20 km (Schytt 1969). Other 
note worthy surges include those at Negribreen 
(1180 km2) in the inner part of Storfjorden, east-
ern Spitsbergen, which surged in 1935–36 and 
advanced about 12 km in less than a year along 
a 15 km long section of the front, for an average 
speed of 35 m d-1 (Liestøl 1969), and the 1250 km2 
Hin lopenbreen, which surged in 1970 and calved 
about 2 km3 of icebergs in a single year (Liestøl 
1973).

Drainage system

The low fl ow velocities and the polythermal 
structure of the glaciers are important for the 
drainage system on the glaciers. Because few cre-
vasses open, numerous meltwater channels are 
formed on the glacier surface during the summer. 
These channels gradually increase in size and 
melt down into the glacier. As they melt down, 
the ice and snow gradually close above, forming 
englacial channels. Since these channels follow 
the surface gradient of the glacier, they are usu-
ally found in a lateral position in the ablation area 
of the glaciers. In some places vertical moulins 
are formed, leading the water into the englacial 
and/or subglacial drainage system. The location 
of englacial channels has been detected using 

GPR; refl ection hyperbola from englacial chan-
nels are readily seen in the GPR images (Hagen & 
Sætrang 1991; Björnsson et al. 1996).

The channel system that has gradually devel-
oped in the lower, thinner (h < 100 m), and cold 
parts of the glaciers is usually stable and chan nels 
reopen year after year in the same locations. This 
has been shown by tracer experiments (Hagen 
et al. 1991; Vatne 2001). The drainage pattern 
of the glacier is apparently stable from one year 
to the next; it only changes with glacier geome-
try changes such as when the glacier is retreat-
ing or surging. When glaciers are thicker—more 
than 150 - 200 m—glacier ice deformation and ice 
overburden pressure determine the location of 
water pathways. In general, the channels at the 
bed will follow the steepest pressure gradients, 
so that the main driving force for the water fl ow 
in and under glaciers is the change in the hydrau-
lic potential.

Calculations of the hydraulic potential are 
based on the ice surface and ice thickness gradi-
ents. The water pressure potential at the base of a 
glacier can be expressed in terms of the fraction 
k of the local ice thickness, where k is between 0 
and 1, representing the range of the water pres-
sure in subglacial conduits from atmospheric 
pres sure (k = 0) to full ice overburden pressure 
(k = 1). For k = 1, the direction of the subglacial 
chan nels is decided mainly by the gradient of the 
ice surface (ice-directed drainage). When k = 0, 
the system is open and the direction of the chan-
nels is determined by the bed gradient. When the 
surface and bed topography is known, the most 
likely location of the drainage channels at the 
bed can be calculated from the changes in water 
potential. This was done at Finsterwalderbreen in 
southern Spitsbergen (Hagen et al. 2000). Their 
modelling of the subglacial drainage indicated 
that the subglacial channels are partly pressu-
rized and their location directed by the glacier 
except for the lowermost 1.5 km near the termi-
nus, where the glacier is cold and thin (h < 100 m) 
and open, stable channels exist. Potential drain-
age patterns in Svalbard glaciers have also been 
cal culated beneath Höganesbreen and Midre Lov-
én breen by Melvold et al. (2002) and Rippin et al. 
(2003), respectively.

Glacier-dammed lakes are also readily formed 
on Svalbard glaciers, both in depressions on the 
surface and laterally. These lakes are short-lived, 
as they are usually emptied during the summer 
melt season, either by reopening of supragla-
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cial or englacial channels or via subglacial chan-
nels (Liestøl et al. 1980). The supraglacial lakes 
are often in the size range of a few hundred to 
10 000 m3. The laterally formed lakes, usually 
formed in small tributary valleys of larger tide-
water glaciers, can be several times as large. 
These lakes are often emptied by subglacial chan-
nels that usually drain directly into the fjords.

Mass balance fl uctuations

Mass balance data

The annual net specifi c mass balance (bn) refl ects 
the loss or gain averaged for the glacier as a whole. 
The net balance is a lumped climate signal that, 
in Svalbard, correlates signifi cantly with summer 
ablation (summer temperature) and, to a lesser 
degree, winter precipitation (Hagen & Liestøl 
1990; Lefauconnier & Hagen 1990). Specifi c net 
balance is reported as a single number, but it can 
be further broken down into the summer balance 

(bs) (roughly May–September) and the winter 
balance (bw) (September–May). More interesting 
from a climatic perspective are bi(z), the balanc-
es as a function of elevation, where i = n, w, s for 
net, winter, and summer, respectively. Balance as 
a function of elevation is a more regional quanti-
ty, as opposed to glacially averaged balance, and 
refl ects directly the local climate at a particular 
elevation band.

Time series of terrestrial and aerial photo-
graphs show that most Svalbard glaciers have 
been retreating and thinning since around 1900 
(Liestøl 1988). Since then, the retreat has been 
almost continuous, interrupted only by occasion-
al surge advances. For glaciers ending on land, 
well preserved ice-cored moraines indicate the 
maximum extent. These glaciers have retreated 
about 1 - 2 km over the last hundred years. Tide-
water glaciers both retreat and advance much 
more rapidly. The maximum extent is more diffi -
cult to locate precisely, but it can be mapped from 
either sub-sea moraines (Whittington et al. 1997) 
or historical observations. For example, the max-

Fig. 1. The Svalbard archipelago 
(excluding Bjørnøya, to the 
south). Squares indicate glaciers 
with mass balance measure-
ments; circles represent glaciers 
with shallow core drillings.
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imum extent of Kronebreen in 1869 was about 
11 km beyond the present-day front. Over the last 
50 years the front has retreated at an average rate 
of about 150 m a-1 (Liestøl 1988).

The fi nding that most glaciers have a negative 
mass balance is in accordance with this general 
front recession. Lefauconnier & Hagen (1990) 
performed a regression of meteorological records 
for Svalbard against observed net balance data to 
extrapolate the mass balance time series back to 
the beginning of meteorological data collection in 
1912. They found that Austre Brøggerbreen has 
thinned by almost 40 m (more in lower parts and 
less in higher parts) over the period 1912–1990 
and lost about 30 % of its 1912 volume.

Mass balance measurements on the glaciers 
provide information about the total net bal-
ance, i.e. additional runoff or stored water in the 
catchment, but also on the total summer runoff 
(summer ablation) and annual accumulation (pre-
cipitation). Spot measurements of precipitation 
and especially snow accumulation are inaccu-
rate because most precipitation comes as snow 
on strong winds, which is diffi cult to measure 
accurately with rain gauges (Førland & Hanssen-
Bauer 2000). Therefore, the area distribution of 
the accumulation obtained by measurements on 
the glaciers gives much better data than weath-
er stations. In addition, the accumulation/altitude 
gradient is directly observed.

Yearly mass balance components have been 
measured over different periods on a number of 
glaciers (Table 1). Those glaciers on which mass 
balance has been measured systematically com-
prise only about 0.5 % of the total ice-covered 
area of Svalbard, but they give reliable estimates 
of the balance gradients and ELA in their regions 
and in the altitude interval they cover.

The majority of the mass balance measure-
ments have been carried out on smaller gla-
ciers (ca. 5 km2) located in western and central 
Spitsbergen (Hagen & Liestøl 1990). The long-
est mass balance series are on two small gla-
ciers, Austre Brøggerbreen (5 km2) and Midre 
Lov én breen (6 km2), in the Kongsfjorden area 
of north-western Spitsbergen (Figs. 1, 2), where 
direct yearly measurements have been carried out 
continuously since 1967 and 1968 by Norwegian 
scientists. The glacier Kongsvegen (105 km2), 
measured since 1987 (Fig. 2), extends to higher 
altitudes in its accumulation area than the much 
smaller Austre Brøggerbreen and Midre Lovén-
breen (Hagen & Liestøl 1990; Lefaucon nier et al. 
1999). In southern Spitsbergen, Polish research-
ers have been measuring mass balance on Hans-
breen since 1988/89 (Jania & Hagen 1996). Over 
shorter periods Russian scientists have stud-
ied some glaciers in western Spitsbergen (Troit-
skiy et al. 1975). The net balance of the measured 
glaciers has been generally negative during the 

Table 1. Mean annual specifi c net mass balance (in water equivalent units) and ancillary information for the Spitsbergen glaciers 
at which fi eld observations have taken place.

Glacier Area
(km2)

Number of
observations a

Mean net balance
(m w.e. yr-1)

Standard deviation
(mm yr-1)

Marine or land
margin

Austre Brøggerbreen 5 36 –0.45 0.33 land
Austre Grønfjordbreen 38 c 6 –0.63 0.20 marine b

Bertilbreen 5 11 –0.72 0.29 land
Bogerbreen 5 12 –0.43 0.36 land
Daudbreen 2 6 –0.36 0.27 land
Finsterwalderbreen 11 9 –0.51 0.59 land
Fridtjovbreen 49 5 –0.25 0.19 marine
Hansbreen 57 7 –0.52 d 0.39 marine
Kongsvegen 105 16 0.00 d 0.39 marine
Longyearbreen 4 6 –0.55 0.45 land
Midre Lovénbreen 6 35 –0.35 0.29 land
Vestre Grønfjordbreen 38 c 4 –0.46 0.16 marine
Vøringbreen 2 18 –0.64 0.37 land
a The number of balance years for which measurements have been made (up to 1999).
b “Marine” signifi es that all or part of the glacier terminus is marine.
d Includes losses by iceberg calving 1987–1999.
c Area of Grønfjordbreen as a whole.
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approximately 30 years of observations (Table 1), 
but no statistically signifi cant change in the trend 
has been observed over the last decades (Fig. 2). 
Most of the glaciers mentioned above are mainly 
below 500 m a.s.l., and have probably had a stable 
negative mass balance since about 1920 (Lefau-
connier & Hagen 1990). The glacier area/altitude 
distribution is important, however; measurements 
on Kongsvegen indicate that glaciers covering 
higher accumulation areas seem to be closer to 
zero balance than the lower lying glaciers (Hagen 
1996; Hagen et al. 2003). A recent study by Pälli 
et al. (in press) concludes that the low-lying gla-
ciers Hornbreen (179 km2 in 1980) and Ham-
bergbreen (144 km2 in 1980) have lost 37 - 50 % 

of their volume during the last 100 years and the 
calving fronts have retreated by 13 - 15 km.

In addition to systematic direct mass balance 
measurements, there are several point measure-
ments of mean net balance. Shallow cores have 
been drilled in a number of places throughout the 
archipelago (Fig. 1) to detect radioactive refer-
ence horizons from the fallout of 1962–63 nucle-
ar bomb tests and from the early May 1986 Cher-
nobyl accident (Pinglot et al. 1999; Pinglot et al. 
in press). The reference layers could be detected 
in all cores in the accumulation area of the gla-
ciers. Cores were taken at varying altitudes from 
the highest part of the accumulation area down-
wards to below the ELA, thus providing average 

Fig. 2. Time series of the indi-
vidual mass balance components 
for (a) Kongsvegen (1986–2000) 
(105 km2), (b) Austre Brøgger-
breen (1967–2000) (5.5 km2) and 
(c) Midre Lovénbreen (6 km2), 
given in m water equivalents 
averaged over the glacier area. 
Note that Kongsvegen mean 
net balance is essentially zero. 
The series show no statistically 
signifi cant trends.

(a)

(b)

(c)
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net accumulation values and the net balance gra-
dient for the ice mass accumulation areas.

Cores have also been used to obtain mass bal-
ance estimates on the larger ice caps in east-
ern Svalbard, where no mass balance data have 
been available hitherto. On the ice cap of Aust-
fonna (8120 km2), the largest ice cap in the archi-
pelago (Fig. 1), an extensive study of the sur-
face mass balance was carried out in 1998–2000, 
with 29 shallow ice cores and two deep ice cores 
retrieved. The Chernobyl layer was located in 
19 of the cores, all drilled in the accumulation 
area, and the nuclear test layer was located in 
two deeper ice cores (Pinglot et al. 2001). The 
temporal variation of the mean annual mass bal-
ance shows that no variation occurred for differ-
ent time periods, namely from 1963 to 1986 and 
from 1986 to 1999. The altitudinal gradient of the 
mean annual net mass balance and the altitude of 
the mean equilibrium line were obtained from 
fi ve transects radiating from the crest of the ice 
cap showing steeper mass balance gradients than 
in western Svalbard (Hagen et al. 2003).

Cores can also be used together with GPR 
to resolve the spatial variability of snow accu-
mulation. Pälli et al. (2002) used GPR and data 
from three ice cores along a radar profi le on the 
upper parts of Nordenskjöldbreen, on Lomono-
sovfonna, to map spatial distribution of layer-
ing in radar images. The layers were associated 
with dates inferred from the cores lying on the 
radar profi le to provide the spatial distribution 
of long-term accumulation. The local variability 
was large and GPR data were a useful tool to map 
the snow distribution. Winther et al. (1998) and 
Sand et al. (2003) measured end-of-winter snow 
accumulation over large areas on Svalbard, using 
GPR, in the years of 1997, 1998 and 1999. Meas-
uring transects (covering both glaciated and non-
glaciated areas) followed different latitudes and 
revealed west-to-east and south-to-north gradi-
ents of snow accumulation. On average, the east 
coast received over 40 % more snow than the west 
coast (Sand et al. 2003).

Superimposed ice and internal accumulation

The formation of internal accumulation layers 
and superimposed ice at the surface of High 
Arctic glaciers can have a signifi cant impact on 
the surface mass balance and makes both direct 
fi eld investigations of mass balance and remote 
sensing analysis complicated. Meltwater from the 

surface snow can percolate into the cold snow-
pack and refreeze, either as ice lenses in the snow 
and fi rn, or as a layer of superimposed ice on top 
of cold impermeable ice below. In the fi rn area, 
the meltwater may also penetrate below the previ-
ous year’s summer surface and freeze as internal 
accumulation. Superimposed ice formation is an 
important source of accumulation in many Arctic 
glaciers and in some it is even the dominant form 
of accumulation (Koerner 1970; Jonsson 1982). 
The amount of superimposed ice varies spatial-
ly and from year to year. On Austre Brøgger-
breen and Midre Lovénbreen typical values are 
5 - 20 cm (Hagen & Liestøl 1990). In some areas 
it is even much more, but systematic measure-
ments of superimposed ice in Svalbard glaciers 
are limited. The areas of superimposed ice on 
the Austfonna ice cap (8120 km2) were found to 
cover about 30 % of the whole ice cap (Melvold, 
unpubl. data).

In the ablation area, the amount of superim-
posed ice can be measured by stakes drilled into 
the ice and by artifi cial reference horizons, but 
in the accumulation areas empirical modelling 
based on meteorological input data has often been 
the only way to estimate the internal accumula-
tion from refreezing of meltwater (Woodward et 
al. 1997). If superimposed ice and internal accu-
mulation are neglected in mass balance calcula-
tions, the total input of mass to the glacier may be 
underestimated, leading to an unrealistically neg-
ative net mass balance.

The equilibrium line altitude

The ELA can be derived from aerial photographs 
and satellite imagery in addition to the alti-
tude given from the directly measured glaciers 
and the shallow cores. Hagen et al. (1993) pub-
lished a map of the distribution of ELAs in Sval-
bard. However, very little information was avail-
able from the eastern part of the archipelago. The 
optical satellite imagery mainly gives informa-
tion about the snowline, which is at higher alti-
tudes than the actual ELA due to the formation of 
superimposed ice. No general function has been 
established between the snowline and the ELA, 
but the pattern of the ELA distribution is likely 
to have the same shape as the snowline distribu-
tion. This technique was used by Dowdeswell & 
Bamber (1995) to give information about the ELA 
pattern on the islands Barentsøya and Edgeøya in 
eastern Svalbard. Figure 3 shows the spatial dis-
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tribution of the present ELA (Hagen et al. 2003); 
the map refl ects the precipitation pattern in Sval-
bard, with higher ELA corresponding to lower 
snow accumulation.

Satellite imagery can identify distinct zones on 
a glacier. For example, monitoring glacier mass 
balance with optical imagery by monitoring the 
ELA can be straightforward for many glaciers of 
the world (Hall et al. 1987; Williams et al. 1991). 
In Svalbard, however, the formation of superim-
posed ice hinders (in addition to clouds and late-
summer snowfall) a precise localization of the 
ELA (Parrot et al. 1993; Winther 1993; Bind-
schadler et al. 2001). Engeset (2000), Engeset et 
al. (2002) and König et al. (2001) have all found 
that European Remote Sensing Satellite (ERS) 
Synthetic Aperture Radar (SAR)-derived local-
ization of ELA on Kongsvegen does not detect 
the ELA, but rather detects the fi rn–ice transi-
tion. Even so, localization of the fi rn–ice transi-
tion can still provide valuable information about 
a glacier’s climatic state. Also, König et al. (2002) 
were able to detect the areas of superimposed ice 

formation with high precision with ERS SAR and 
the SAR data from the Canadian RADARSAT. 
Work is now underway (König, pers. comm.) to 
establish an operational monitoring system for 
the whole of Svalbard using data from Europe-
an Space Agency’s ERS SAR and the Advanced 
Synthetic Aperture Radar (ASAR) instrument on 
board the Environmental Satellite (ENVISAT) by 
means of surface type classifi cation.

Iceberg production

The ice fl ux at the marine glacier margins of Sval-
bard, Mc , is the product of terminus velocity, ice 
thickness at the calving front and the horizon-
tal width of the ice front. The average thickness 
of the 1000 km long calving front in the archi-
pelago is estimated to be about 100 m (Hagen et 
al. 2003), although many outlet glaciers have no 
ground penetrating radar or marginal bathymet-
ric data. Many of these ice fronts are relative-
ly slow moving or stagnant, with velocities of 
less than 10 m a-1, although some relatively fast-
fl owing outlet glaciers fl ow at 50 - 100 m a-1 (e.g. 
Dowdes well & Collin 1990; Lefauconnier et al. 
1994). These larger iceberg producers dominate 
in terms of mass.

There are few glaciers on which surface veloci-
ty measurements and calving estimates have been 
carried out. Lefauconnier et al. (1994) tracked ice 
surface features on sequential SPOT imag ery 
to calculate ice velocity, which was com bined 
with fi eld measurements of terminus thick ness 
of Krone breen (ca. 700 km2) in Kongs fjorden 
in north-west Spitsbergen to yield a calving rate. 
With a velocity of about 2 m d-1, Kronebreen is 
by far the fastest fl owing glacier in Svalbard, as 
mentioned above. The annual front movement 
(700 - 800 m a-1), combined with the retreat of the 
front, induces calving between 0.20 - 0.25 km3 a-1 
(Lefauconnier et al. 1994). Due to the bathyme-
try beneath the glacier tongue, velocity and calv-
ing rate are expected to decrease slightly in the 
coming 30 - 50 years.

Field surveys of changing ice-cliff height, calv-
ing events and surface velocity at its marine 
margin have allowed the rate of mass loss to be 
esti mated at Hansbreen (57 km2), in southern 
Spits bergen (Jania & Kaczmarska 1997). A calv-
ing rate of ca. 0.02 km3 a-1 was found, which is an 
important part of the mass loss (ca. 30 %), equiv-
alent to ca. 0.35 m a-1 water equivalent on the gla-
cier surface. In Basin 5, a 670 km2 drainage basin 

Fig. 3. Distribution pattern of the equilibrium line altitude in 
Svalbard (modifi ed from Hagen et al. 2003; used with permis-
sion of Arctic, Antarctic, and Alpine Research.)
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of the ice cap Austfonna, Dowdeswell & Drewry 
(1989) found a velocity of ca. 40 m a-1 at the calv-
ing terminus. On Austfonna, fl ow velocities have 
been measured from remote sensing data by 
interferometry (Dowdeswell et al. 1999), but a 
full calculation of mass loss by calving awaits the 
associated marginal ice thickness data.

Over the last 50 years the glacier fronts have 
been generally retreating, giving larger calving 
rates than in a steady state situation. In Hornsund 
fjord (Fig. 1) the tidewater glaciers have retreat-
ed about 1 km2 per year averaged over the last 90 
years (Jania & Kaczmarska 1997).

Compiling the available information, an initial 
estimate of the average velocity of calving fronts 
through the archipelago has been calculated to 
be about 20 - 40 m a-1. With an average margin 
thickness of 100 m and 1000 km length, the calv-
ing fl ux was estimated to be about 3 ± 1 km3 a-1 
(Hagen et al. 2003). In addition to this, the retreat 
of the calving glacier fronts is estimated to yield 
a volume of 1 km3 a-1. This estimate does not take 
into account the annual height change from melt-
ing. The total calving loss, Mc, is estimated to be 
about 4 ± 1 km3 a-1.

An additional complication to the assessment 
of the rate of iceberg calving within Svalbard 
is that a number of glaciers and ice cap drain-
age basins undergo periodic surges (Hagen et al. 
1993; Hamilton & Dowdeswell 1996). Between 
the active surge advances, the termini of these 
ice masses are largely stagnant, contributing little 
mass loss through iceberg production (Melvold & 
Hagen 1998). In years when major Svalbard tide-
water outlet glaciers surge, several cubic kilome-
tres of ice can be released to the adjacent seas. 
Therefore, in years with such events the above 
estimate of calving rate can be far too low.

SAR investigations of ice surface velocities 
on Svalbard ice caps and glaciers will eventual-
ly provide, together with airborne ice penetrat-
ing radar measurements of ice thickness, a more 
complete data set on iceberg calving (Dowdes-
well et al. 1999).

Total volume change of Svalbard glaciers

The overall net balance of Svalbard ice masses, 
the annual mass change (Mtot ; change in freshwa-
ter fl ux) can be calculated from:

Mtot = Ma – Mm – Mc – Mb ,                   (1)
where Ma is the annual surface accumulation, Mm 

is the mass loss by annual surface melting, Mc is 
loss by iceberg production and Mb is the bot tom 
melting or freezing-on under any fl oating ice mar-
gins. There are no fl oating glacier fronts in Sval-
bard (Dowdeswell 1989) and Mb therefore equals 
zero. Total ice-mass change can then be found 
from the net surface mass balance Bn = Ma – Mm 
and the iceberg calving term, Mc.

The overall net balance Bn for a region can be 
calculated using:

Bn = ∑ bni (z) • Ai [109 m3],                 (2)

where bni (z) are the average net balance curves as 
a function of the ith altitude interval and Ai is the 
area contained in the ith altitude interval. Areas 
can be derived from a 100 m horizontal resolu-
tion digital elevation model, produced from Nor-
wegian Polar Institute 1:100 000 topographi-
cal maps (contour intervals 50 and 100 m). A 
Svalbard-wide mass balance curve is proposed in 
this paper. In Fig. 4 the long-term net balance data 
from several sources is combined to generate a 
composite balance curve, bni (z). Three simple net 
balance curves are used to calculate the Svalbard-
wide balance, two bracketing curves that defi ne 
approximately the envelope of observed values, 
and a mean curve. Note that the long-term meas-
ured balance curves for Midre Lovénbreen, 
Austre Brøggerbreen and Kongsvegen encom-
pass a fairly wide range of possible values just 
within one region in north-west Spitsbergen.

Combining these balance curves with the area 
curve, A(z), for all of Svalbard (Fig. 4) in Eq. (2), 
an overall net balance of

Bn = –10 km3 ± 12 km3 a-1

was obtained. The overall specifi c surface net 
balance (bn = Bn / A) [mm water equivalent]) comes 
out to be:

bn = –270 ± 330 mm a-1.

The large uncertainty of ± 12 km3 is a result of 
using the upper and lower mass balance curves. 
When adding the calving loss (Mc ), estimated as 
–4 km3 ± 1 km3 a-1, the overall net balance of Sval-
bard ice massses (Mtot = Bn + Mc ), is then –14.0 ± 13 
km3 a-1, giving a specifi c total net balance of

mn = –380 ± 355 mm a-1.

A weak point of the above calculation is that the 
net balance curves in the lower altitudes below 
ELA are only from one region in north-west 
Spitsbergen. To obtain a better spatial resolu-

k

i = 1
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tion, Hagen et al. (2003) divided Svalbard into 13 
regions and tried to establish a net balance curve 
(bni[z]) for each region, calculating the overall net 
balance (Bn ) for each region using Eq. (2) and 
A(z). They found that the total overall net surface 
balance, combining all regions, was less negative 
than the above mean estimate and obtained:

Bn = –0.5 km3 ± 0.1 km3 a-1,

giving the overall specifi c surface net balance:

bn = –14 ± 3 mm a-1.

When adding the calving loss as above, the over-

all net balance of Svalbard ice masses (Mtot), is 
–4.5 km3 ± 1 km3 a-1, giving a specifi c total net 
balance of

mn = –120 ± 30 mm a-1.

The result obtained by Hagen et al. (2003) is 
less negative than the overall estimate in this 
paper even if it falls within the generous range 
of values defi ned by the bracketing mass bal-
ance curves. However, it is likely that net abla-
tion in lower altitudes is overestimated in this 
overall estimate since only the balance curves 
from north-west Spitsbergen were used. In east-

Fig. 4. (a) Average specifi c net balance/altitude data (bn[z[) from different sources and (b) area/altitude (A[z]) distribution of all 
of the glaciers in Svalbard.

(a)

(b)
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ern Svalbard, there are only net balance data from 
the accumulation areas derived from core meas-
urements. Information about the regional surface 
ablation below ELA is weak in both approaches, 
but there is less melting in the same altitude range 
in eastern and north-eastern Svalbard, giving a 
less negative overall mass balance closer to the 
result obtained by Hagen et al. (2003).

The contribution of Svalbard’s ice caps and 
glaciers to global sea level change is roughly 
0.01 mm a-1 from the Hagen et al. (2003) estimate, 
or 0.04 mm a-1 in this work, both as average values 
over the last 30 years. In both cases, this makes 
up a smaller contribution to global sea level rise 
than earlier estimates (0.06 mm a-1), which extra-
polated net mass balance data for only the small-
est, most negative mass balance glaciers to the 
whole of Svalbard (Dowdeswell et al. 1997).

In both estimates, the net loss of mass through 
iceberg calving appears to be an important com-
ponent of the net mass loss from Svalbard ice 
masses, even though the ice fl ow at the 1000 km 
long calving front is for the most part quite low 
and is certainly rather poorly specifi ed.

Total accumulation and melting

The annual surface accumulation (Ma ) and the 
annual surface melting (Mm), estimated over the 
Svalbard archipelago and based on the same data-
sets as the net balance calculations above, give a 
total of close to 25 ± 5 km3 a-1 for the accumula-
tion and slightly higher for the ablation. This cor-
responds to a specifi c value of 690 ± 140 mm a-1 
of winter snow precipitation and slightly higher 
amount of summer runoff from surface melt-
ing. In addition, the calving fl ux contributes ca. 
4 km3 ± 1 km3 a-1, or 110 ± 30 mm a-1, giving an 
annual total runoff from Svalbard glaciers of 
ca. 800 ± 150 mm a-1. In Svalbard, the freshwa-
ter fl ux from land through iceberg calving there-
fore appears to be ca. 16 % of the runoff from sur-
face melting.

Future mass balance changes

Based upon meteorological data, one simple 
empirical model indicates that a decrease of 
nearly 1 °C in the summer air temperature or an 
increase of 50 % of the winter accumulation is 
required to obtain equilibrium for Austre Brøg-
gerbreen and Midre Lovénbreen, respective-
ly (Hagen & Liestøl 1990). The model does not 

take into account the effect of gradual changes 
in glacier area. Energy balance modelling shows 
similar or slightly lower values (Flemming et al. 
1997). More sophisticated correlations of climate 
and balance can be undertaken with balance data 
as a function of elevation (e.g. Braithwaite 1995; 
Oerlemans & Reichert 2000), which would then 
make it possible to predict seasonal sensitivities 
of the glacier response to future climate scenar-
ios. The sensitivity can then be given as change 
in mm water equivalents of the mass balance due 
to a given change in temperature or precipitation. 
Such calculations were done by Oerlemans et al. 
(unpubl. ms.), under the Response of Arctic Ice 
Masses to Climate Change project. The month-
ly and annual sensitivities were calculated for 
Kongsvegen and for the Austfonna ice cap. The 
annual mass balance sensitivity for both was 
an increased melting of 200 - 300 mm for 1 °C 
warming, and an increase of snow accumulation 
of about 100 mm for 10 % increase of precipita-
tion. The increased melting occurred in May to 
September.

The area/altitude distribution of the glaciers 
within the archipelago is important for the sen-
sitivity of the glacier mass balance to climate 
changes. The present equilibrium line altitude is 
very close to the altitude of the bulk of the area 
(Fig. 4). Thus, the net surface balance, and the 
runoff, of Svalbard glaciers and icecaps is very 
sensitive to quite small changes in the ELA. A 
shift of a few tens of metres up or down may have 
a large effect on the total mass balance due to the 
nature of the hypsometric distribution.

Water balance in a glacierized 
catchment

The annual freshwater input to the fjord system 
can be estimated from the following water bal-
ance equation:

Qtot = Qs + Qp + Qi + Qc + Qg + Ql – Qe,      (3)

where Qtot is the potential total runoff, Qs is 
snowmelt from ice-free areas, Qp is runoff from 
rainfall in the whole basin, Qi is the glacial com-
ponent of discharge which includes icemelt, fi rn-
melt and snowmelt from the ice-covered areas, 
Qc is freshwater from icebergs calving from the 
glaciers, Qg is groundwater discharge, Ql is con-
densed water vapour and Qe is evaporation. The 
last three sources are small and combined pro-
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vide an almost negligible contribution. Basal 
melting is negligible. Internal or basal storage is 
set to zero over the yearly cycle. Hagen & Lefau-
connier (1995) applied this to the small basin of 
Bay elva, where both runoff and mass balance are 
measured, and showed that the glacier mass bal-
ance data can be used to provide a reliable esti-
mate of the runoff.

The glacier mass balance measurements have 
provided information about the precipitation gra-
dient (dbw/dz) and the melt rate gradient (dbs/dz) 
by altitude. The precipitation gradient varies, but 
20 - 30 % increase per 100 m altitude is a common 
value. In combination with elevation models, 
these gradients have been used to estimate the 
runoff contribution from the different sources as 
well as the total amount.

Mass balance data from the glaciers can be 
used to calculate the freshwater fl ux in a drainage 
basin and to evaluate the different sources in the 
water balance given in Eq. (3). This has been done 
for the Kongsfjorden basin in north-west Spits-
bergen (Fig. 1) (Svendsen et al. 2002). The land 
area draining to Kongsfjorden is ca. 1430 km2, 
of which 1100 km2 is glacierized. The main sum-
mertime sources of freshwater runoff are: (1) the 
melting of snow and ice on the glacier surface 
(Qi); (2) snowmelt from areas in the drainage 
basin outside the glaciers (Qs); (3) rainfall (Qp) 
and (4) ice calving (Qc). It has been shown that 
in the Bayelva catchment that drains Brøgger-
breen close to Ny-Ålesund (Fig. 1), the melting 
of snow and ice on the glaciers is the most domi-
nant source of meltwater, giving more than two-
thirds of the total runoff (Hagen & Lefauconnier 
1995). They also showed that there is a very high 
correlation between the summer ablation and 
the total discharge from the glacier because the 
runoff variation is mainly due to warm and cold 
summers so ablation data (summer balance data) 
can be used to estimate the total runoff. The other 
main source for runoff variations is the summer 
rainfall, which can vary markedly from year to 
year. The snowmelt from ice-free areas gives a 
fairly stable contribution, as the winter snow-
fall does not vary much interannually (Hagen & 
Liestøl 1990).

Using this approach, the current mean annual 
total runoff to Kongsfjorden is estimated to be 
about 950 mm, or about 1370 × 106 m3, or ca. 
1.4 km3 (Svendsen et al. 2002). The contributions 
from the different sources are shown in Table 2. 
The runoff due to calving is about 170 mm a-1, 

which is about 18 % of the total runoff—close to 
the estimated calving part of 16 % for Svalbard as 
a whole. The total runoff of 950 mm a-1 is larger 
than the estimated 800 mm a-1 for the whole of 
Svalbard, but the Kongsfjorden basin is on the 
western, maritime side of Spitsbergen and is 75 % 
glacierized compared to the average of 60 % gla-
cierization for the whole of Svalbard. Summer 
rainfall is not included in the runoff estimated for 
Svalbard overall.

At about 30 %, the year-to-year runoff varia-
tions are large. The total annual runoff is not a 
suffi cient basis for distinguishing the effects of 
runoff and other driving forces on the observed 
circulation in the fjords. This requires a quanti-
fi cation of the seasonal variation of runoff from 
the different sources. Also, more detailed infor-
mation about the different sources is necessary, 
especially about the mass balance of the large 
glaciers.

The negative mass balance of some small-
er glaciers and catchments may have an impor-
tant impact upon the hydrology and runoff within 
that basin. In the basin of Bayelva (31 km2), close 
to Ny-Ålesund and draining Austre and Vestre 
Brøggerbreen, the total mean annual runoff from 
the basin has been measured to 1020 mm a-1, or 
about 30 × 106 m3 a-1. The extra runoff due to the 
negative mass balance of Brøggerbreen is about 
200 mm a-1—20 % higher runoff than if the gla-
cier were in equilibrium with the current climate 
(Hagen & Lefauconnier 1995).

Based on observations of temperature (degree-
days) and precipitation, the runoff can also be cal-
culated using a precipitation–runoff model. Such 
a model—the HBV model (Bergström 1992)—
has been calibrated and applied to several catch-
ments in Svalbard (Bruland & Sand 1994). Bru-

Table 2. Mean annual glacier runoff in Kongsfjorden from 
different sources calculated from mass balance data. The 
annual variability is shown in parentheses.

Source Specifi c (mm/area) Total (106 m3)

Qi 530 (300 - 755) 766 (437 - 1096)
Qs 53 (44 - 62) 77 (64 - 90)
Qp 206 (180 - 50) 300 (260 - 360)
Qc 172 (138 - 207) 250 (200 - 300)
Qg unknown (but small) unknown
Ql 10 12
Qe –20 –29
Qtotal 951 (652 - 1264) 1376 (944 - 1829)
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land & Killingtveit (2002) and Bruland & Hagen 
(2002) applied an energy balance based on the 
HBV model to Austre Brøggerbreen and used, 
in addition to precipitation data and degree-days, 
energy balance data (radiation, albedo and turbu-
lent heat fl ux) as well as snow-pack temperatures 
to calculate the runoff. The model could simulate 
the onset and amount of summer melt and was in 
good agreement with observed runoff data (R2 = 
ca. 0.90). The advantage of using a model like this 
is that daily runoff can be calculated from daily 
observations of meteorological data, and thus 
seasonal runoff events can be calculated. Bruland 
& Hagen (2002) showed that the model also could 
be used to calculate the mass balance on Austre 
Brøggerbreen and in sensitivity analysis of the 
response of future climate changes. Their cal-
culations indicated that a mean summer temper-
ature cooling of 1.2 °C is required to obtain zero 
net balance, or a nearly 100 % increase of winter 
snow accumulation.

Conclusions and future research

Annual total runoff data can be calculated from 
measurements of accumulation and melting of 
snow and ice on the glaciers in combination 
with meteorological data. For the evaluation of 
future response to climate it will be important 
to monitor the mass balance components in dif-
ferent altitudes on the glaciers. These data will 
also provide both melt gradients and precipita-
tion gradients. Mass balance measurements are 
only available for about 0.5 % of the glaciers in 
Svalbard. A more regional coverage would be 
useful, especially to get more information from 
the larger glaciers and ice caps in the eastern part 
of the archipelago.

In light of the warmer climate which is predict-
ed, it will be important to get a better understand-
ing of the effect of refreezing of meltwater in the 
snow and fi rn and the extent and amount of super-
imposed ice formation. It has been shown that the 
areas of superimposed ice formation can cover 
as much as 30 % of the glacier area in Svalbard. 
Quantifi cations of the refrozen volumes through 
modelling and direct measurements will be nec-
essary in assessments of the sensitivity and future 
response of the glaciers mass balance to changes 
in the climate.

The future response of the glaciers can be pre-
dicted by relating glacier mass balance to meteor-

ological data using a Seasonal Sensitivity Charac-
teristic, outlined by Oerlemans & Reichert (2000). 
Using this method, the seasonal or monthly mass 
balance changes can be modelled by changes in 
temperature and precipitation based on different 
climate scenarios. An approach like this is cur-
rently under development under the Arctic Cli-
mate Impact Assessment programme.

The large negative mass balance as observed 
in many of the smaller glaciers cannot be gen-
eralized to the overall ice masses of Svalbard 
that have been shown to be much closer to bal-
ance. The total surface runoff from Svalbard gla-
ciers due to melting of snow and ice was found 
to be close to 800 mm a-1. This freshwater fl ux 
from land includes iceberg calving which appears 
in Svalbard to be ca. 16 % of the runoff from 
surface melting and is estimated to be about 4 
km3 ± 1 km3 a-1 or about 110 mm a-1. The main 
calving is from point sources at outlet glaciers. In 
the coming years a better estimate of the calving 
can be obtained by airborne radar soundings of 
ice thickness at the glacier fronts, combined with 
surface velocity data obtained through interfero-
grams of satellite images.

The impacts on the hydrology are to a great 
extent related to seasonal variations in the runoff. 
Runoff varies markedly through the melt season. 
In addition, the winter discharge from glaciers 
ending in the sea is poorly known. Daily and 
periodical fl ood events have a great impact on 
the sediment fl ux and on biota and fjord circu-
lation. Thus, the monitoring and modelling of 
these events in smaller Arctic catchments will 
be useful.

Monitoring the altitude distribution of mass 
balance and the ELA will provide valuable infor-
mation about the future changes in runoff. A 
few spot measurements combined with satellite 
remote sensing and modelling will be the only 
way to follow future changes. Satellite remote 
sensing techniques are capable of monitoring gla-
cier front positions, ice velocities, surface char-
acteristics and glacier facies. A future challenge 
will be to monitor glacier mass balance from 
space by employing remote sensing data in mass 
balance models. In future, there are expectations 
that precise laser or radar satellite altimetry such 
as from ICESat and CryoSat can provide direct 
measurements of glacier volume change. Sval-
bard will be used as a test site for the calibration 
and validation of these sensors.
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