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ABSTRACT. Precise airborne laser surveys were conducted during spring in 1996 and 2002 on 17 ice
caps and glaciers in the Svalbard archipelago covering the islands of Spitsbergen and Nordaustlandet.
We present the derived elevation changes. Lower-elevation glaciers in south Spitsbergen show the
largest thinning rates of � 0.5ma–1, while some of the higher, more northerly ice caps appear to be
close to balance. The pattern of elevation change is complex, however, due to several factors including
glacier aspect, microclimatological influences and the high natural annual variability in local
accumulation and ablation rates. Anomalous changes were observed on Fridtjovbreen, which started
surging in 1996, at the start of the measurement period. On this glacier, thinning (of > 0.6ma–1) was
observed in the accumulation area, coincident with thickening at lower elevations. Asymmetric thinning
was found on two ice caps on Nordaustlandet, with the largest values on the eastern side of Vestfonna
but the western slopes of Vegafonna. The mean elevation change for all ice masses was –0.19ma–1w.e.,
which is 1.6 times the net mass-balance value determined for the last 30 years. Using mass-balance
sensitivity estimates for Svalbard suggests that the implied increase in negative balance is linked to
warmer air temperatures in the late 1990s. Multiple linear regression suggests that mass balance is most
closely correlated with latitude, rather than mean altitude or longitude.

INTRODUCTION
The mass balance of Svalbard glaciers and ice caps has been
calculated, using analysis of regional mass-balance gradi-
ents, to be slightly negative at –4.5�1.0 km3 a–1, based on
data covering approximately the last 30–40 years (Hagen
and others, 2003). This gives a specific net balance of
–0.12�0.03ma–1w.e. for the archipelago. This is consist-
ent with calculations of the mass balance of Arctic glaciers
and ice caps in general, which have been calculated to have
a specific net mass balance of –0.067ma–1 between 1961
and 1990, contributing about 0.05mma–1 to global sea-
level rise (Dyurgerov and Meier, 1997). It has been
suggested that this value is almost 20% of the total produced
from glaciers and ice caps outside the great ice sheets. There
have, however, been observations of substantial changes to
the Arctic cryosphere in the last decade or so. Measure-
ments of ice-surface elevation change over the Greenland
ice sheet during the 1990s have shown extensive peripheral
thinning that has been associated with a combination of
increased ablation and ice-dynamic effects (Abdalati and
others, 2001). In addition, there is now a substantial body
of evidence indicating a widespread change in climate
during the 20th century in the Arctic (Serreze and others,
2000), and during summer 2002 a record minimum in
Arctic sea-ice extent and a record maximum in melt area
over the Greenland ice sheet were observed (Serreze and
others, 2003).

Svalbard contains about 12% of the land-ice volume of
the Arctic, excluding the Greenland ice sheet (Dowdeswell
and others, 1997), and lies at the northern limit of the warm

North Atlantic Drift. Consequently, it is a region believed to
be particularly sensitive to climate change and might be
expected to show a fairly rapid response to the warming
during the 1990s (Angell, 2000).

During spring in 1996 and 2002, airborne laser-altimeter
surveys were flown over a number of glaciers and ice caps
in the Svalbard archipelago (Fig. 1). A complex pattern of
elevation change was observed due to a variety of forcing
factors including ice dynamics as well as climate. Here we
report on the elevation changes measured on the glaciers
and ice caps surveyed in Spitsbergen and western Nord-
austlandet (Fig. 1). The anomalous elevation changes
observed on the largest ice cap on Nordaustlandet,
Austfonna, have been presented elsewhere (Bamber and
others, 2004; Raper and others, 2005).

METHODS
Ice-surface elevation measurements of very high accuracy
were acquired using the Airborne Topographic Mapper 3
(ATM3; Krabill and others, 2000). The instrument is a
conical-scanning laser-ranging system with a pulse-repeti-
tion frequency of 5 kHz and a scan rate of 20Hz in 2002 and
10Hz in 1996. This gives an along-track data-point spacing
of 3 and 6m, respectively. At a flying altitude of 400m the
across-track width of the measurements is around 150m.
Aircraft location was determined by kinematic global
positioning system techniques, and aircraft pitch and roll
were measured using an inertial navigation system. Ice-
surface elevations with root-mean-square accuracies of
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10 cm or better were obtained from these campaigns
(Krabill and others, 1995), allowing unambiguous determin-
ation of elevation changes (dh/dt) with a magnitude
>2.3 cma–1 over the 6 year interval between observations.
The data used here have been averaged across-track and
over 300m in the along-track direction, which is why
the number of data points on smaller glaciers is relatively
small. This, however, reduces noise introduced by short-
wavelength features (such as crevasses) that may have
propagated downstream during the time interval between
observations.

The flight-lines over Svalbard are shown in Figure 1. The
tracks were flown in roughly straight lines as close to the
central flowline of glaciers as possible. In some areas, the
tracks inevitably wander away from the centre line onto
areas of non-glacierized permafrost and rock outcrops.
Manual inspection of vertical digital photographs, taken
contemporaneously with the ATM3 data, was used in
combination with Norsk Polarinstitutt maps, to identify such
occurrences, which were usually characterized by sections
of small elevation changes (typically <0.05ma–1). In the
case of Austre Gronfjordbreen, the entire profile suffered
from this problem and is therefore not included in the
analysis presented here.

To aid the analysis and interpretation, the data have been
partitioned and averaged over individual ice masses so that
local climatological and/or glaciological effects can be
considered. The boundaries between ice masses were
identified by examination of the elevation profiles, in
combination with 1 : 250 000 Norsk Polarinstitutt maps,
which provide a reasonable indication of ice divides and
glacier margins. Inevitably, however, there is a certain level
of subjectivity in partitioning the data.

RESULTS
Repeat observations of ice-surface elevation using the ATM3
were obtained for twelve glaciers and four ice caps
(excluding Austfonna, which has been discussed elsewhere
(Bamber and others, 2004; Raper and others, 2005)), and the
results are summarized in Table 1. The standard deviation, �,

Table 1. Statistics on mean elevation change (dh/dt), mean elevation, z, where observations were obtained, the standard deviation, s, of dh/
dt and the number of points used to calculate the means for the 16 glaciers and ice caps sampled. The data have been ordered on a regional
basis, and the five areas defined in the table are indicated by the dashed boxes in Figure 1

Location Mean dh/dt � of dh/dt Mean z Min. z Max. z Number of points

ma–1 ma–1 m m m

South Spitsbergen
Samarinbreen –0.34 0.24 236 63 345 11
Muhlbacherbreen –0.56 0.1 387 72 584 26
Rechercherbreen –0.47 0.21 522 289 722 94
Antoniabreen –0.49 0.11 686 556 785 42
Fridtjovbreen* –0.26* 0.31 340 160 541 32
West Spitsbergen
Sveabreen –0.38 0.29 327 54 586 61
Kongsvegen –0.29 0.31 399 97 714 35
East Spitsbergen
Nordenskioldbreen –0.27 0.29 791 237 1160 74
Lomonosovfonna –0.04 0.27 966 557 1450 153
Hochstetterbreen –0.22 0.15 215 70 289 13
Oslobreen –0.11 0.34 300 103 495 39
North Spitsbergen
Asgardfonna –0.06 0.05 934 533 1191 67
Dunebreen –0.2 0.09 255 67 389 17
Nordaustlandet
Vegafonna –0.23 0.14 377 73 502 61
Vestfonna –0.23 0.22 495 253 620 77
Sore Franklinbreen 0.11 0.35 197 57 257 28

*Fridtjovbreen was known to be surging during the time interval between observations.

Fig. 1. Map of Svalbard showing the location of the flight-lines
flown in 1996 and 2002. The numbers indicate the location of
individual glaciers and ice caps defined by name in Table 1. The
five dashed boxes, labelled a and c–f, show the regions plotted in
greater detail in Figure 2a–f.
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Fig. 2. Maps showing the location of individual elevation change measurements for the various glaciers and ice caps. The size of the vertical
bars indicates the magnitude of the change. Black bars indicate negative changes, grey bars positive. A bar representing an elevation change
of 1ma–1 has been plotted to provide a scale. (a) South Spitsbergen (note there are no positive values plotted for this region);
(b) Fridtjovbreen; (c) Kongsvegen and Sveabreen; (d) central east Spitsbergen; (e) Asgardfonna and Dunebreen; and (f) Vestfonna and Sore
Franklinbreen, northwest Nordaustlandet.
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of dh/dt in column 3 of Table 1 provides an indication of the
variability in elevation change and is not an estimate of the
uncertainty or error in the measurement. It is largely a
function of the altitude range of the glacier in question,
which is indicated by the minimum and maximum elevations
of the observations in columns 5 and 6 of Table 1. In general,
thinning is observed except at higher elevations in the
northeast of Spitsbergen. The highest individual and aver-
aged thinning rates (up to 0.9ma–1) were observed in south
Spitsbergen (glaciers 1–4, Fig. 2a), and the mean dh/dt for
these four glaciers (excluding Fridtjovbreen for reasons
explained below) is –0.47ma–1, around four times the
long-term estimate for the archipelago (Hagen and others,
2003). Even at the highest elevations on the ice cap of
Asgardfonna (Fig. 2c), moderate thinning of about –0.05 to
0.1ma–1 is obtained, while Lomonosovfonna appears to be
close to balance (Table 1; Fig. 2b). The rates of thinning
are, in general, significantly greater than the 30 year
average value estimated for the archipelago as a whole
(–0.12� 0.03ma–1w.e. (Hagen and others, 2003)), although
there is substantial regional variability in dh/dt and our
survey is not comprehensive in coverage. Nonetheless, all
but four ice masses show higher thinning rates than the
published long-term value for the archipelago. The mean

dh/dt for all ice masses sampled was –0.21ma–1 for a mean
sampled elevation of 588ma.s.l. These values were calcu-
lated from the individual dh/dtmeasurements rather than the
aggregated means presented in Table 1. Consequently they
are, by default, weighted more strongly, as they should be,
toward the larger ice masses (as the number of observations is
proportional to the length of the ice mass). Figure 2 shows the
observed dh/dt values used to calculate the means in Table 1
for individual flight-lines and ice masses.

In general, there appears to be little correlation between
dh/dt and altitude, z, for individual glaciers except perhaps
in the case of Nordenskioldbreen (Fig. 3a), Kongsevegen
(Fig. 3b) and Oslobreen (Fig. 2d). The location of zero
elevation change was about 1050, 560 and 320ma.s.l.,
respectively. The long-term equilibrium-line altitudes (ELAs)
for these three glaciers are around 550, 450 and 360ma.s.l.,
respectively (Hagen and others, 2003).

Fridtjovbreen shows an unusual pattern of elevation
change, with thickening at lower elevations and its largest
thinning rates in the upper reaches of the glacier (Fig. 3c).
Interestingly, this glacier is believed to have started a surge
between 1995 and 1996 (Murray and others, 2003). The
pattern of elevation change appears to reflect the propa-
gation of the surge down-glacier. As a consequence,

Fig. 3. Plots of elevation profiles and elevation changes shown by solid bars as in Figure 2. (a) Nordenskioldbreen; (b) Kongsvegen;
(c) Fridtjovbreen; (d) Vegafonna; and (e) Vestfonna.
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elevation changes on this glacier are likely to reflect non-
steady-state ice dynamics rather than mass balance.

On Vegafonna and Vestfonna, there is an asymmetry to
the pattern of dh/dt, with higher thinning on the western side
of Vegafonna and the opposite on Vestfonna (Figs 2f and 3d
and e). These two ice caps lie on the same side of
Nordaustlandet, to the west of Austfonna (Fig. 1). They are
at similar altitudes and are separated by only about 50 km.
The mean thinning rates are similar but the spatial pattern is
quite different.

INTERPRETATION AND DISCUSSION
The most comprehensive and recent review of the mass
balance of Svalbard ice masses was undertaken by Hagen
and others (2003). They combined measurements from
shallow cores and field observations from stake networks on
13 glaciers to produce regional estimates of specific net
balance gradients as a function of ice surface elevation for a
period covering roughly the last 30 years. The specific net
balance over the whole archipelago was estimated as
–0.12�0.03ma–1w.e., and the average ELA was calculated
as about 450ma.s.l. (Hagen and others, 2003). For the 16
glaciers and ice caps investigated here, the average
elevation change was found to be –0.21ma–1 for the period
1996–2002. Using a mean ice density (i.e. including the firn
layer) of 900 kgm–3 gives a value of –0.19ma–1w.e. To
convert the elevation changes into estimates of mass change,
however, several assumptions are required. First, we assume
that the mean density of the combined firn–ice column has
not changed during the measurement period. This is wholly
reasonable in the ablation zone where the depth of the firn
layer is small, but may be less valid in the accumulation
area. Second, we assume that any vertical isostatic displace-
ment of the underlying bedrock is small compared to the

elevation changes. Values for Svalbard are typically about
1mma–1 (Forman and others, 2004). Finally, we assume that
the sampling of the ice masses is not biased between
ablation and accumulation area, in other words, that the
sampling equally weights all parts of the glaciers. This may
be a less robust assumption as the ATM3 data are essentially
one-dimensional profiles along glacier centre lines. As a
consequence, they may be more heavily weighted (in terms
of number of samples per unit area) to the narrower (in
width) but longer ablation areas compared to the wider but
shorter accumulation areas.

If we accept the three assumptions above, the results
suggest that there has been an acceleration in mass loss in the
period 1996–2002 compared with the longer-term in situ
observations. In addition, there appears to be a regional
mass-balance trend, with highest negative values in the south
and a northeast gradient toward less negative mass balance.
This is illustrated in Figure 4, which shows the mean dh/dt
values for the 16 ice masses listed in Table 1. The squares for
Lomonosfonna and Asgardfonna are only just visible, as they
have a mean dh/dt close to zero, but it should be noted that
these ice caps also have the highest mean elevations.

A multiple linear regression with position x, y and mean
elevation of the ATM samples, z, as the independent
variables and dh/dt as the dependent variable produced
the following relationship:

dh
dt

¼ ð�0:48� 0:10Þ þ ð5:6� 8:8Þ½ � � 10�7x
� �

þ ð13� 4:7Þ � 10�7y
� �þ ð2:9� 1:7Þ � 10�4z

� �
:

The units of the coefficients are a–1, with the origin chosen to
be near Longyearbyen, close to the centre of Spitsbergen, as
shown in Figure 4. The regression explained 82% of the
variance of dh/dt, but only y was found to be a significant
independent variable. The P values for x, y and z were
0.539, 0.018 and 0.118, respectively. A P value <0.05 is
considered significant at the 95% confidence level (Bev-
ington and Robinson, 1992). Removing x from the regression
reduced the variance explained by only 2% and increased
the adjusted R value to 0.59 from 0.56. This is a measure of
the overall correlation taking into account the number of
independent variables. It is not surprising that x was not
found to have a significant linear relationship with dh/dt, as
the contours of the ELA have a complex relationship with
longitude (Hagen and others, 2003). A non-linear parametric
regression is probably more appropriate, but, with such a
small sample population, is unlikely to produce meaningful
results. More surprising is that z was not found to be a
significant variable. We can only assume that the small
sample and differences in glacier size, aspect and glacio-
logical setting (e.g. calving or non-calving) are folded into
the influence of z on mass balance. It should be noted, as
mentioned earlier, that dh/dt only appears to be reasonably
correlated with z for three of the sixteen ice masses sampled.
The highest-altitude ice masses (Lomonsovfonna and As-
gardfonna) are the closest to balance, but they are also
inland ice caps as opposed to coastal glaciers. It is also likely
that a more appropriate variable than mean elevation would
be ELA, but, in the absence of adequate data for this
variable, it could not be used.

The longest meteorological record in Svalbard is for
Longyearbyen airport and extends back to 1912 (Fig. 5). The
smoothed mean annual air-temperature record suggests a
warming trend of 0.678C per decade from about 1970 to

Fig. 4. Plot of mean elevation changes for the 16 glaciers and ice
caps listed in Table 1. The magnitude of the change is indicated by
the size of the squares plotted. A square representing a change of
1ma–1 is shown for scale. All changes are negative except for Sore
Franklinbreen, Nordaustlandet, which is believed to be a surge-type
glacier (Schytt, 1969; number 16 in Fig. 2f).
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2000 (Fig. 5), and the period 1996–2001 was 0.978C warmer
than the mean for 1970–2000. It should be noted, however,
that this warming is not exceptional for the last century as
there were similar warm periods during the 1930s and late
1950s. There is no discernible trend in the smoothed
precipitation record (Fig. 5) during the measurement interval.

We have used seasonal sensitivity characteristics for
temperature and precipitation (Oerlemans and Reichert,
2000; Oerlemans and others, 2005) to determine mass-
balance anomalies for the periods 1970–2000 and 1996–
2001 (Fig. 6). The anomalies were calculated with respect to
the monthly mean values for the entire length of the record
(1912–2001). The mean net anomaly (precipitation plus
temperature) for 1970–2000 was –0.002ma–1 and for 1996–
2001 it was –0.145ma–1. In fact, the whole of the 1990s
appears to have a substantial negative anomaly of –0.1 to
–0.2ma–1. It seems probable, therefore, that the enhanced
negative mass balance (compared to the 30 year value)
implied by the ATM3 data can be explained by the weather
during the measurement period. It is also likely that the
sampling of the ATM3 flight-lines was not fully represen-
tative of the mass balance of the archipelago as a whole and
is biased toward Spitsbergen glaciers and ice caps. No data
were obtained from Barentsøya and Edgeøya, for example,
and the results from Austfonna, Nordaustlandet, are believed
to be unrepresentative of the general trend across the
archipelago because of local micrometeorological effects
(Bamber and others, 2004; Raper and others, 2005).

CONCLUSIONS
Elevation changes were obtained for twelve glaciers and four
ice caps over the 6 year period 1996–2002 (Table 1). The
mean change for all the ice masses considered here is 1.6
times the value estimated using field data for the last 30–
40 years and we conclude that higher temperatures in recent
years can explain the increased negative balance implied by
our results (Fig. 6). Some of the patterns of elevation change
cannot, however, easily be explained by climatological
controls: for example, the contrasting behaviour of two
adjacent ice caps, Vestfonna and Vegafonna (Fig. 3d and e),

and the pattern of change on Fridtjovbreen (Fig. 3c). There
appears to be a strong and significant latitudinal gradient in
mass balance, with mean dh/dt values being most negative
in south Spitsbergen and becoming less negative moving
northward (Table 1; Fig. 4). The pattern of elevation changes
cannot easily be explained by any single dominant factor,
however, and there appear to be both glaciological and local
meteorological controls on the changes observed. The
results highlight the high degree of short-term variability in
glacier and ice-cap mass balance, both regionally and
locally. This, in turn, highlights the need for extensive and
representative spatial and temporal sampling of ice masses
of different size, altitude, aspect and glaciological setting, in
order to be able to make accurate estimates of the medium-
term mass balance of the region.
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