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Abstract

Our understanding of the climate of northern Sweden during the late Holocene is largely
dependent on proxy-data series. These datasets remain spatially and temporally sparse and
instrumental series are rare prior to the mid 19 century. Nevertheless, the glaciology and
paleo-glaciology of the region has a strong potential significance for the exploration of climate
change scenarios, past and future. The aim of this thesis is to investigate the 19 and 20
century climate in the northern Swedish mountain range. This provides a good opportunity
to analyse the natural variability of the climate before the onset of the industrial epoch.
Developing a temporal understanding of fluctuations in glacier front positions and glacier
mass balance that is linked to a better understanding of their interaction and relative significance
to climate is fundamental in the assessment of past climate.
I have chosen to investigate previously unexplored temperature data from northern Sweden
from between 1802 and 1860 and combined it with a temperature series from a synoptic
station in Haparanda, which began operation in 1859, in order to create a reliable long
temperature series for the period 1802 to 2002. I have also investigated two different glaciers,
Pårteglaciären and Salajekna, which are located in different climatic environments. These
glaciers have, from a Swedish perspective, long observational records. Furthermore, I have
investigated a recurring jökulhlaup at the glacier Sälkaglaciären in order to analyse glacierclimate relationships with respect to the jökulhlaups.
A number of datasets are presented, including: glacier frontal changes,
and photogrammetric mass balance data,
and satellite radar interferometry measurements of surface
velocity, radar measurements, ice volume data and a temperature series. All these datasets are
analysed in order to investigate the response of the glaciers to climatic stimuli, to attribute specific
behaviour to particular climates and to analyse the 19 and 20 century glacier/climate
relationships in northern Sweden.
The 19 century was characterized by cold conditions in northern Sweden, particularly in
winter. Significant changes in the amplitude of the annual temperature cycle are evident.
Through the 19 century there is a marked decreasing trend in the amplitude of the data,
suggesting a change towards a prevalence of maritime (westerly) air masses, something which
has characterised the 20 century. The investigations on Salajekna support the conclusion
that the major part of the 19 century was cold and dry. The 19 century advance of Salajekna
was probably caused by colder climate in the late 18 and early 19 centuries, coupled with
a weakening of the westerly airflow. The investigations on Pårteglaciären show that the glacier
has a response time of ~200 years. It also suggests that there was a relatively high frequency
of easterly winds providing the glacier with winter precipitation during the 19 century.
Glaciers have very different response times and are sensitive to different climatic parameters.
Glaciers in rather continental areas of the Subarctic and Arctic can have very long response
times because of mass balance considerations and not primarily the glacier dynamics. This is
of vital importance for analyzing Arctic and Subarctic glacier behaviour in a global change
perspective. It is far from evident that the behaviour of the glacier fronts today reflects the
present climate.
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Glaciers and climate in northern Sweden
Introduction

Our understanding of the climate of northern
Sweden during the late Holocene is largely dependent
on proxy-data series. These datasets remain
spatially and temporally sparse despite an increased
research activity in recent years and instrumental
series are rare prior to the mid 19 century. Nevertheless, the glaciology and paleoglaciology of the
region has a strong potential significance for the
exploration of climate change scenarios, past and
future (Dowdeswell et al., 1997).
Pre-industrial climatic variations during the past
millennium show predominantly warm periods during
the ~1114 century (Medieval Warm Period) and
cold periods during ~1719 century (Little Ice Age)
(Lamb, 1985; Grove, 1988). During the Little Ice Age
there were several major glacier advances in Sweden;
each time the glaciers reached positions close to their
Holocene maximum. Lichenometric observations
on frontal moraines in northern Sweden indicate
a last major glacier advance at the start of the 20
century (Karlén, 1973; Karlén and Denton, 1975;
Karlén and Black, 2002). Northern Scandinavia is
located between the maritime North Atlantic and
continental Eurasia. In the Scandinavian mountains
this maritime-continental transition, together with
the prevailing westerly winds, creates a strong orographic gradient (Enquist, 1916). Despite the fact that
this gradient and the maritime-continental transition
result in widely varying response times for the glaciers
to climatic changes, almost all the glaciers underwent
nearly contemporaneous advances. Although synchronicity between periods of glacial advances was
common, local factors such as aspect and size may have
played an important role in individual glacial response.
The aim of this thesis is to investigate the 19 and
20 century climate in the northern Swedish mountain
range and to give an overview of the 18 century
climate. This provides a good opportunity to analyse
the natural variability of the climate before the onset
of the industrial epoch. Developing a temporal understanding of fluctuations in glacier front positions
and glacier mass balance that is linked to a better understanding of their interaction and relative significance
to climate is fundamental in the assessment of past
climate.
For this reason I have chosen to investigate previously
unexplored temperature data from between 1802
and 1860 in order to get a reliable long temperature
series from northern Sweden (paper I). The goal here
was to combine these early data with the temperature
series from the synoptic station in Haparanda (65°
49 N, 24° 8 E), which began operation in August
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Figure 1. Location of the sites where the principal investigations took place.

1859, in order to create a complete record for the
period 1802 to 2002. I have also investigated two
different glaciers, Pårteglaciären (67° 10 N, 17° 40 E)
(paper II) and Salajekna (67° 08 N, 16° 23 E) (paper
III), which are located in different climatic environments. I have chosen these glaciers because of their,
from a Swedish perspective, long observational records,
as well as because of their contrasting, from a climatic
point of view, locations. Furthermore, I have investigated a recurring jökulhlaup at the glacier Sälkaglaciären
(67º 56 N, 18º 11 E) (paper IV) in order to analyse
glacier-climate relationships with respect to the jökulhlaups. Location of the investigated sites is shown
in figure 1.
A number of datasets are presented, including:
glacier frontal changes, in situ and photogrammetric
mass balance data, in situ and satellite radar interferometry measurements of surface velocity, radar
measurements, ice volume data and a temperature
series. The temporal extent of the data used can be
seen in figure 2. All these datasets are analysed in order
to investigate the response of the glaciers to climatic
stimuli, to attribute specific behaviour to particular
climates and to analyse the 19 and 20 century
glacier/climate relationships in northern Sweden.
th
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Historical remarks

Salajekna and Pårteglacieren are two glaciers with
relatively long observational records. Swedish land
surveyors visited the Sulitelma massif in the mid
18 century and Salajekna became the first Swedish
glacier described. In the 19 century there were
not many Swedes who could afford a journey to
the area around the Pårte- and Sulitelma massifs.
Before the 20 century, knowledge about Swedish
glaciers was therefore deficient and a large portion
of the educated general public did not even know
th

th

th

1

Per Klingbjer
Frontal moraines

Pårteglaciären

Salajekna

Tornedalen temperature series

1500

1600

1700

1800

1900

2000

Year

Figure 2. Temporal extent of the information used about glaciers and temperature series.

that glaciers existed in Sweden. Even those people
who were aware of the existence of glaciers in Sweden
did not know where to find them. Except for a few
British aristocrats who were in this area for sports
and hunting (c.f. Wheelwright, 1864; Bellamy, 1867),
the Pårte- and Sulitelma massifs were visited only
by a few Swedish scientists in the 19 century.
With financial support from the Royal Academy
of Sciences in Sweden, Göran Wahlenberg visited
Salajekna in 1807 and wrote a spectacular description
of the area, including drawings and glaciological
thoughts (Wahlenberg, 1808). This is the earliest glaciological description useful for the present scientific
work in Sweden. The main purpose with Wahlenbergs
investigations in Sulitelma was to measure the rate of
temperature decrease and vegetation changes as a
function of elevation. Wahlenbergs barometric height
measurements of the peaks in the massif suggested
that the peak Svenska Sulitelma (present name Svenska
Stortoppen) was the highest peak in Sweden. These
drawings and the description of Salajekna indicate
that the extent of the glacier was greater then than
it is today.
In the 1870s the glacier was visited and described
by Svenonius (1878). Svenonius concluded that the
drawing made by Wahlenberg was very well done
and precise, though the glacier had become significantly thinner. However, the drawing made by
Wahlenberg in 1807 has an exaggerated vertical scale
that to some extent may have misled Svenonius.
In 1897 and 1898 Westman visited Salajekna and
photographed the view from the same frontier cairn
as was used by Wahlenberg in his drawings (Westman
1899a, 1899b, 1910). When Westman revisited the
glacier in 1898 it had a larger extent than in 1807
and it also seemed to be thinner, supporting the
observations made by Svenonius a few years before.
The change in frontal position between 1897 and
1898 was calculated to 21.2 m (Westman 1899a).
th
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Additional short-term observations of the front
exist from the mid 20 century. In the mid 1960s,
Salajekna was included in a project conducted by
Tarfala Research Station for monitoring glacier
front variations and relating these changes climate
change (Schytt, 1968).
Scientist began to focus on Pårteglaciären in
1895, when Hamberg started a research programme
on the glaciers in Sarek National Park. Hamberg
became so excited over the project that he expanded
the aims of the investigation to encompass a more
general natural science program of the Sarek area.
He spent almost every summer between 1895 and
1931 in the Sarek area. One of his most famous works
was the topographic map over Sarek, based on 260
trigonometric points and 1800 oblique photos
taken from 500 different points. These data have not
been re-analyzed and today the collection has a high
value for the history of science and technology. Hamberg
first documented Pårteglaciären and made ablation
measurements between 1897 and 1900 (Hamberg
1901a, 1901b, 1910). To support his investigations
in Sarek, between 1911 and 1914 Hamberg built
five research huts in the national park (Hamberg,
1926). The first research hut was built on the summit
plateau of Pårtetjåkka at 1834 m a.s.l., where sporadic
meteorological and hydrological observations were
made from 1901 to 1914 and a continuous record
was made from July 1914 until September 1918
(Hamberg, 1931). In 1965 Pårteglaciären was
included in the Tarfala Research Stations glacier front
monitoring program (Schytt, 1968) and since then
its retreat has been monitored every second year.
th

Methods

Various methods have been used to evaluate glacial
variations and changes in climate during the last
200 years. The following methods have been used
in the investigations of the glaciers Pårteglaciären,
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Salajekna and Sälkaglaciären and of the temperature
series from Tornedalen.

Mass balance

The net mass balance of glaciers in northern Sweden
can be considered as an integrated signal of both
winter accumulation and summer ablation. Mass
balance will vary from year to year, mainly because of
the variations in precipitation, temperature, cloudiness,
solar radiation, wind direction and other meteorological variables. The winter balance is equivalent to
the amount of snow that accumulates during the winter
months. This is a rather complex process as the snow
to a large extent is wind blown and also re-distributed
after it reaches the ground (Budd et al., 1966;
Mitchell, 1996). The summer balance for mountain
glaciers is equivalent to the amount of snow and
ice lost by melting, calving and sublimation. This is
primarily a function of summer temperature
(Ohumara et al., 1992), but secondary effects such
as radiation are also present (Hock, 1998).
Mass balance studies of glaciers in northern
Sweden have been based on traditional field methods
(Østrem and Brugman, 1991; Kaser et al., 2002) in
combination with geodetic techniques (Holmlund
and Jansson, 1999; Kaser et al., 2002). In this study
the winter balance is determined by manual snow
depth probings in profiles on the glacier. Around
100150 snow-depth probings per glacier were
performed in order to calculate the winter balance on
Salajekna and Pårteglaciären. The summer balance
was determined in late August or early September
by traditional stake surveys. Between three and
seven ablation stakes per glacier were used. The
summer balance was determined by measuring the
ablation stakes along longitudinal profiles to establish
an ablation gradient. However, the sites for snowdepth probings or placement of stakes were never
located in heavily crevassed or steep areas. In the
accumulation area the steel pipes used were plugged
at their lower ends in order to reduce melting underneath the stakes. However, there is a risk of the stakes
sinking because of the compaction of the snow in
the accumulation area (Østrem and Haakensen,
1999). Regarding Pårteglaciären, this was only a
minor problem, because the snow depth on the
glacier does normally not exceed 56 m and thus the
ablation stakes were always frozen into the solid ice.
Before any analyses were performed, winter and
summer balances were converted to a common unit
of measurement, the water equivalent, using density
measurements made in the snowpits during the
snow-depth probing as well as considering the density
of the snow and ice lost by melting.

The other technique used in this thesis for the
evaluation of net mass balance is the geodetic
approach. By calculating the difference between two
digital elevation models (DEM) separated in time,
it is possible to receive a measure of the elevation
changes between these times. This approach is
especially suitable for long-term studies of glacial
changes. The congruence between the traditional
mass balance record and the photogrammetric
mass balance record has generally been found to
be good in many studies (e.g. Holmlund, 1987;
Andreassen, 1999; Krimmel, 1999). Nevertheless,
the discrepancy between them can be large, as was
found by Østrem and Haakensen (1999). They
concluded that this discrepancy was probably due
to errors in the manual snow probings and stake
measurements, in particular because of the sinking
of stakes in the firn areas and errors when probing
in extreme snow depths (.10 m). Other sources
for errors could be the effect of internal accumulation (Kaser et al., 2002; Schneider and Jansson, in
press) and superimposed ice (Kaser et al., 2002).
To quantify the long-term changes in volume a
photogrammetric mass balance approach was used.
The changes in area and volume on Pårteglaciären
were calculated by using DEMs of the glacier from
1963, 1980 and 1992. A DEM for Salajekna from
1992 was created in order to get a proper base for
the manual mass balance measurements. The DEM
for Salajekna was later printed as a map over the
glacier in the scale 1:20 000 (map I). For the DEMs
over Pårteglaciären and Salajekna a regularly
spaced grid in combination with break- and formlines was used; this is the most common approach
in analytical photogrammetry. The aerial photo sets
from the National Land Survey of Sweden were
used to create these models. The aerial photos were
taken at the end of the melt season, when the snow
cover was at its minimum. The same geodetic
support was used on the DEMs over Pårteglaciären.
The geodetic support for the DEM over Salajekna
is based on dGPS measurements made in July 2002.
This geodetic support is not the same as that used
for the maps over the glacier that were produced
by Østrem (1983). The application of digital photogrammetric methods and dGPS geodetic support are
a significant improvement on the analogue methods
that were applied prior to the 1990s. Therefore
there is some discrepancy between the maps,
especially in the area covered by the glacier. This
is because of the low frequency of reference points
for the glacier surface in the accumulation area, in
both Østrem (1983) maps and the present map.
3
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The accumulationarea ratio (AAR) gives a good
proxy data for determining net mass balance. The
relationship between net balance and accumulation
area ratio on glaciers has been found to be almost
linear (Meier and Post, 1962), though the quantitative
relation has to be empirically determined. The
accumulationarea ratio has been evaluated from
maps and from oblique aerial photos taken from a
helicopter at the end of the melt season. The equilibrium line altitude (ELA) is defined as the altitude
where the net mass balance is zero. The AAR is
based on the location of the ELA; therefore, these
two variables are directly linked.
Another indirect method of obtaining the mass
balance is the net balance gradient. The net balance
gradient reflects the climatological location and it
describes the mass turnover of the glacier. The net
balance gradient is defined as the net mass balance as
a function of altitude (Meier, 1961; Shumskii, 1964).
Low gradients are associated with continental
climate and low mass turnover. Steep gradients are
associated with high mass turnover and a maritime
type of climate. The gradient stays roughly constant
from one year to the other. Given the AAR or ELA,
the position of the net balance gradient can be determined. The method is rather simple, but it requires quite
long time-series of data (.10 years) as a background.

Changes in glacier extent

Changes in front position reflect either a disturbed
mass balance or annual variability in melt, or both.
A study of glacier front positions has the advantage
of providing potentially well-distributed data on
changes in glacier extent. The disadvantage of this
type of study is the fact that there is a significant
delay between changes in mass balance and the frontal
response.
The data on glacier front positions used in this
thesis have been obtained from the Tarfala Research
Station database. The long-term changes in the extent
of Pårteglaciären and Salajekna have been derived
from multi-temporal image data, consisting of
land-based oblique photographs and vertical aerial
photos, from between 1897 and 2000.
Many large glaciers in Scandinavia are still
retreating as a response to the early 20 century
warming, even though the climate during the last
20 years has been favourable for a positive or neutral
glacier mass balance (Holmlund, 1993; Holmlund
and Jansson, 1999). All available data on glacier
front positions suggests that glaciers at high
latitudes began retreating later than those at low
and mid latitudes (Folland et al., 2001b).
th
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Holocene moraine system
Most glaciers in northern Sweden have well preserved
Holocene frontal moraines. These moraine ridges,
which represent major glacier advances, have been
dated with lichenometry (Karlén, 1973; Karlén and
Denton, 1975). This method was developed in the
1950s by Beschel (1950). The use of lichen growthrates for dating purposes has been debated, for example
by Jochimsen (1973), Haines-Young (1983) and
Kirkbridge and Dugmore (2001). The main sources
for error in this dating technique are due to variations
in the micro-environmental conditions. However, this
problem can in part be resolved by using different
statistical approaches. In addition, lichen growth-rate
may have varied through time because of differing
responses to variations in climatic forcing.
According to measurements made in the 1970s
by Karlén (1973) and Karlén and Denton (1975),
recently updated by Karlén and Black (2002), the
timing of the glacier advances during the 18 to
20 century was calculated using an empirically
based lichen-growth function. By using the data
from Karlén (1973), Karlén and Denton (1975)
and Karlén and Black (2002), four major clusters
of glacier advances from the 18 to 20 century,
peaking around 1753, 1836, 1875 and 1910 were
found (figure 3). The spread within these clusters
may represent a difference in the response of the
glaciers investigated to different climatic forcing
factors, such as cold, warm, dry and wet conditions.
However, this spread could just as easily be an indication of the uncertainty in the dating technique.
th

th

th

th

Radar measurements

Different radar techniques and data sets have been
used to obtain information about the ice depth and
the depth of the cold surface-layer of the glaciers
investigated in this thesis. The two main radar
systems used are the mono-pulsed radar and the
multi-frequency radar.
The mono-pulsed radar, based on a Mark II transmitter and a Tektronix receiver, with dipole antennas,
was used to map the glacier bed. Further description
of the radar system is given by Sverrisson et al. (1980).
The multi-frequency (stepped frequency) radar is based
on a Hewlett-Packard Network Analyzer (HP 8753B)
with a Yagi-antenna and a controlling portable
computer. This radar was primarily used for the
detection of the cold surface layer on the glaciers.
The cold surface layer in the ablation areas of
glaciers can be described thermally as a surface layer
with ice temperatures below the pressure melting
point (~0 °C) (Schytt, 1968; Hooke et al., 1983;
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Figure 3. Temporal distribution of the glacier advances in Sarek, Kebnekaise and Abisko regions, northern Sweden.
Modified from Karlén, 1973; Karlén and Denton, 1975; Karlén and Black (2002).

Holmlund and Eriksson, 1989; Blatter and Hutter,
1991; Krass 1991, Pettersson et al., 2003). Detailed
descriptions of the multi-frequency radar and how
it is used are given by Holmlund and Eriksson
(1989) and Hamran and Aarholt (1993).
When making the radar measurements, a straight
line travel path and a uniform travelling velocity
were assumed. The start and end points of the profiles
were surveyed with a precision sighting compass.
The figures indicating travel time to the bed or
to the internal reflections were manually digitized
on the radarplots. The spacing between the digitised
points depended on the mapped feature, with
denser maps where the reflection depth changed
rapidly. To avoid subjective digitizing, all the
digitizing was repeated earliest a year later.

Glacier response time

Glaciers are generally not in balance with the
existing climate. As a response to the recent climatic
warming we expect most glaciers to become smaller.
The response time for a glacier has been defined
by Nye (1960) as the time between two steady state
conditions. It could also be described as the time
required for a step change in mass balance to supply
the volume difference between the initial and final
steady state. Theoretical analyses based on kinematic
wave theory made by Nye (1960, 1963) and later
reviewed by Lliboutry (1971) and Hutter (1983)
have indicated that glaciers could have response
times of several hundreds of years. On the other
hand, Johannesson et al. (1989a, 1989b) argued
that there is a discrepancy between the theoretical
model and the record of past glacier and climate
fluctuations. All these theoretical models assume
a small step in mass balance and more or less
unchanged glacier geometry.

Johannesson et al. (1989a, 1989b) propose a
simplified analytical model where the response time
t is proportional to the glacier thickness hmax and
inversely proportional to the net balance bn at the
terminus. In this case the response time will grow
linearly with the glacier thickness. If the glacier
grows larger because of an increase in mass
balance, the glacier will advance at the snout. With
everything else constant, this change in elevation
will increase the ablation at the terminus and the
response time will decrease (Bahr et al., 1998).
On the other hand, Harrison et al. (2001), suggest
a modified model, which only takes the effect of
surface elevation, mass balance and glacier thickness
into account. In this model the response time t is
t[be, H, Ge], where be is the specific balance rate at
the terminus, H is the thickness scale and Ge is the
gradient of the specific balance gradient with elevation.
Bahr et al. (1998) showed that the response time
depends on the mass balance index, defined as the
slope of the balance curve as a function of horizontal
distance. The balance index is typically larger for
small glaciers, which will therefore respond faster
than large glaciers. This quicker response is because
of mass balance and glacier size considerations. A
maritime glacier will have a higher index than a
glacier located in an area with a more continental
climate.
The behaviour of glaciers in Scandinavia has
been discussed by Holmlund (1993), with one of his
conclusions being that Scandinavian glaciers differ
somewhat in behaviour from the alpine glaciers of
southern and central Europe. Scandinavian glaciers
are generally flatter and colder. The temperate
regime of Scandinavian glaciers is polythermal
(Holmlund and Eriksson, 1989: Holmlund et al.,
1996; Pettersson et al., 2003). The glacier front is
5
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often frozen to the ground and this has implications
for both their hydrological regime and their response
time. A frozen front implies longer periods of time
between two steady state conditions.

Jökulhlaup at Sälkaglaciären

A jökulhlaup is a sudden and rapid drainage of a
glacier-dammed lake or water impounded within a
glacier. It may occur both regularly and sporadically
on all timescales. The spectacular jökulhlaups from
Grimsvötn in Iceland described by Björnsson
(1988, 1998, 2002) have recently put the phenomena
in focus and an increased understanding of jökulhlaup
behaviour has developed over the past few decades.
Jökulhlaps can have considerable impacts on human
society. Generally, jökulhlaups, outbursts of moraine
dammed lakes and debris avalanches triggered by
calving glaciers may represent the greatest and most
far-reaching risks from glaciers in terms of disaster
potential and damage. The ensuing eroded landscape
and the destruction of villages, roads and bridges
are examples of the consequences that could mean
financial catastrophe for communities. There has
been an increase in the amount of human activity,
such as infrastructure management and tourism, in
areas where jökulhlaups have previously occurred,
which intensifies the need for a greater understanding
of the dynamics of ice-dammed lakes.
Jökulhlaups in Sweden are probably rare; only
single events have been observed from retreating
glaciers in Sarek National Park in Sweden (Holmlund,
pers. com.). However, in 1991 a jökulhlaup was

observed at Sälkaglaciären. After the jökulhlaup,
stranded snow blocks could be found on the shore
around the drained lake (figure 4). A few years later
this glacier became the focus of a more detailed study
(paper IV). In front of the glacier, which has an area
of only 1.8 km , there is a well developed canyon.
The first hypothesis was that this canyon must have
been excavated by repeated jökullaups. To investigate
the glacier-climate relation with respect to the
jökulhlaups, a number of datasets were established
for the glacier. Radar measurements were performed
to map the bed topography and the cold surfacelayer. A detailed map based on aerial photographs
was created over the glacier (map II). Later, the
focus of the investigation was shifted to jökulhlaup
behaviour and the question regarding the phenomenon
of recurring events.
In July 2002 permanent equipment for monitoring
lake level was installed at the ice-dammed lake. The
station was equipped with a Campbell CR10X datalogger. A calibrated pressure gauge with a thermistor,
GEOKON 4500S, was placed in the lake and this
gauge was used to measure the lake level and the
lake temperature. In 2003 a jökulhlaup was properly
measured for the first time. The pressure gauge in
the lake recorded a sudden 6.1 m drop in lake level,
resulting in a peak discharge of 9.560.25 m s
on July 1314, 2003.
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Temperature series

Temperature series from before the mid-19 century
from northern Sweden are rare and an inventory
th

Figure 4. Stranded snow blocks at the
shore around the drained lake after the
1990 jökulhlaup at Sälkaglaciären. Photo:
Per Holmlund, August 11, 1990.
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of the known series can be found in Moberg (1998).
These records are relatively short and they certainly
suffer from an artificial variability that is added to
the natural climatic variability. However, a cluster
of series was found within a limited area of northern
Sweden. These previously unexplored data had the
potential of becoming the foundation of a composite
temperature series for northern Sweden that spans
approximately 200 years.
The data for the period 18021862 originate from
Övertorneå and Kalix in subarctic Sweden (~668 N).
These data were combined in this study with the
temperature series from the synoptic weather station
in Haparanda. In order to estimate monthly mean
temperatures for Haparanda before August 1859
from the early observations in Kalix and Övertorneå,
a three step procedure was applied. The resulting
reconstruction back to 1802 is referred to here as the
Tornedalen series.
The first step in this procedure was to estimate,
from the observations, which were made three times
daily, the local monthly mean temperatures corresponding to 24-hourly averages at each observation
site. This method for estimating monthly mean
temperatures from a few observations per day, made
at an arbitrary set of hours, has previously been used
by Moberg and Bergström (1997) in a reconstruction
of monthly temperatures for Uppsala back to 1722.
A further discussion of the method is also given by
Bergström and Moberg (2002). The second step in
this procedure was to translate the local Kalix and
Övertorneå mean temperatures to values representative
for Haparanda, using information about the climatological differences between Haparanda and the other
sites. This method has been used for the reconstruction
of temperatures back to the 18 century for Padua
(Cocheo and Camuffo, 2002) and Uppsala (Bergström
and Moberg, 2002).
The first two steps require knowledge about
the diurnal temperature cycle at the earlier
observation sites as well as the differences in local
temperature climate between these sites and
Haparanda. As this information could not be
obtained from data measured during the early period,
data was used that had been recently measured at
the same sites where the earlier observations had been
performed. Temperature-monitoring equipment was
installed at the former observation sites in Rian in
Kalix and at Haapakylänsaari in Övertorneå. The
stations collected data during three years, from
December 1998 to December 2001. Each site was
equipped with a Campbell CR10 datalogger, powered
by batteries. A calibrated platinum resistance probe,
Pt-100, mounted in a Young radiation shield, was
th

used to measure the temperature. The temperature
sensor was placed in the shadow behind a house,
towards the north. The temperature was measured
every minute and stored as means every hour. From
these measurements, the 3-year average of the local
diurnal temperature cycle was established for each
month at each site.
Homogeneity tests are necessary before any long
observational climate record is used in analyses of
climatic change (Peterson et al., 1998). There may
be systematic errors in the old observations, for
example, because of incorrectly calibrated thermometers or poor protection against radiation. There
are also uncertainties related to the determination
of the diurnal temperature cycle and inter-site
temperature differences from modern data. Several
techniques to test homogeneity exist, with the most
favourable technique depending on the purpose of
the test and the availability of information about the
series. A recent analysis of different test techniques
was done by Ducré-Robitaille et al. (2003). They
concluded that the Standard Normal Homogeneity
Test (SNHT) for single break points (Alexandersson,
1986; Alexandersson and Moberg, 1997) was one
of the most favourable, because of its sensitivity
concerning homogeneous series and its ability to
detect steps properly in an inhomogeneous series.
In the final step of the three-step procedure, the
unhomogenized Tornedalen series was tested with
the SNHT for single break points. Data for the following five sites were used for homogeneity tests of the
extended Haparanda series and/or for comparison
of the evolution of the temperature during the last
two centuries. Vardø (708 22 N, 318 06 E) 1840
2000, Oulu (648 56 N, 258 22 E) 18462000,
Helsinki (608 19 N, 24 8 58 E) 18292000,
Uppsala (598 52 N, 178 38 E) 17222000 and St.
Petersburg (598 58 N, 308 18 E) 17432000. The
results from the analyses of the homogenized
Tornedalen series are presented below.
Presentation of papers

Paper I

Klingbjer, P. and Moberg, A., 2003: A composite monthly
temperature record from Tornedalen in northern
Sweden, 1802-2002. International Journal of
Climatology 23, 14651494.
This paper describes and discusses the reconstruction
of a composite monthly temperature series based
on temperature measurements from northern
Sweden. This 200-year-long temperature series is
the longest instrumental temperature series available
from Subarctic and Arctic regions.
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Between 1802 and 2000, there has been a
warming trend in Tornedalen at an average rate of
0.099 8C decade or 1.97 8C in total. The total
warming explained by linear trends was largest in
winter (2.83 8C) followed by spring (2.17 8C),
autumn (1.87 8C) and summer (0.88 8C). The
annual warming trend during 18021900 was
slightly larger than that for 19012000. Warming
in winter contributed most to the rise in annual
temperatures during the 19 century, whereas
spring contributed most in the 20 century. The
climate was cold during the first part of the 19
century as exemplified by the 1810s, which was
the coldest decade during the past 200 years. The
warmest decade was the 1930s, after which a cooling
trend occurred until the 1970s (20.325 8C decade ,
19411970). Warming then set in again to the end
of the series (0.227 8C decade , 19712002).
To discuss the quality of the reconstruction and
consider the relation between the proxy records
and the temperatures over the entire period, a
comparison with two nearby climatic proxy
records was made. The first proxy record is the
Tornio river ice break-up (Kajander, 1997) and the
second is the Torneträsk tree-ring width series
(Grudd et al., 2002). Based on this comparison,
the conclusion is that the reconstructed Tornedalen
temperature record is considered reliable back to
November 1832. Before this, in particular the summer
(JuneAugust) temperatures are less reliable, whereas
data for the other seasons seem to be realistic at
least on decadal timescales. Due to a much smaller
variability in summer compared to the other seasons,
in particular winter, the summer temperatures
contribute least to the annual mean temperature
variability. Hence, trends in the annual mean
temperatures are also judged to be realistic back
to the start of the record.
A corollary of this study is that the observational
series of ice break-up dates in Tornio River is found
to be a very good proxy indicator for late spring
temperatures. This ice break-up series explains 67%
of the AprilMay Haparanda temperatures 1860
1999. Comparison with the entire Tornedalen
temperature series indicates that the ice break-up
series is reliable at least back to 1802.
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Paper II

Klingbjer, P. and Neidhart, F.: The thinning and retreat
of Pårteglaciären, northern Sweden, during the
twentieth century and its relation to climate. In review
for publication in Arctic, Antarctic, and Alpine Research.

The glacier Pårteglaciären (678 10 N, 178 40 E) is
a polythermal valley glacier located in the Pårte
8

massif in the southernmost part of Sarek National
Park, northern Sweden. The glacier covers 10 km
and is 5.4 km long, with a vertical extension from
1090 to 1760 m a.s.l. The accumulation area is
divided into four cirques. The three largest cirques
are oriented towards the east and the southernmost
cirque is oriented to northeast.
In the continental parts of the Scandinavian
mountains many glaciers are retreating, as are most
glaciers in the Arctic. In this paper we discuss the
climatic significance of these records about glacial
retreat in dry climate environments, with respect
to a study of Pårteglaciären in northern Sweden.
Mass balance measurements were made from
1997 to 2002 and three sets of DEM separated in
time were created for the glacier. The photogrammetric
studies using DEMs of the glacier from 1963, 1980
and 1992 show a general thinning of the entire
glacier, except for the centre of the three cirques in
the accumulation area, which appears to have a surface
elevation in balance with the present climate.
Balanced flow studies performed using GPS and
Ground Penetrating Radar at the outlet of the
cirques gave negative values for two of the cirques
and a positive value for the centre cirque. Eventually
Pårteglaciären could split up into three small
glaciers, with only the centre one reaching outside
its cirque. Theoretical calculation suggests that
Pårteglaciären has a response time of ~200 years.
As the glacier is believed to be representative of
Arctic glaciers caution must be considered when
interpreting short-term glacier records of glacier size.
A more general conclusion from this study is
that glaciers in the dry Subarctic and in the High
Arctic are still generally retreating as a consequence
of early 20 century warming and not because of
recent climatic changes.
2
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Paper III

Klingbjer, P., Brown, I. and Holmlund, P.: Identification
of climate controls on the dynamic behaviour of an
Arctic glacier. (Manuscript)
The glacier Salajekna is a valley glacier in a larger
glacier-complex, located in the Sulitjelma massif
at the watershed of the Scandes range just north
of the Arctic circle (678 08 N, 168 23 E), and on
the border between Sweden and Norway. The
glacier has an area of ~24 km and extends from
860 to 1580 m a.s.l. The accumulation area is
oriented towards the southeast. The main part of
the accumulation area is situated in Norway and
the glacier flows southeast into Sweden before
orienting southwards. A part of the glacier front
is calving into a lake that drains into Sweden.
2
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The dynamic behaviour of the glacier over the
last 200 years was determined using terrestrial observations, including: in situ measurements, remote
sensing observations and glacier reconstructions.
The response time of the glacier was calculated to
80100 years using analytical models and field
measurements. We were subsequently able to
attribute specific dynamic responses to climatic
trends in the available climate record. The glaciers
historical maximum extension was reached around
18801910 and was the result of a more continental
climate with multi-modal airflows in the late 18
and early 19 centuries. A transition to more maritime
conditions in the mid 19 century resulted in a near
continuous 20 century retreat before the glacier
reached a near steady state.
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Paper IV

Klingbjer, P. in press: Glacier in northern Sweden with
recurring jökulhlaups. Accepted for publications in
Geografiska Annaler.

The glacier Sälkaglaciären (678 56 N, 188 11 E) is
a polythermal valley glacier located on the eastern
side of the 1869-m-high Sälkatjåkka mountain in the
Kebnekaise area in northern Sweden. The glacier covers
1.8 km and stretches from 1100 to 1780 m a.s.l.
The uppermost region of the glacier comprises an
ice fall, originating from the ridge line, which feeds
the more gently sloping middle section. The middle
section, which constitutes the main part of the glacier,
slopes gently, whereas the front is steep and heavily
crevassed. At 1320 m a.s.l. a lake is dammed to
the north by the glacier.
This study started in 1996 with the aim of studying
the relation between the observed jökulhlaps at
Sälkaglaciären and the climate. In front of this
glacier, which is very small, there is a well developed
canyon and the first hypothesis posed was that this
canyon must have been excavated by repeated
jökullaups. However, because the focus of the investigation shifted to studying jökulhlaup behaviour the
question regarding the excavation of the canyon
by the recurring events has not been fully answered.
In July 2003 the ice-dammed lake drained
suddenly, producing a flood with a measured peak
discharge of 9.560.25 m s . The total volume of
4.1310 m was drained within two days. The
variation in flow during this event follows the usual
pattern of a hydrograph from a jökulhlaup when
a single ice tunnel enlarges due to melting. The
jökulhlaup had an accelerated increase in flow to
a narrow peak and then a steep fall in discharge as
the water supply to the drainage ceased. A similar
jökulhlaup, observed in August 1990, had an
estimated release of 6.9310 m water.
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The main conclusion from this study is that the
jökulhlaups at Sälkaglaciären are recurring events
and have been observed since the 1950s. These
cyclic or sporadic outbursts will continue until
either the glacier or the cold surface layer at the
dam grows to form a stronger dam or until the
glacier retreats to a point at which the glacier is no
longer capable of damming the lake.
Presentation of the glaciermaps

Map I

Klingbjer, P., 2003: Salajekna 1992. Scale 1:20 000.
Department of Physical Geography and Quaternary
Geology, Stockholm University.
The first glacier map of Salajekna was produced
by Jonas Westman in 1898. This map gives a rough
impression of glacier extent in 1898, though no
elevation contours are indicated for the glacier
surface. Later, a series of maps over the glacier from
1950, 1957/58, 1971 and 1983, which were based
on aerial photographs, were produced by Gunnar
Østrem in cooperative effort between the Norwegian
Water Resources and Energy Directorate (NVE) and
the Department of Physical Geography at Stockholm
University in Sweden. The photogrammetric plotting
on the series with four maps was made with Wild
A8 and Wild B8 stereoplotters.
The present map, Salajekna 1992, is based on
three aerial photos, taken by the Swedish National
Land Survey on a mission financed by the Swedish
Natural Science Research Council. These air photos
covering Salajekna are arranged in a north-south
strip (LMV 92 826 13 920912, 21321 cm). They
were scanned using a flatbed PhotoScan 2002 scanner
from Z/I Imaging, GmbH, designed for photogrammetric purposes. The scanning resolution was 14 mm
(about 1820 dpi) with 12 bit greyscale depth. The
geometric accuracy in the scanner is less than 2 mm
per axis RMS error and the geometric precision is
1 mm. No image enhancements were applied during
the initial scanning process or later in the process.
The panchromatic dia photos were enhanced (underexposed) by the Swedish National Land Survey with
the aim of showing the grey tones within snowcovered areas of the glacier. The camera used, a Carl
Zeiss with lens cone 265 014 A and with lens 73
83 190 C, was calibrated on 22 January 1987. The
focal length was 152.44 mm and the average radial
distortion in the camera is less than 64mm. The
deviation of the surfaces of the film pressure plates
from an ideal plane isÿ68mm.
Photogrammetric plotting was made with a
digital workstation Leica Helava with Socet Set
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software. Image coordinates for the fiducial marks was
taken from the camera calibration protocol. Seven of
the eight points were used during the setup. Point nr 8
(refers to the calibration protocol) deviates more than
1 pixel in the setup process and was therefore excluded.
Two ground control points (M13 T0001 and
M13 T0008) were collected from the fixed points
net in Norway (Norwegian Mapping Authority)
and two fixed points from a GPS survey in Sweden
(Riksröse 239 and Labba) during the summer 2002.
The coordinates for the fixed points in Norway was
expressed in UTM Zone 33 with datum EUREF
89. The ortometric heights were expressed in
NN1954. These coordinates were transformed into
the Swedish RT90 grid 2.5g W. EUREF 89 in
Norway (Europe); since SWEREF 93 in Sweden
belongs to the same ITRF-epoch, i.e. ITRF 89, the
transformation can be made with relatively high
precision. The estimated error in the transformation
of the coordinates close to the border between
Norway and Sweden are ~0.5 m. The height support
was taken from three peaks in Norway and Sweden
from the 1:50000 map 2229 III, constructed by the
Norwegian Mapping Authority. A small section
of the contouring of the northeast corner is based
on the Norwegian topography map Låmivatnet
2229 III.
The geodetic datum in the produced map is the
Swedish grid RT90 2.5 gon W and the ortometric
height is expressed in RH70.

Map II

Klingbjer, P., 2003: Sälkaglaciären 1980. Scale 1:20 000.
Department of Physical Geography and Quaternary
Geology, Stockholm University.
This is the first glacier map of Sälkaglaciären. The
present map is based on two aerial photos, taken
by the Swedish National Land Survey on a mission
financed by the Swedish Environmental Protection
Agency, covering Sälkaglaciären and arranged in a
north-south strip (LMV 80 296678 1112 800727,
21321 cm). The camera used, a Wild RC10 with
lens 15 UAg II 3045, was calibrated on 29 October
1974. The focal length was 152.82 mm and the
average radial distortion in the camera was less
than 63mm.
Photogrammetric plotting was made with a
Wild B8 stereoplotter and the geodetic support was
taken from the official Swedish map BD6 AbiskoKebnekaise-Narvik in scale 1:100 000, constructed
by the Swedish National Land Survey.
The geodetic datum in the produced map is the
Swedish grid RT90 2.5 gon W and the ortometric
height is expressed in RH70.
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Discussion

On a large scale, temperature variability is spatially
coherent within Fennoscandia and changes in the
circulation pattern is an important factor causing
changes in temperature and precipitation (Moberg
et al., in press; Tuomenvirta, 2001). The instrumental
series in northern Sweden are rare prior to the mid
19 century, although the composite Tornedalen series
from 65 8N spanning 200 years (paper I) has considerably improved the available data record. The quality
of the data from before 1860 in this series, however,
is not as high as in the more recent data. The temperature series covering the last 200 years in northern
Sweden shows a positive temperature trend. The
so-called Tornedalen series indicates a cold period
during the first part of 19 century. The 1810s was
the coldest decade during the past 200 years. The
extreme cold of this period is also found in other
long temperature series such as Stockholm 59 8N
(Moberg et al., 2002), Uppsala 60 8N (Bergström
and Moberg, 2002; Moberg et al., 2003) and St.
Petersburg 60 8N (Jones and Lister, 2002). Although
the cold was extreme in St. Petersburg, which is
situated rather continentally, it was even more severe
in northern Sweden. The warmest decade in the
northern Swedish temperature series was the 1930s,
after which a cooling trend occurred until the 1970s.
Warming then set in again to the end of the series.
A significant change in the amplitude of the
annual temperature cycle is also evident. In the 19
century there is a marked decrease in the amplitude
of the temperature data towards the more or less
stable situation in the 20 century (figure 5). This
decrease in amplitude is interpreted as an increase
in the prevalence of maritime (westerly) air masses.
Such changes are also found in central and southern
Sweden (Jönsson and Fortuniak, 1995; Moberg et
al., in press) and in the Baltic Sea region (Omstedt
et al., 2004). No trend in amplitude of the annual
temperature cycle is observed in the data for the 20
century (figure 5). These changes during the last 200
years reflect the development of climate from the
Little Ice Age cold climate to the 20 century climate.
The changes in amplitude of the annual
temperature cycle have implications for evaluating
proxy records of the climate. Much of the evidence
of past climatic changes come from proxies, such
as glacial records, speleothemes, tree-ring records,
pollen records, lake sediments, etc. We must bear
in mind the fact that climatic proxy records are
not exact climate records. Tree-ring records and
pollen records primarily respond to the growing (warm)
season. This may give errors when reconstructing
th
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Figure 5. Annual temperature cycle from Tornedalen, Jokkmok and Kvikkjokk. The curve shows the variability
longer than 10 years by using a Gaussian filter. The straight lines in the plots indicate the least square fitted
regression lines.

mean temperature over a calendar year (Jones et al.,
2003). Briffa and Osborn (2002) noticed recently that
many reconstructions of annual temperature trends
were based on proxies that were strongly influenced
by summer conditions. Some authors (Jones et al.,
1998; Briffa et al., 2001; Grudd et al., 2002) clearly
indicate that their reconstructions are primarily
representative for a certain period of the year whilst
others (Mann et al., 1998, 1999) use the same
climate proxies (primarily the tree-ring series) in the
reconstruction of annual mean temperature despite
the fact that the proxy primarily responds to the
summer season. The approach used by Mann et
al. (1998, 1999) assumes that the ratio between
summer and winter temperature has been stable.
As seen in the northern Swedish temperature series
(figure 5), this assumption does not even hold for
the instrumental period. However, this is only a single
time series, but Jones et al. (2003) have reported
similar results from several other sites in the northern
hemisphere. It should also be mentioned that the
summer trend is not the most important reason
for the annual mean temperature trend in the northern
hemisphere (Jones et al., 2003). In the Tornedalen
series the winter temperature was the largest contributor to the temperature increase during the 19
century. The spring temperature contributed most
during the 20 century.
The fluctuations in the amplitude of annual
temperatures in northern Sweden, which indicates
changes in the synoptic climate of the region, also
affect glacial mass balance. Maritime conditions,
which are prevalent today over much of the
Scandinavian glaciers, tend to promote a steeper mass
balance gradient, with a higher accumulation in
th
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winter but also with high summer melt. Continental
conditions promote reduced precipitation and
accumulation, but often a greater number of days
with clear skies promoting high summer melt.
However, in an analysis of the synoptic climatology
affecting contemporary Scandinavian glaciers,
Pohjola and Rogers (1997) note that anomalous
maritime air flows tend not to persist for more
than one season. Nevertheless, analyses of climate
data suggest that broad trends can be identified in
long Scandinavian time series. Jönsson and Fortuniak
(1995) identified three periods in southern part of
Sweden marked by different circulation regimes
since 1741. Between 1741 and 1849 a continental
low-zonality period, with a marked bi-modal wind
flow with relatively high frequencies of easterly
winds, i.e. indicating a continental climate. The second
period between 1841 and 1910 was a transition
period with decreasing continentality, whereas the
third period, a maritime high-zonality period (19111990), featured a further strengthening of the westerly
flow. In a more recent study of the Baltic Sea area,
Omstedt et al. (2004) also found an increasing trend
of west winds during the last 200 years. Reconstructions of the North Atlantic Oscillation (NAO) suggest
a strongly negative winter NAO in the period
around the late 18 century (Jones et al., 2001;
Jacobeit et al., 2001). Jones et al. (2001) and Jacobeit
et al.(2001) concluded that the cumulative anomalies
indicate increased meridional or easterly circulation
from 1780 to 1850. In addition to this they stated
that the Little Ice Age and the subsequent period
might have been distinguished by different circulation
modes.
th
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The continental climate in parts of the eastern
side of the watershed in the Scandinavian mountain
chain is connected to the prevailing westerly winds.
Non-westerly winds creates a more even distribution
of precipitation in the Swedish mountains (Johansson
and Chen, 2003). It is evident that the region on
the lee side of the mountain chain between Norway
and Sweden is protected from the effects of the moist
westerly winds from the Atlantic that, in turn, are
strongly related to the North Atlantic Oscillation.
As a result, precipitation in this shielded area is
mainly related to southeasterly winds (Uvo, 2003).
As a result of this continental characteristic, the
response time of Pårteglaciären has been estimated
to ~200 years (paper II). This response time is relatively
high from a Scandinavian perspective and is a result
of the actual mass balance and not primarily of
the dynamics of the glacier.
The distribution pattern of precipitation in
northern Sweden largely depends on wind direction
and wind speed. Johansson and Chen (2003) used
a statistical model to study the distribution pattern
of precipitation in Sweden. They found that winds
from the southwest and southeast created a more
even distribution of precipitation in the Swedish
mountain range. The amount of precipitation drops
quickly east of the mountain range, with westerly
winds with high wind speed,. This is mainly because
the orographic enhancements are high for high
wind speeds. The temporal evolution of snow cover
in Fennoscandia is complex and there are examples
of opposite trends within the region. On a large
scale, there has been a decrease in the total snowcovered area during the last 40 years (Robinson and
Frei, 2000). However, in large parts of the mountain
areas in Norway that are exposed to the westerlies,
the area with snow cover has not changed or has
even increased. During the last decade, the western
Norwegian glaciers have increased in size, while the
less exposed glaciers more inland have decreased.
In general, during the past 400 years the timing
of the recession of the glaciers in Sweden, Norway
and the Alps appears to have been approximately
the same (Karlén and Black, 2002). However, there
are also large differences between southern Norway
and northern Sweden in respect to the magnitude
of frontal changes. Nesje and Dahl (2003) show
that Nigardsbreen in southern Norway reached a
very large extension ~1750. They concluded that
this situation was related to the strong positive
phase of the NAO during the 18 century. The
extension of the glacier at that time was much
larger than at the beginning of the 20 century.
This is not surprising however, because the NAO
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and winter precipitation are highly correlated along
the southern Norwegian coast (Uvo, 2003). The
correlation between NAO and winter precipitation is
much less on the leeside of the mountain chain further
north. Therefore, during the periods of advanced
positions in ~1780 and ~1910 the extension of the
Swedish glaciers were more or less the same.
Some Swedish glaciers do not have any Holocene
moraine systems in their pro-glacial areas. In front
of Pårteglaciären there is only a trimline and lateral
moraines indicating former extensions. Today, the
front of Pårteglaciären is frozen to its bed, the lack
of frontal moraines suggests that the glacier front
has been frozen to the bed throughout the Little
Ice Age. In a more maritime location the glacier would
have formed a frontal moraine. However, it is located
on the leeside of the mountain chain in a rather dry
environment. Since the precipitation in this shielded
area is mainly related to southeasterly winds (Uvo,
2003), it indicates that Pårteglaciären increased in
mass and extension during the Little Ice Age in cold
and dry conditions with a relatively high frequencys
of easterly winds, indicating a more continental
climate. The lack of frontal moraines and the flat
front at the end of the Little Ice Age are further indications that the glacier was formed in a more continental
climate having a more uniform snow distribution.
Furthermore, Holmlund (1986) concluded that the
advanced position of the glacier Mikkaglaciären
(located 30 km northwest of Pårteglaciären) during
the early 20 century was a result of a more continental
climate (cold and dry) during the 19 century than
the one that we have today.
The present measurements on Salajekna, such
as mass balance, in situ and satellite radar interferometry measurements of surface velocity, indicate that
it is close to a balanced state. With a response time
of ~100 years, and a net balance gradient of 0.7m/
100m, Salajekna is on the cusp between a maritime
and continental climate. This may reflect complex
synoptic climatology with important contributions
from non-westerly air flows. The position of Salajekna
on the watershed and independent of any significant
blocking mass means that non-westerly circulation
may also provide adequate winter precipitation
(Johansson and Cheng 2001) to maintain a glacier.
Increased bi-modal or meridional airflows need not
therefore result in a hugely negative mass balance
as might occur on more continental glaciers. The
19 century advance of Salajekna was probably
caused by the colder climate of the late 18 and early
19 centuries, coupled with a weakening of the
westerly airflow. The frontal moraines ridges and the
historical documentation show that the glacier was
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close to its Holocene maximum at the turn of the
19 /20 century. There is no evidence from trimlines,
moraine ridges or other geomorphic features
indicating that the glacier was larger during the
Holocene than it was in beginning of the 20 century.
A large number of jökulhlaups have occurred
in glaciated areas in many parts of the world and an
increased understanding of jökulhlaup behaviour
has developed over the past few decades. The focus
of the investigations of Sälkaglaciären was jökulhlaup behaviour and the question regarding recurring
events. The jökulhlaup in 2003 at Sälkaglaciären
released 4.1310 m water within less than two
days. The flow variation showed an accelerated
increase of flow to a narrow peak and then a steep
fall in discharge as the water supply to the drainage
ceased. This exponential increase of water during
jökulhlaups is due to the positive feedback in
outflow. The larger discharge causes more heat
production and melting of ice which leads to an
enlargement of the tunnel. This will continue until
the discharge starts to decrease. If Sälkaglaciären
forms a stronger dam a jökulhlaup will most likely
not occur. A stronger dam could be caused by a
thicker glacier or a thicker cold surface layer at
the dam. If the cold surface-layer increases to the
point at which the glacier becomes cold-based, then
the ice would inhibit the movement of water. A
future global warming would of course enhance
melt rates and therefore Sälkaglaciären would
retreat. In view of global changes, it is uncertain how
the damming characteristics and the current
jökulhlaup cycle would react to a small temperature
change. A dramatic change in temperature would of
course decrease the glacier to the point at which it
no longer could dam the lake.
th

th

th
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3

Conclusions

The main conclusions from this thesis are:
The 19 century was characterized by cold conditions in northern Sweden, particularly in winter.
Significant changes in the amplitude of the annual
temperature cycle are evident. Through the 19 century
there is a marked decreasing trend in the amplitude
of the data, suggesting a change towards a prevalence
of maritime (westerly) air masses, something which
has characterised the 20 century.
There has been a warming trend during the past
200 years in northern Sweden. The winter temperature
was the largest contributor to the temperature
increase during the 19 century and the spring
temperature contributed most during the 20
century.
th

th

th

th

th

The investigations on Salajekna support the
conclusion that the major part of the 19 century was
cold and dry. The 19 century advance of Salajekna
was probably caused by colder climate in the late
18 and early 19 centuries, coupled with a weakening
of the westerly airflow.
The investigations on Pårteglaciären suggest
that there was a relatively high frequency of easterly
winds providing the glacier with winter precipitation
during the 19 century. The glacier has a response
time of ~200 years. Pårteglaciären has the capability
to form/increase in cold and dry conditions with a
relatively large portion of air masses from the
eastern sector. It is unlikely to grow in a more
maritime type of climate.
The Little Ice Age was not a uniform period in
northern Sweden. It is likely that the Little Ice Age
included several periods with climate favourable
for glacier growth. The period before the 19
century seems to be complex.
Glaciers have very different response times and
are sensitive to different climatic parameters.
Glaciers in rather continental areas of the Subarctic
and Arctic can have very long response times
because of mass balance considerations and not
primarily the glacier dynamics. This is of vital
importance for analyzing Arctic and Subarctic
glacier behaviour in a global change perspective.
It is far from evident that the behaviour of the
glacier fronts today reflects the present climate.
The jökulhlaups at Sälkaglaciären are recurring
events. These cyclic or sporadic outbursts will
continue until either the glacier or the cold surfacelayer form a stronger dam or until the glacier
retreats to a point at which it is no longer capable
of damming the lake. Thus, there is a long-term
climatic control of the jökulhlaup due to the glacier
size and the glacier thermal regime. In the shortterm perspective the outbursts are controlled by
the weather and production of meltwater. It has
not been possible in this investigation to find any
more climatic implications of the jökulhlaups
events.
th

th

th

th
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Paper 1
Högsta kölden, som mäst inträffar i Januarii och
December, går till 40- ibland så högt, att qwicksilfret kan i fria Luften hamras, och wärmen till 30.
grader. Medel kölden för Winter Månaderne stiger
circa till 3 a 4º- och för Sommar Månaderne till 4 a 5
grader öfver Fryspuncten /eft: Celcius, alt i skugga.
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ABSTRACT
Previously unexplored observational temperature data for the period 1802–62 from Övertorneå and Kalix in the Tornedalen
area in subarctic Sweden (∼66 ° N), have been analysed. These early data have been combined with the temperature
series from the synoptic weather station in Haparanda, beginning in August 1859, to develop a continuous Tornedalen
temperature series with monthly means 1802–2002. The temperature data between 1802 and 1859 have been adjusted to
correspond to Haparanda temperatures using information from time periods with overlapping observations, both in the
early period and in recently made observations at the original sites. Additional information for homogenizing the series
was obtained from temperature series for Vardø, Oulu, and Helsinki. Our judgement is that the reconstructed Tornedalen
temperature record is reliable back to November 1832. Before this, the summer (June–August) temperatures in particular
are less reliable, whereas data for the other seasons seem to be realistic, at least on decadal time scales. The annual mean
temperatures are judged as realistic back to the start of the record.
Between 1802 and 2000 there has been a warming trend in Tornedalen at an average rate of 0.099 ° C decade−1 or
1.97 ° C in total. The total warming explained by linear trends was greatest in winter (2.83 ° C) followed by spring (2.17 ° C),
autumn (1.87 ° C) and summer (0.88 ° C). The annual warming trend during 1802–1900 was slightly greater than that for
1901–2000. Warming in winter contributed most to the rise in annual temperatures during the 19th century, whereas
spring contributed most in the 20th century. The warmest decade was the 1930s, after which a strong cooling trend
occurred until the 1970s (−0.325 ° C decade−1 , 1941–70). Warming then set in again to the end of the series (0.227 ° C
decade−1 , 1971–2002). Copyright  2003 Royal Meteorological Society.
KEY WORDS:

temperature; climate variability; early instrumental data; Tornedalen; northern Sweden; subarctic; standard normal
homogeneity test; diurnal temperature cycle

1. INTRODUCTION
The annual mean temperature of the globe has increased over the period 1861 to 2000 at an average rate
of 0.044 ° C decade−1 , giving a total temperature rise of 0.62 ° C. The warming was slightly larger over lowand mid-latitude continental areas south of 60 ° N (0.049–0.060 ° C decade−1 ). For land areas north of 60 ° N,
however, the average warming rate was about twice as large; 0.098 ° C decade−1 or 1.37 ° C in total (Jones and
Moberg, 2003). It is expected that the global mean temperature will continue to increase in the 21st century
as a response essentially to increased anthropogenic emissions of greenhouse gases, and that the warming
will be largest at high latitudes in the Northern Hemisphere (Cubasch et al., 2001).
The response to anthropogenic changes in climate forcing occurs against background natural climate
variability on all time scales. For a detection and attribution of anthropogenic climate change, there is a need
for long records of observed climate data that have the potential to reveal any anthropogenic signals within the
background ‘noise’ (Mitchell et al., 2001). Unfortunately, the observational records from many parts of the
* Correspondence to: Per Klingbjer, Department of Physical Geography and Quaternary Geology, Stockholm University, SE-106 91
Stockholm, Sweden; e-mail: per.klingbjer@natgeo.su.se
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globe are relatively short in relation to the 30 to 50 year time scales that are of interest. Furthermore, most
records have been measured during the industrial period and are possibly contaminated by anthropogenic
effects already from their beginnings. Europe is the only continent where there are a large number of
observational records available for several decades before ca 1860. Most of these series come from central
Europe at latitudes between 45 and 55 ° N. North of ∼60 ° N there are only very few such early temperature
records available. The potential for reconstructing temperature variability and trends at high latitudes before
around 1860 is, therefore, essentially restricted to proxy climate data, such as tree rings, glacial records, lake
sediments, etc. This circumstance limits the possibility of obtaining reliable long-term estimates of the natural
background climate variability in high latitudes before the start of the industrial period. Analyses of hitherto
unexplored observational data hidden in archives have the potential of providing further knowledge of this
background variability.
In northern Sweden and Finland, at about 65–66 ° N, daily meteorological observations were made at a
few sites before 1860. Vesajoki and Holopainen (2000) have undertaken analyses of temperature observations
from Oulu 1776–1800 and Holopainen and Vesajoki (2001) analysed temperature data from Torneå 1737–49,
but as observations are missing in other periods it has not been possible to reconstruct continuous records
back to the early periods. In this paper we investigate observational temperature data for the period 1802–62
from two other sites, Övertorneå and Kalix, in the Tornedalen area in northern Sweden, near the border with
Finland (Figure 1). Our goal is to combine these early data with the Haparanda temperature series, beginning
in August 1859. The latter station is managed by the Swedish Meteorological and Hydrological Institute
(SMHI). By combining the data, we strive to reconstruct a continuous monthly temperature series from 1802
to 2002.
In the following sections we describe the temperature data used, including data from more remote sites that
we compare with the Tornedalen data. We also describe the method for estimating monthly temperatures for
Haparanda from the observations made at Övertorneå and Kalix. Then, a description of the procedures for
combining the data to form a homogenized continuous series for the period 1802–2002 is made. An analysis
of the temperature change over the two-century period in the Tornedalen series is also undertaken. Finally, we
compare the composite temperature series with a long tree-ring width series from the Lake Torneträsk area
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Figure 1. Location map for sites in the Tornedalen area mentioned in the text
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(Grudd et al., 2002) and with a record of ice break-up dates in the Tornio River (Kajander, 1993). Appendix
A contains a table with the homogenized monthly mean temperature series.

2. DATA DESCRIPTION AND STATION HISTORIES
The principal data investigated in this paper originate from measurements made by two observers. The first
person was the organ player Johan Portin, who made observations on Haapakylänsaari (Haapakylä Holme),
an islet in Tornio River at Övertorneå, from January 1792 to December 1838. Before 1802 there are too
few observations to permit a reconstruction of monthly mean temperatures; therefore, we only use data for
1802–1838. The second observer was the senior enforcement officer (kronofogde) Eric Burman, who made
observations in Kalix from January 1830 to October 1856 and then moved to Tureholm in Övertorneå, where
he continued to observe until October 1862. During his period in Kalix, Burman first observed near the church
in Nederkalix, but then moved to the Åkroken manor house in the village Rian (9 km west of the church).
Here, we only consider data from Rian, which start in November 1832. The locations of Övertorneå and
Kalix are shown in Figure 1. The distance between the two towns is about 65 km.
The original observation journals of both Portin and Burman are stored at the National Archives of Sweden
in Stockholm (Royal Swedish Academy of Sciences collection of meteorological observations, I a: 57–59).
Together with the original observations, hand-written tables are also stored with separate monthly mean
values of temperature observations in the morning, afternoon and in the evening. These tables are not dated
or signed, but were probably produced by the staff at the Sveriges Meteorologisk–Hydrografiska Anstalt
(the predecessor of SMHI) in the early 20th century. These tables are our main data source. As they do
not cover the entire period 1802–62, we also use data taken directly from the original documents (for
Haapakylänsaari 1802–08 and Tureholm November 1859–October 1862), and also from tables with published
monthly temperature averages (Haapakylänsaari 1823–24). The latter tables were created by Portin and were
published posthumously in his descriptions of the Torneå parish (Portin, 1967). All temperature observations
by Portin and Burman were reported in centigrade. Further details of the early observations are given below.
We also provide information about Haparanda and other temperature series that we use for comparisons with
the Tornedalen data. Table I and Figure 2 summarize the principal data, locations, observers and time periods.
2.1. Haparanda
The SMHI weather station in Haparanda (65° 49 N, 24° 8 E, 5 m a.s.l.) has been relocated a few times
since it started in August 1859. Major relocations occurred in August 1942 and December 1977. A few
minor relocations have also taken place. The station was equipped with a Stevenson screen in 1924,
whereas a window screen was used before that year. Homogeneity tests of the temperature series have not
revealed any significant breaks (Hans Alexandersson, SMHI, personal communication 2003) and the series
have been published (Tuomenvirta et al., 2001). Observations from Haparanda are regularly reported to the
Global Climate Observing System (GCOS), managed by the World Meteorological Organization (WMO).
Future updates of the Haparanda temperature series should thus be possible to obtain from the Website
http://www.wmo.ch/web/gcos/gcoshome.html, provided that reporting continues.
Table I. Data sources for the composite temperature record
Data source
Haparanda
Övertorneå (Tureholm)
Kalix (Rian)
Övertorneå (Haapakylänsaari)
Copyright  2003 Royal Meteorological Society

Start–End (year.month)

Observer

1859.08–2002.12
1856.11–1862.12
1832.11–1856.10
1802.01–1838.12

SMHI official record
Eric Burman (1787–1865)
Eric Burman
Johan Portin (1760–1839)
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Övertorneå (1802 - 1838, 1856 - 1862)

Kalix (1830 - 1856)

Haparanda (1859 - 2002)
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Figure 2. Temporal extent of the observational data used to reconstruct the Tornedalen temperature series

2.2. Kalix
Burman’s meteorological observations in Kalix from 1830 to October 1856 were always made at the same
hours (6 a.m., 2 p.m. and 8 p.m.). His hand-written journals have the same appearance in all years and, in
addition to temperature, they also include wind directions in the forenoon and afternoon and daily weather
comments. It has not been possible to find any documentation of how the thermometer was placed. The village
Rian, where the observations were made from November 1832, is located at 65° 53 N, 23° 00 E, at about 15 m
a.s.l.
2.3. Övertorneå
When Burman moved to Tureholm (66° 24 N, 23° 36 E, ∼57 m a.s.l.) in Övertorneå, in November 1856, he
continued to undertake his meteorological observations at the new site until November 1862. The observation
hours were generally 6 a.m., 2 p.m. and 8 p.m. for the thermometer readings. Exceptions from this rule
occurred in November and December 1861, January to March 1862 and May to October 1862, when the
morning observation was made at 7 a.m. Another exception occurred in April 1862, when the morning
observation was made at 8 a.m. Just like the case with Burman’s observations in Kalix, there is no information
about how the thermometer was exposed.
The earlier set of observations from Övertorneå, by Portin at Haapakylänsaari (66° 24 N, 23° 38 E, ∼50 m
a.s.l.), includes thrice-daily temperature observations from January 1802 to December 1838. Barometer
readings were also made until December 1822 and the observation journal includes daily weather notes.
In January 1804 the observation hours were explicitly stated in the journal (9 a.m., 2 p.m. and 9 p.m.). The
same hours were later mentioned in the beginning of most years until 1825. Exceptions from the schedule
occurred in 1812, when the morning observation was made at 8 a.m., and in 1817, when the afternoon
observation was made at 3 p.m. The observation hours were not stated explicitly in the years 1811, 1816,
1819–22 and 1826–38. The original observation journals for 1823 and 1824 have been lost and, therefore,
the archived tables with monthly averages for morning, afternoon and evening observations have no data
for these two years. Fortunately, as Portin (1967) published monthly average temperatures for all the years
1802–24, these published values can be used to fill in the gap 1823–24. According to Portin (1967), the
observations were made at 9 a.m., 2 p.m. and 9 p.m. We assume that these hours were always used whenever
a deviation from this schedule was not explicitly stated in the observation journal.
Portin’s observations before 1823 were written on ordinary paper, but from 1825 onwards he began to use
printed forms. These forms are of exactly the same type as those that had been distributed from the Royal
Swedish Academy of Sciences in 1785 to observers at several different places in Sweden (Moberg, 1998). It
Copyright  2003 Royal Meteorological Society
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is evident from the archived correspondence between Portin and the academy that, from 1827, Portin was in
regular contact with the academy. He also received a payment of 25 Riksdaler every year for his observations
from this year (approximately the same amount as a worker earned per year). In addition, Portin sent copies
of his journals to the Meteorological Society in Paris from 1827 onwards.
The cottage where Portin lived no longer exists, but its location can be estimated from maps from the 18th
century and from Portin’s own descriptions. Portin (1967) wrote that he used a Celsius thermometer and that
the instrument was placed in the shadow towards north. No further documentation about the thermometer
position has been found.

2.4. Other temperature series
Monthly temperature series from other sites in northern Europe are used as reference data in homogeneity
tests of the extended Haparanda series and/or for comparison of the evolution of the temperature during
the last two centuries. Data for the following five sites are used: Vardø (70° 22 N, 31° 06 E) 1840–2000,
Oulu (64° 56 N, 25° 22 E) 1846–2000, Helsinki (60° 19 N, 24° 58 E) 1829–2000, Uppsala (59° 52 N, 17° 38 E)
1722–2000 and St Petersburg (59° 58 N, 30° 18 E) 1743–2000. The temperature series from Vardø, Oulu
and Helsinki are managed by the respective national meteorological institutes of Norway and Finland and
are considered sufficiently homogeneous (Tuomenvirta et al., 2001). The monthly Uppsala series is derived
from the daily record by Bergström and Moberg (2002), and adjusted for a supposed warm bias (∼0.5 ° C)
of summer temperatures before 1854 (Moberg et al., 2003). These authors concluded that Uppsala summer
mean temperatures before around 1860 most likely had a warm bias of 0.5–0.8 ° C. Here, we chose to adjust
May and August temperatures by −0.3 ° C and June and July temperatures by −0.7 ° C before 1854. This year
is the first after a relocation from an urban to a rural site. The St Petersburg series is obtained from Jones
and Lister (2002).

3. ESTIMATION OF HAPARANDA TEMPERATURES, 1802–59
In order to estimate monthly mean temperatures for Haparanda before August 1859 from the early observations
in Kalix and Övertorneå (both Haapakylänsaari and Tureholm), we apply a procedure that essentially consists
of three steps. The first step is to estimate, from the thrice-daily observations, local monthly mean temperatures
corresponding to 24 h averages at the respective observation site. The second step is to translate the local
Kalix and Övertorneå mean temperatures to values representative for Haparanda, using information about
the climatological differences between Haparanda and the other sites. These two steps require that we know
the diurnal temperature cycle at the former observation sites and also the differences in local temperature
climate between these sites and Haparanda. As this information cannot be obtained from data measured in
the early period, we use recently measured data from the same sites as where the old observations in Kalix
and Övertorneå were made.
The first two steps in the procedure provide preliminary estimates of Haparanda temperatures before August
1859. There are, however, several uncertainties associated with these estimates. There may be systematic
errors in the old observations due to, for example, incorrectly calibrated thermometers or poor protection
against radiation. There are also uncertainties related to the determination of the diurnal temperature cycle
and inter-site temperature differences from modern data. A third step is therefore necessary to estimate
reliable Haparanda temperatures. This third step makes use of information from overlapping sequences of
observations. Overlaps exist during November 1832–December 1838 between Haapakylänsaari and Kalix,
and during August 1859–October 1862 between Tureholm and Haparanda. There is no overlap between Kalix
and Tureholm. To bridge this gap, however, a reference series can be created from other long temperature
series in northern Europe.
Copyright  2003 Royal Meteorological Society
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3.1. Calculation of local Kalix and Övertorneå monthly temperature means
We placed temperature-monitoring equipment at the former observation sites in Rian in Kalix and at
Haapakylänsaari in Övertorneå. The stations were installed in December 1998 and data were collected over
3 years, ending in December 2001. Each site was equipped with a Campbell CR10 datalogger powered by
batteries. A calibrated platinum resistance probe (Pt-100) mounted in a Young radiation shield was used to
measure the temperature. The instruments were placed in the shadow behind a house, towards the north.
The temperature was measured every minute and stored by means every hour. From these measurements, the
3 year average of the local diurnal temperature cycle was established for each month at each site. Graphs of
the diurnal cycles for January, April, July and October are shown in Figure 3. In this section we are interested
in the shape and amplitude of the curves, not the absolute temperatures; therefore, the data are plotted as
deviations from the 24 h means. No recent measurements were made at Tureholm, but we assume that the
Haapakylänsaari measurements are also representative for this site.
Once the diurnal cycles had been established, the following equation was used to calculate the mean
monthly temperatures, Tm , from the old observations:
1
(Tobs i + Ti )
n i=1
n

Tm =

(1)

Tobs i is the monthly mean of temperature observations made at a certain observation hour, e.g. at 6 a.m.
The Ti value is the mean deviation from the daily mean temperature at the actual observation hour in the
corresponding month. These values have been obtained from the 3 years of modern observations. The number
of observations per day is determined by the term n. This method for estimating monthly mean temperatures
from a few observations per day, made at an arbitrary set of hours, has previously been used by Moberg and
Bergström (1997) in a reconstruction of monthly temperatures for Uppsala back to 1722. A further discussion
of the method is also given by Bergström and Moberg (2002).
Local time was used in Sweden until 1879, when a common civil time was introduced. The latter deviates
only 14 s from Central European Time (CET), which has been used since 1900 (Lodén, 1968). Because the
sites of interest are located near 23 ° E, the local times differ by about 0.5 h from CET. Therefore, it is necessary
to convert the local times for the old observations to equivalent CET values before use in Equation (1). The
following formula was used:
tCET = tlocal + 24(longitudinal position)/360

(2)

The longitudinal positions for the churches in Kalix and Övertorneå have been used in order to convert the
time. The time correction for Kalix is 0.54 h (32 min) and for Övertorneå it is 0.58 h (35 min). To obtain
Ti values for non-integer hours in Equation (1), we used linear interpolation between the hourly values.
We have not taken into account here that local solar time, rather than local mean time, was used in Sweden
before 1841. The time error due to this neglection varies slowly from day to day during the year within a
range of ±15 min, following the time equation (see Camuffo (2002)). We consider this error to be of minor
importance for our purposes.
The diurnal cycles obtained from the modern data are compared in Figure 3 with the separate averages
of the morning, afternoon and evening observations in the early periods. The latter values are plotted with
crosses at the corresponding hours in CET and adjusted in level so that their average is zero. Although some
variation of the shape and amplitude of diurnal cycles has certainly occurred during the 200 year period, we
assume that this variation has been small enough to detect the presence of any serious systematic errors in the
old data. On visual inspection of Figure 3 (and corresponding graphs for the other eight months not shown),
it is seen that Burman’s observations from Kalix and Tureholm generally agree well with the respective
modern diurnal cycles. We regard this as a first indication that Burman’s observations are of good quality.
Portin’s observations from Haapakylänsaari exhibit a larger range between the afternoon observations and
the morning and evening observations compared with the modern data for all months from April to October,
with a maximum deviation in June and July.
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Figure 3. Diurnal temperature cycles for Haapakylänsaari (Övertorneå) and Rian (Kalix) for January, April, July and October as
determined from hourly observations for 1999–2001. In the left and middle subplots, the crosses represent the deviation from the
arithmetic average, at the same two sites, of the three daily observations in the early periods indicated in the figure. To the right, early
data from Tureholm (in Övertorneå) are compared with the modern data from Haapakylänsaari

It is very unlikely that such a large temperature range should have been caused by a systematic cold bias of
the morning and evening observations. It is more likely that the afternoon observations were biased (warm).
One factor that may have caused too high observed temperatures is poor protection of the thermometer against
radiation. Although other errors cannot be excluded, e.g. an incorrect thermometer scale, we assume that
Portin’s afternoon observations are positively biased and decided to exclude these values from calculations of
monthly mean temperatures at Haapakylänsaari. The estimated monthly means are thus based only on morning
and evening observations. For the years 1823 and 1824, where the original observations have been lost, we
had to use the published monthly temperature averages by Portin (1967). To make the latter correspond
to our estimated monthly mean temperatures, we assume that a linear regression relationship can be used
Copyright  2003 Royal Meteorological Society
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based on all overlapping monthly temperatures for 1802–22 (excluding 1815, for reasons that will become
evident in Section 4). This linear relation is Tm = 0.94TPortin − 1.15. With this relation, there is practically
no difference between Tm and TPortin near −20 ° C, which is the lowest temperature of interest in the years
1823–24. Above this temperature, Tm increases more slowly than TPortin . For the highest temperatures of
interest, which are about +15 ° C, Tm is 2 ° C below TPortin . The effect of the transformation is thus greatest
for summer temperatures.
3.2. Adjustment for climatological differences between the sites
A method for combining temperature data from different sites within a region in order to reconstruct a
long record representative for one of the sites (the main site) is to establish linear regression relationships for
periods with overlapping observations and then apply these relations to periods with no data at the main site
but with data at the other sites. This method has been used for reconstruction of temperatures back to the 18th
century for Padua (Cocheo and Camuffo, 2002) and Uppsala (Bergström and Moberg, 2002). The same basic
approach is used here. In our case, there are no overlapping Övertorneå–Haparanda or Kalix–Haparanda
data in the early period except for August 1859–October 1862. This overlap, however, can only be used
to adjust the short Tureholm series. To estimate the climatological differences for Kalix–Haparanda and
Haapakylänsaari–Haparanda, we have to rely on the modern 3 year period of measurements. Linear regression
relationships estimated from the 36 months with overlapping data are shown in Figure 4 (upper subplots).
Tm(Haparanda) = 0.94Tm(Haapakylänsaari) + 1.12

(3)

Tm(Haparanda) = 0.99Tm(Kalix) + 0.31

(4)

In both cases the correlation is very strong due to the large amplitude of the annual temperature cycle. Plots
of the residuals (the lower subplots) illustrate better the inherent uncertainty when using these relationships
for estimating Haparanda temperatures. The spread of residuals is slightly greater for Övertorneå. This is
not unexpected, as the distance to Haparanda is greater from this site (69 km versus 52 km). Furthermore,
Övertorneå is located more inland, whereas both Haparanda and Kalix are located near the coast. A more
continental type of climate at Övertorneå is reflected in the slope of the regression line, which is 0.94
for Övertorneå but 0.99 for Kalix (i.e. summers are relatively warmer and winters are relatively colder in
Övertorneå). Another way to estimate the climatic difference between the sites is to calculate the average
temperature difference for each month separately. This has also been done for comparison and the results are
shown in Table II. The table confirms a marked annual cycle in the Övertorneå–Haparanda difference and
that there is no such cycle in the Kalix–Haparanda case.
The relationships in Equations (3) and (4) are applied to the local monthly mean temperatures estimated
from the old observations. We assume here that Equation (3) is also valid for Tureholm, as the distance to
Haapakylänsaari is only 1.5 km and the two sites are located at nearly the same altitude. At this stage, we
have performed the first two steps in the three-step procedure described at the beginning of this section. As a
result, we have three separate temperature series with preliminary estimates of Haparanda temperatures; the
first from January 1802–December 1838, the second from November 1832–October 1856 and the third from
November 1856–October 1862. In the following section we describe the procedure to merge these with the
Haparanda series in order to reconstruct a continuous and homogenized temperature series for 1802–2002.
Table II. Observed monthly temperature differences between Haapakylänsaari (Övertorneå) and Haparanda and between
Rian (Kalix) and Haparanda during 1999–2001
J

F

M

A

M

J

J

A

S

O

N

D

Haapakylänsaari–Haparanda −2.34 −1.58 −0.93 −0.51 0.20 0.06 −0.70 −0.98 −0.73 −1.27 −1.32 −2.75
Rian (Kalix)–Haparanda
−0.40 −0.65 −0.27 −0.12 0.12 0.22 −0.29 −0.41 −0.48 −0.57 −0.01 −0.49
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Figure 4. Transfer functions and residuals for regressions between Haapakylänsaari (Övertorneå) and Haparanda and between Rian
(Kalix) and Haparanda for 1999–2001

4. CONSTRUCTION OF A CONTINUOUS HOMOGENIZED TEMPERATURE SERIES, 1802–2002
The three separate estimates of Haparanda temperatures obtained in the previous section are attached here to
the ‘real’ Haparanda temperature series. To obtain necessary information of possible systematic errors in each
of the three early observation series, we analyse the data for overlapping periods. We also apply statistical
homogeneity tests where we compare with data from other sites. To begin, an outlier check is performed.
4.1. Outlier check
Before analysing the data from each site separately, we temporarily merged them together to one single time
series for 1802–2002 in order to screen the data for eventual outliers. We used plots of both the temperature
series itself and of differences with other long temperature series (St Petersburg, Uppsala, Vardø, Oulu,
Helsinki). These plots (not shown) clearly reveal the year 1815 as an outlier. For example, when calculating
the difference to the average of Uppsala and St Petersburg annual mean temperatures for 1802–2000 the
value in 1815 is 3.7 ° C above the long-term average, which is nearly five times the standard deviation of
the difference series. Data for 1815 also stand out as outliers for several months that year. We inspected
the original observation journal, but were not able to find any particular reason for an error. However, we
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judge the statistical evidence of an error as very strong and in the following we regard 1815 as a year with
completely missing data. Other outliers were also found in April 1839 and March 1847. In both these cases,
inspection of the original documents revealed mistakes that had been made when the hand-written monthly
tables were created. We replaced the incorrect values with correct values obtained directly from the original
observation journals.
4.2. Homogeneity tests
Homogeneity tests are necessary before any long observational climate record is used in analyses of climatic
change (Peterson et al., 1998). It is generally assumed that if temperature variability is relatively coherent
within a region, then a reference series constructed as an average of temperature series from several sites
within this region can be used to test for the presence of non-climatic signals in another series (the candidate
series) within the same region.
We create two independent reference series with which we compare the temperature data from Tornedalen.
The primary reference series is a weighted average of data from the three sites Vardø, Oulu and Helsinki.
This series is constructed back to May 1846, which is the start of the shortest (Oulu) record. Oulu is the
nearest site, located only ∼115 km southeast of Haparanda on the Finnish coast of the Gulf of Bothnia.
Vardø (∼580 km) and Helsinki (∼610 km) are chosen to represent locations both to the north and south of
Haparanda. An independent reference series is constructed from St Petersburg and Uppsala data. Although
these stations are located at a rather large distance from Haparanda (∼720 km and ∼740 km) and both are
located near 60 ° N, they have the advantage of covering the entire period back to 1802. The coordinates and
data sources for the five selected reference temperature series were given in Section 2.4. Haparanda has a
very strong correlation (r = 0.96) for annual mean temperatures for 1860–2000 with Oulu. The correlation is
strong also with the other sites: Helsinki (r = 0.89), Uppsala (r = 0.87), Vardø (r = 0.86) and St Petersburg
(r = 0.85).
The primary reference series created from Vardø, Oulu and Helsinki is considered as the best representation
of the temperature variability at Haparanda, and it is also assumed to be rather insensitive to any possible
north–south gradients in long-term temperature trends in the region of interest. The other reference series
(Uppsala and St Petersburg), although strongly correlated with Haparanda, is probably less representative of
long-term trends if there are north–south gradients in these.
We use the standard normal homogeneity test (SNHT) for single break points (Alexandersson, 1986;
Alexandersson and Moberg, 1997). With this method, the first step is to create a reference series by taking
a weighted average of the individual series from the selected reference sites. Their squared correlations with
the candidate series are used as weights. The second step involves a statistical test for the presence of a break
point in the series of differences between the candidate and the reference series, i.e. a point that separates two
sections with different mean values. Such a break is detected if the SNHT statistic T exceeds a critical value,
which is commonly taken to be the 95% level. When this happens, a candidate series is generally considered
to be inhomogeneous. If a break is detected at the same time as a known change in observational procedures,
then the support for the break is considered particularly strong. An inhomogeneous candidate series can often
be adjusted (homogenized) by adding a constant to all values before the break, so that the differences between
the adjusted candidate series and the reference series are forced to have the same mean value over the entire
period. In practice, a candidate series may have more than one break point. It is then necessary to apply the
test in subperiods containing at most one break point. The test statistic T increases slightly with the length
of the series analysed. As examples, critical values for the 90%, 95% and 97.5% levels for a record length
of N = 200 (N = 60) are T90 = 8.2(7.4), T95 = 9.5(8.7) and T97.5 = 11.0 (9.85).
4.3. The Tureholm data, November 1856–October 1862
The estimated Haparanda temperatures obtained from the Tureholm data are compared directly with the
real Haparanda temperatures during the overlap for August 1859–October 1862. A linear regression between
the two series gives
Tm(Haparanda

real)

= 0.98Tm(Haparanda
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− 1.29

(5)
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The regression and the residuals are illustrated in Figure 5. The slope is not significantly different from
unity even at the 20% level, whereas the intercept is significantly different from zero at the 0.1% level.
Therefore, on average, a change by one temperature unit in Tm(Haparanda Tureholm) corresponds to the same
amount in Tm(Haparanda real) , but there is a systematic difference by more than 1 ° C between the two. We apply
Equation (5) to the Tm(Haparanda Tureholm) data in the period November 1856–July 1859, attach them to the
beginning of the Haparanda series and henceforward regard the combined sequence of monthly temperatures
as one entity — the extended Haparanda series
4.4. The Kalix data, November 1832–October 1856
To obtain information about possible systematic errors in the Kalix data, we rely here on information from
the two reference series described in Section 4.2. To begin, we simply attached the estimates of Haparanda
temperatures obtained from the Kalix data (THaparanda Kalix) to the beginning of the extended series. This entire
sequence was then temporarily regarded as one entity and homogeneity tests were performed on this sequence.
The SNHT was first applied to all monthly series (separately for January, February, March, etc.) from May
1846 to December 2000, using the primary reference series (Vardø, Oulu, Helsinki). These tests revealed break
points at either 1856, 1858 or 1859 in all months from April to September. (The test picks out the last point
before the break.) The test statistic exceeded the 97.5% level in all these cases. The sizes of the breaks are
Aug 1859 - Oct1862
Y = 0.98*X-1.29
Number of data points = 39
24
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Figure 5. Transfer functions and residuals for regressions between the early data from Tureholm (Övertorneå) and Haparanda for
1859–1862. Tureholm data were adjusted to the Haparanda level using Equation (3) before regression
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between −0.73 and −1.38 ° C for the individual months. When the test was applied to the average of all April
to September months (AMJJAS) a break of −0.86 ° C was indicated at 1856, with a test statistic (T = 44.6)
high above the 97.5% level. There is no corresponding significant break near 1856 in the winter half-year
October–March (ONDJFM), neither in the 6 month average nor in the individual monthly series. When
the test was applied to the period 1833–2000, using the second reference series (Uppsala, St Petersburg),
there was again a significant break (−1.05 ° C) indicated at 1856 in the AMJJAS series, with a test statistic
(T = 54.6) high above T97.5 . The second reference series also confirms that there is no significant break at the
same time in the ONDJFM half-year. The time series of differences between the extended Haparanda series
and each of the two the reference series are shown in Figure 6 for AMJJAS and ONDJFM. The horizontal
lines show the mean values in periods before and after the breaks indicated.
The test results obtained suggest that summer half-year (AMJJAS) data from Kalix are about 1 ° C too
warm. The break occurs exactly at the point when the Kalix series ends. This is a very strong indication
that AMJJAS temperatures before November 1856 have to be adjusted. It seems likely that poor protection
against radiation (probably indirect radiation and reflection) have caused a warm bias in the summer half-year.
There is no indication from the test results that any ONDJFM temperatures need to be adjusted. Monthly
correction constants to be applied to the THaparanda Kalix data were obtained from the difference between
the entire sequence of extended Haparanda temperatures for 1846–2000 and the primary reference series.
The correction was taken as the difference in mean values after and before the break between 1856 and
1857. These correction numbers vary between −0.6 and −1.4 ° C, with the maximum in June. The average
correction for all six AMJJAS months is −0.92 ° C. The monthly corrections are illustrated in Figure 7 (black
curve) with reversed signs, i.e. they give the corresponding estimated temperature biases. For comparison,
the corresponding values obtained from the second reference series in the same period are also shown (grey).
The two reference series give very similar results (only April differs by more than 0.2 ° C), indicating that the
estimated bias is rather robust. We apply the corrections to all AMJJAS temperatures in the THaparanda Kalix
data back to 1833, and henceforward regard the extended Haparanda series back to November 1832 as one
single sequence of temperatures.
4.5. The Haapakylänsaari data, January 1802–December 1838
The overlap between the Haapakylänsaari and Kalix observations during November 1832–December 1838
is used to obtain information about possible systematic errors in the former data. A linear regression based
on all data in the overlap gives the following relation:
Tm(Haparanda

extended)

= 1.05Tm(Haparanda

Haapakylänsaari)

− 0.39

(6)

where Tm(Haparanda extended) are the monthly temperatures estimated from Kalix after the corrections in the
summer half-year, described in Section 4.4, have been applied. Tm(Haparanda Haapakylänsaari) are the Haparanda
temperatures estimated from Haapakylänsaari using Equation (3).
The regression is shown in Figure 8(a) and the residuals, here plotted as a time series, are shown in
Figure 8(b). Visual inspection of the residuals time series reveals a break between months 15 and 16 in the
sequence. The SNHT was applied to the residuals time series and the test confirms that a break by −1.13 ° C
occurs at the actual time point. The test statistic (T = 26.9) is well above the 97.5% level. This test result
suggests that a systematic change occurred between January and February 1834. However, it is not possible
to determine from this test which of the two series, Haapakylänsaari or Kalix, it is that has the break. In order
to determine this we applied Equation (6) to all Haapakylänsaari data before November 1832 and attached
them to the beginning of the extended Haparanda series. With the Uppsala/St Petersburg reference series as
a basis, we then applied the SNHT to the difference between the entire sequence of extended Haparanda
temperatures for 1802–2000 and the reference series. If the Haapakylänsaari data were affected by a change
between January and February 1834, then it is expected that the test should indicate a break at 1832, i.e.
after the last year of the Haapakylänsaari data occurs in the sequence. Such a break should, furthermore, be
expected to be about of the same size as the break in the residuals time series, but with the opposite sign.
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Figure 6. Difference between the unhomogenized Tornedalen temperature series after 1832 and two independent reference series. The
horizontal lines show the mean levels before and after breaks indicated by the SNHT. (a) AMJJAS with reference stations Vardø, Oulu
and Helsinki. (b) AMJJAS with reference stations Uppsala and St Petersburg. (c) ONDJFM with reference stations Vardø, Oulu and
Helsinki. (d) ONDJFM with reference stations Uppsala and St Petersburg

If, on the other hand, the Kalix data have a break between January and February 1834, then the regression
relation in Equation (6) should be reasonably applicable (because only 15 data points out of 74 precede the
break) and the expected break in this case should be small, probably small enough to be undetectable with
the Uppsala/St Petersburg reference series.
Copyright  2003 Royal Meteorological Society

Int. J. Climatol. 23: 1465–1494 (2003)

1478

P. KLINGBJER AND A. MOBERG
2.0

Bias (°C)

1.6
1.2
0.8
0.4
0.0
4

5

6

7

8

9

Month
Figure 7. Estimated temperature bias during 1846–56 in the unhomogenized Tornedalen series for each month in the AMJJAS season.
Black (grey) curve represent biases as estimated from the reference stations Vardø, Oulu and Helsinki (Uppsala and St Petersburg)

When testing the entire sequence of annual mean temperatures for 1802–2000 the test indicated a break by
+1.29 ° C at 1831, with a very high value of the test statistic (T = 68.6 >> T97.5 ). As both the size and timing
of the indicated break are very close to that expected, if the Haapakylänsaari data are affected, we interpret
from the combined evidence from the regression residuals time series and the comparison with Uppsala/St
Petersburg that the Haapakylänsaari observations were actually affected by a change between January and
February 1834. Although there is no documented change in the observation journals, we consider the statistical
evidence strong enough.
The period from November 1832 to January 1834 is considered too short to provide a reliable estimate of
a linear regression relationship between Tm(Haparanda Haapakylänsaari) and Tm(Haparanda extended) . Instead, we use the
relationship for the period from February 1834 to December 1838, but with a constant added. The constant
(+1.13 ° C) is taken as the difference in mean value before and after the break between January and February
1834 in the time series of residuals in the regression in Figure 8(a) and (b). A regression for February 1834
to December 1838 (Figure 8 (c) and (d)) gives the following relation:
Tm(Haparanda

extended)

= 1.06Tm(Haparanda

Haapakylänsaari)

− 0.62

(7)

The slope is significantly different from unity at better than the 0.1% level, indicating that it is necessary to
apply a linear transformation of Tm(Haparanda Haapakylänsaari) to make the data representative of the conditions
of Tm(Haparanda extended) . When the constant of +1.13 ° C is added to the constant in Equation (7), the final
relationship obtained is:
Tm(Haparanda

extended)

= 1.06Tm(Haparanda

Haapakylänsaari)

+ 0.51

(8)

The relationship in Equation (8) was then applied to all Tm(Haparanda Haapakylänsaari) before November 1832 and
the resulting sequence was attached to the beginning of Tm(Haparanda extended) to form one entire sequence from
1802 to 2002.
To test the homogeneity of the entire sequence of extended Haparanda temperatures, the SNHT was again
applied using Uppsala/St Petersburg as reference. When testing the period 1802–59 i.e. the period consisting
only of data from Haapakylänsaari, Kalix and Tureholm, there is no significant break detected, neither in
the annual means nor in the half-year means (AMJJAS and ONDJFM), and also not in any of the 3 month
seasonal averages (DFJ, MAM, JJA, SON). When testing the entire period of 1802–2000, however, there is
an indication of a break in 1824 or 1825. This break is found in the annual means (+0.59 ° C), in the DJF mean
and the ONDJFM mean. Tests of individual months reveal that it is essentially November and December that
contribute to this suggested break. This break occurs at exactly the point of time when Portin’s observation
Copyright  2003 Royal Meteorological Society

Int. J. Climatol. 23: 1465–1494 (2003)

1479

24
a. Nov 1832-Dec 1838
20
Y = 1.05*X-0.39
16
12
8
4
0
-4
-8
-12
-16
-20
-24
-24 -20 -16 -12 -8 -4 0 4

Kalix (°C)

Kalix (°C)

NORTHERN SWEDEN TEMPERATURE RECORD

8 12 16 20 24

4
3.5
3
2.5
2
1.5
1
0.5
0
-0.5
-1
-1.5
-2
-2.5
-3
-3.5
-4

b. Nov 1832-Dec 1838

1833

34

35

36

37

Year

8 12 16 20 24

Övertorneå (°C)

Residuals (°C)

Residuals (°C)

Övertorneå (°C)

24
20
c. Feb 1834-Dec 1838
Y = 1.06*X-0.62
16
12
8
4
0
-4
-8
-12
-16
-20
-24
-24 -20 -16 -12 -8 -4 0 4

38

4
3.5
d. Feb 1834-Dec 1838
3
2.5
2
1.5
1
0.5
0
-0.5
-1
-1.5
-2
-2.5
-3
-3.5
-4
-24 -20 -16 -12 -8 -4 0 4

8 12 16 20 24

Övertorneå (°C)

Figure 8. Transfer functions and residuals for regressions between the early data from Haapakylänsaari (Övertorneå) and Rian (Kalix)
(1832–38). Haapakylänsaari and Rian data were adjusted to the Haparanda level using Equations (3) and (4) respectively before
regression. Rian data were also adjusted for the warm biases in the AMJJAS season, using the values indicated by the black
curve in Figure 7. Subplots (a) and (b) include data from the entire overlapping period (residuals shown as a time series, with two
mean levels before a break between January and February 1834 indicated by the SNHT). Subplots (c) and (d) exclude data before
February 1834

journals changed layout, i.e. to the time when he began to be paid by the academy for his observations. It is
possible that some change of the observing conditions took place at this time. The academy may have, for
example, provided Portin with a new thermometer. This is only speculation, however, and is not supported
by any documentation known by us. Given that only November and December data are clearly affected and
the fact that the series was considered homogeneous when testing 1802–1859, we conclude that there is not
strong enough evidence for applying an adjustment for the suggested break in 1824. Therefore, the extended
Haparanda temperature series constructed as described in this section is considered sufficiently homogeneous.
In the following, this series is henceforth referred to as the Tornedalen temperature series and is used in
analyses of temperature changes in the region.

5. THE TORNEDALEN TEMPERATURE SERIES, 1802–2002
In this section we show time series for the annual and seasonal means of the reconstructed Tornedalen
temperatures for 1802–2002 (Figure 9). For the annual means, graphical comparison is made with temperature
series from Vardø, Oulu, St Petersburg, Uppsala and Helsinki (Figure 10). Table III gives trends in both annual
Copyright  2003 Royal Meteorological Society
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and seasonal mean temperatures at all sites for various 100 year and longer periods. Trends that are statistically
significant at the 95% level are printed in bold. Account is taken that the data are serially correlated, and
hence the effective number of data points is reduced. A comprehensive treatment of this problem was given
by Quenouille (1952), who proposed the following equation to calculate the effective number of independent
data points:
Neff ≈ N

1 − r1
1 + r1

(9)

where Neff is the effective sample size, N is the full sample size, and r1 is the ‘lag 1’ autocorrelation.
Table III. Seasonal and annual temperature changes explained by linear trends over various periods at Tornedalen and
five other northern European sites with long temperature series. Trends are expressed in ° C decade−1 and are in bold
if significant at 95% level. The strongest 100-year period trends at each site are underlined. The first year for records
starting after 1802 are given in parentheses
1802–1900

1861–1960

1901–2000

1861–2000

1802–2000

Winter (DJF)
Vardø (1840)
Oulu (1846)
Tornedalen
St Petersburg
Uppsala
Helsinki (1829)

−0.004
0.009
0.245
0.104
0.082
0.062

0.206
0.137
0.223
0.164
0.080
0.107

0.031
−0.037
−0.040
0.154
0.016
0.059

0.105
0.041
0.077
0.171
0.055
0.087

0.087
0.047
0.143
0.141
0.068
0.084

Spring (MAM)
Vardø (1840)
Oulu (1846)
Tornedalen
St Petersburg
Uppsala
Helsinki (1829)

0.047
0.099
−0.022
0.090
−0.005
0.101

0.146
0.154
0.204
0.135
0.122
0.105

0.103
0.166
0.160
0.188
0.123
0.126

0.119
0.172
0.190
0.203
0.127
0.133

0.105
0.158
0.109
0.158
0.080
0.124

Summer (JJA)
Vardø (1840)
Oulu (1846)
Tornedalen
St Petersburg
Uppsala
Helsinki (1829)

−0.286
−0.017
−0.039
0.052
−0.022
0.044

0.087
0.092
0.151
0.096
0.050
0.047

0.058
0.086
0.070
0.021
0.081
0.051

0.064
0.066
0.090
0.052
0.048
0.030

0.026
0.057
0.044
0.053
0.013
0.020

Autumn (SON)
Vardø (1840)
Oulu (1846)
Tornedalen
St Petersburg
Uppsala
Helsinki (1829)

0.033
−0.028
0.096
0.064
−0.039
0.030

0.150
0.078
0.169
0.094
0.125
0.074

0.053
0.051
0.062
0.083
0.099
0.055

0.086
0.051
0.097
0.087
0.092
0.049

0.082
0.042
0.094
0.073
0.045
0.042

Year
Vardø (1840)
Oulu (1846)
Tornedalen
St Petersburg
Uppsala
Helsinki (1829)

−0.054
0.023
0.073
0.079
0.004
0.070

0.146
0.120
0.185
0.122
0.094
0.083

0.060
0.067
0.061
0.114
0.082
0.075

0.093
0.087
0.115
0.130
0.083
0.078

0.075
0.081
0.099
0.107
0.052
0.070
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Figure 9. Seasonal mean temperature records for Tornedalen 1802–2002: winter (DJF), spring (MAM), summer (JJA) and autumn
(SON). Variability on time scales longer than 10 years is highlighted using a Gaussian filter

All six annual temperature series show a warming trend over the period 1802–2000 (or from their
beginnings for records starting after 1802) at rates between 0.052 and 0.107 ° C decade−1 . The warming for
Tornedalen was 0.099 ° C decade−1 , giving 1.97 ° C in total. The annual warming trend during 1802–1900 was
slightly greater than that for 1901–2000. It was principally a strong warming in winter (0.245 ° C decade−1 )
that contributed to the increase of annual mean temperatures in Tornedalen for 1802–1900, whereas for the
Copyright  2003 Royal Meteorological Society
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Figure 10. Annual mean temperature series for Vardø, Oulu, Tornedalen, St Petersburg, Uppsala and Helsinki. Variability on time scales
longer than 10 years is highlighted using a Gaussian filter

1901–2000 warming it was spring that contributed most to the annual temperature rise (0.160 ° C decade−1 ).
Of the three 100 year periods selected, the warming rate was greatest in the middle one (1861–1960) at all
six sites, with 0.185 ° C decade−1 for Tornedalen. The warmest decade was the 1930s. After around 1940 there
Copyright  2003 Royal Meteorological Society
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was a strong cooling trend until about 1970 (−0.325 ° C decade−1 , 1941–70), followed by a slightly weaker
warming again to the end of the series (0.227 ° C decade−1 , 1971–2002).
All four seasons show a warming trend at Tornedalen during the 1802–2000 period. The total warming
explained by linear trends was greatest in winter (2.83 ° C), followed by spring (2.17 ° C), autumn (1.87 ° C)
and summer (0.88 ° C). Most of the warming in winter occurred in the 19th century and culminated by the
1930s. During 1901–2000 there was even an insignificant cooling trend by 0.040 ° C decade−1 .
Around 1810 there was a period with low temperatures at Tornedalen, St Petersburg and Uppsala. In
Table IV we show the five warmest and coldest years, seasons and months in the Tornedalen series for
1802–2002. The 1810s were the coldest decade in the entire Tornedalen record and the 1810 annual mean
temperature (−2.5 ° C) was the second coldest after 1867 (−2.7 ° C). Comparison with St Petersburg and
Uppsala indicates that the cold period around 1810 was relatively more severe at Tornedalen, but it was also
strong at the rather continentally situated St Petersburg. During 1901–2000, the annual temperature increase
was 0.061 ° C decade−1 in Tornedalen. This is slightly less than the simultaneous average rate of 0.079 ° C
decade−1 for all land areas north of 60 ° N found by Jones and Moberg (2003). These authors noticed that the
rate of increase was greater, 0.098 ° C decade−1 , for the same northerly areas when the trend was calculated
over the period 1861–2000. We obtain exactly the same rate when we average all six sites analysed. Jones
and Moberg (2003) also noted that the Arctic warming rate over the period 1861–2000 was about twice as
large as the simultaneous trends in low- and mid-latitude continental areas south of 60 ° N. There is, however,
no clear north–south gradient in trends over the 1861–2000 period for the six stations we study, as the
average for the three northern sites (Vardø, Tornedalen, Oulu) is virtually the same as that for the three more
southerly sites (Uppsala, Helsinki, St Petersburg): 0.098 ° C decade−1 and 0.097 ° C decade−1 respectively.
When the period 1861–1960 is studied we do observe a north–south gradient in warming rates. The mean
rate for the three sites north of 60 ° N is 0.149 ° C decade−1 . For the other three sites, located close to 60 ° N,
the simultaneous average rate was 0.100 ° C decade−1 . For the entire period of 1802–2000, when Tornedalen
can only be compared with Uppsala and St Petersburg, there is again no indication of a clear north–south
gradient in trends. The strongest warming trend over this period is found at St Petersburg (0.107 ° C decade−1 ),
whereas for Uppsala the rate is only about half that (0.052 ° C decade−1 ) and for Tornedalen it is marginally
smaller (0.099 ° C decade−1 ) than at St Petersburg.

6. COMPARISON WITH CLIMATE PROXY RECORDS
In this section, we compare the Tornedalen temperature series with two nearby climate proxy records. The
goal here is both to discuss the quality of the Portin and Burman parts (i.e. 1802–32 and 1833–59) of the
Table IV. The top five temperature extremes (cold and warm) during 1802 to 2002 for the Tornedalen series, divided
into year, season and month. The number before the year in the coldest and warmest month column refers to the month
number
Coldest year

Warmest year

Coldest season
(DJF)

Warmest season
(JJA)

Year

Temp.
(° C)

Year

Temp.
(° C)

Year

Temp.
(° C)

Year

Temp.
(° C)

Month.Year

Temp.
(° C)

Month.Year

Temp.
(° C)

1867
1810
1856
1812

−2.7
−2.5
−2.1
−1.7

1938
1934
1826
2000

4.3
3.5
3.4
3.4

1809
1966
1871
1804

−18.7
−17.6
−17.5
−16.9

1837
2002
1826
1972

16.6
16.5
16.4
15.9

02.1871
01.1809
01.1814
02.1816

−24.3
−22.7
−22.7
−22.3

1871
1888

−1.6
−1.6

1974

3.3

1893

−16.8

1997

15.8

02.1893

−21.4

07.1925
07.1927
07.1973
07.1941
07.1826
07.1858
07.1972

19.6
19.5
19.4
19.2
18.8
18.8
18.8
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Tornedalen series and to consider the relationships between the proxy series and temperatures over the entire
period with overlapping data back to 1802. Such a consideration has hitherto not been possible. The first
proxy series is the Tornio River ice break-up series, which has been examined by Kajander (1993). The
second proxy is the Torneträsk tree-ring width series from Grudd et al. (2002).
6.1. Ice break-up dates in the Tornio River
The Tornio River forms the border between Sweden and Finland (Figure 1). The river flows through
Tornedalen and has its outlet at Haparanda. The ice break-up dates in the river have been documented since
1693, and Kajander (1993) has examined and homogenized the record. The first organized monitoring began
in 1846 by the Finnish Society of Science. Before that year the break-up dates were documented by at least 12
voluntary observers (Kajander, 1993). The break-up dates vary between 28 April and 8 June during the 1693
to 1999 period. Kajander (1993) found a strong correlation between the break-up dates and the April–May
(AM) mean temperatures at Haparanda. The series, therefore, is a potentially useful proxy indicator of late
spring temperatures back to 1693 for the same region as the Tornedalen record represents, although there is
some uncertainty as to whether the pre-1846 data have the same quality as the later observations.
With the Tornedalen temperature record, we can assess the quality of the ice break-up series for four
decades before the organized monitoring began in 1846 and at the same time obtain an indication of the
reliability of the Tornedalen series. A strong and time-stable correlation between the two series would be
support for both being reliable. An obvious disagreement between the two in one or another period would
indicate that at least one of them is in error, although a direct comparison cannot tell which series it is that
has the error. Some supporting material would be needed to determine with certainty the source of error in
such a case.
We use the calibration period 1860–1999 for establishing a linear regression relationship between the ice
break-up dates and the Tornedalen AM mean temperatures. In this period, the Tornedalen series consists of
the SMHI official Haparanda temperatures. The regression relationship obtained for the calibration period is
TAM(Tornedalen) = −0.1723 × Julian day(Ice

break-up)

+ 24.63

(10)

The correlation coefficient is −0.82 (R 2 = 0.67), i.e. 67% of the variance in the AM temperatures is
explained by the ice break-up series. We apply Equation (10) to estimate AM mean temperatures for the
entire 1693–1999 ice break-up series. The result is shown in Figure 11 (grey curve), where variability on
decadal and longer time scales is highlighted with a Gaussian filtered series. Visual comparison with the
instrumental record beginning in 1802 (black curve) shows strong similarities between the two records, both
in the calibration period and before. The correlation calculated for the entire overlapping period of 1802–1999
is −0.76. This is slightly less than for the calibration period, indicating a weaker correlation in the pre-1860
data. Moving 31-year correlations between the AM temperatures and the ice break-up series (Figure 12)
illustrate how the correlation changes with time. Because the correlation is negative we plot the absolute
values, so that higher values mean stronger correlations. The strongest correlations (∼0.9) occur in the 1930s
and they generally weaken back in time, except for the period 1853–61 where the correlations are even
stronger than after 1960. Within this particular interval, the 31-year correlations, all with |R| > 0.8, are based
on 19 to 11 observations by Burman and the complementary 12 to 20 observations are from the SMHI
Haparanda series. As the correlations for these years are equal to that for the entire 1860–1999 period, we
interpret this as strong evidence that Burman’s observations were of good quality.
In the 31-year running correlation time series before 1847 the influence of Portin’s observations increases
successively, and the few correlations plotted before 1817 are solely based on Portin’s data. The drop of
correlations below ∼0.6 before ∼1840, with a minimum of ∼0.4 in the late 1820s, thus occurs when Portin’s
data significantly influence the correlations. We suspect that Portin’s observations were less reliable, although
the weakened correlations before ∼1840 can also, in principle, originate from less good quality in the ice
break-up series. Visual comparison of the year-to-year variability in both time series (Figure 11) reveals a
more erratic behaviour in Portin’s part of the Tornedalen series compared with the Burman data and the
Copyright  2003 Royal Meteorological Society
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a. Apr-May temp: observations (black), ice breakup dates (grey)

(°C)

4
2
0
-2
-4

16
15

(°C)

14
13
12
11
10

b. Jun-Aug temp: observations (black), tree ring series (grey)

9
1700

1750

1800

1850

1900

1950

2000

Year
Figure 11. Seasonal mean temperatures in the Tornedalen series (black) compared with temperatures estimated from proxy data
(grey). (a) Reconstruction of AM temperatures from the Tornio River ice break-up dates (Kajander, 1993). (b) Reconstruction of
JJA temperatures from the Torneträsk tree-ring width record (Grudd et al., 2002). Variability on time scales longer than 10 years is
highlighted using a Gaussian filter

later SMHI data. The low-pass filtered series, however, is less affected. Both curves (the instrumental and ice
break-up) agree well about a markedly cold decade-long period centred around ∼1810. A tentative conclusion
is that Portin’s data are less accurate concerning year-to-year variability, but decadal means are not seriously
affected. Furthermore, the similarity of the low-frequency variability in both series indicates that the ice
break-up series is a useful proxy for late spring temperatures even before the organized observations started,
at least back to 1802.
6.2. Torneträsk tree-ring record
Lake Torneträsk is situated in northernmost Sweden, north of 68 ° N, at 341 m a.s.l. (Figure 1). The 340 km2
large lake drains via the Tornio River into the Gulf of Bothnia at the outlet in Haparanda. A tree-ring width
record obtained from trees sampled near Lake Torneträsk has recently been developed and extended back to
5407 BC by Grudd et al. (2002). Using temperature observations from the Abisko Research Station (located on
the southern shore of the lake), these authors demonstrated that the tree-ring width index series is positively
correlated with monthly mean temperatures in summer during the period of overlapping data for 1913–97.
The main vegetation period in the Torneträsk area is June–August (JJA) and the tree-ring series correlates
positively with the Abisko temperatures in these three months (Grudd et al., 2002). The highest correlation
was found for July (R ≈ 0.6 according to their figure 6), but was substantially smaller for June and August
(R ≈ 0.25–0.3).
The Tornedalen temperature series provides a means of further assessment for more than a century before
the start of the Abisko observations. We use (almost) the same calibration period as for the river ice break-up
Copyright  2003 Royal Meteorological Society
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Number of data points = 197
R = -0.76
R2 = 0.58
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Figure 12. Scatter plots (upper) and 31-year moving correlations (lower) between seasonal mean Tornedalen temperatures and the
Tornio River ice break-up dates (AM temperatures) and the Torneträsk tree-ring width series (JJA temperatures). The correlations
with ice break-up dates are negative, and the absolute values are plotted. The line in the scatter plots indicates the least-squares fitted
regression line

series, 1860–1997, to obtain the linear regression relationship between the tree-ring width index series and
the Tornedalen JJA mean temperatures
TJJA(Tornedalen) = 2.442 × Treering width index + 10.67

(11)

The correlation (R = 0.51) is much weaker than those between the ice break-up series and the AM
temperatures, and only 26% of the Tornedalen JJA temperature variance is explained by the tree-ring series.
For the entire 1802–1997 period, the correlation (Figure 12) is 0.43 (R 2 = 0.18). In agreement with the
results for the ice break-up series, there is again a weaker correlation when the entire Tornedalen series is
used.
We estimated JJA temperatures back to 1690 using Equation (10) and show the resulting series (grey)
in Figure 11, together with the instrumental Tornedalen series (black), including low-pass filtered curves
to highlight the decadal and longer time-scale variability. Visual inspection reveals a fairly good similarity
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between the two series back to around 1870. Before this, some decade-long periods have less similarity.
However, back to the start of the Burman period in 1833, the low-frequency variability in both series is in
general agreement.
In the Portin period, before 1833, there is a marked different behaviour in the two series being compared.
Given the relatively weak overall correlation between the two series, the potential for using the tree-ring
series to check the quality of the Tornedalen series (or vice versa) is markedly lower than for the ice break-up
series. Nevertheless, the erratic behaviour of the Portin data compared with the tree-ring series is a further
suggestion that Portin’s data are less reliable than both Burman’s and the later SMHI data. Running 31-year
correlations (Figure 12) show that correlations have not been stable over the 200 year period. The highest
correlations, reaching nearly 0.6, are seen around 1920. Before 1900 there are two periods with markedly
low 31-year correlations: the late 1870s (down to 0.20) and around 1820 (below 0.10). The drop in the 1870s
may indicate a period with lower quality in the SMHI Haparanda temperature series, but it can equally well
represent natural variability in the strength of the relationship between tree-ring widths and temperatures. The
very low (and insignificant) correlations in the 1820s are interpreted as reflecting that Portin’s measurements
are unreliable in summer.
Finally, we briefly compare the JJA temperatures estimated from the tree-rings with the AM temperatures
estimated from the ice break-up series for the entire period back to the 1690s (Figure 11). Both records agree
that temperatures were, on average, well below the 1961–90 average (the horizontal dotted lines) before 1800
(−1.6 ° C for AM and −0.9 ° C for JJA). The ice break-up series indicates little low-frequency variability of
AM temperatures before 1800, whereas the tree-ring series suggests that JJA temperatures in the 1750s–60s
were warmer than the 1961–90 average. Both proxy series agree with the instrumental Tornedalen series
concerning a warming after the 1810s. The warming in JJA culminated around 1940, whereas it continued to
the end of the 20th century in AM.
7. DISCUSSION AND CONCLUSIONS
We have investigated previously unexplored observational temperature data for the period 1802–62 from
Övertorneå and Kalix in the Tornedalen area (∼66 ° N, ∼24 ° E), in northern Sweden near the border with
Finland. We have combined these early data with the temperature series from the synoptic weather station at
Haparanda, beginning in August 1859, and developed a continuous temperature series with monthly means
for 1802–2002. We refer to this as the Tornedalen temperature series. Owing to statistical evidence of an
error in 1815, we regard this as a year with missing data.
The reconstruction of Tornedalen temperatures before August 1859 involved a three-step procedure. In
the first step we calculated local monthly mean temperatures corresponding to 24 h averages at each of the
observation sites in Kalix and Övertorneå. In the second step we translated these local mean temperatures to
values representative for Haparanda, assuming that recently measured climatological differences between the
old observation sites and the weather station in Haparanda are also representative for the early 19th century.
The third step involved adjustments based on temperature differences between the early observation series
in overlapping periods. We also used independent reference series constructed from other sites in northern
Europe to obtain further statistical information of necessary adjustments to the early Kalix and Övertorneå
data.
There are several uncertainties related to our reconstruction. The modern observations used to determine the
local temperature cycles and the climatological differences between the sites were only undertaken for 3 years.
This period is too short for an accurate estimation of the desired quantities, but a longer series is unfortunately
not available. The old observations from Kalix and Övertorneå can certainly suffer from problems such as
incorrectly calibrated thermometers and poor protection against radiation. Such errors could, in principle, be
corrected for in a statistical sense by the adjustments applied, as these included information from overlapping
observations in the early periods. There is, however, no guarantee that a relationship obtained from an overlap
during one early period also holds in another period when only one series has data. In addition, the necessity
of using additional information from other sites to obtain some adjustments invokes a certain degree of
uncertainty.
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We strived, whenever possible, to use only local information for the reconstruction of the continuous series
back to 1802. This was possible with one exception; it was found to be necessary to adjust the AMJJAS
temperatures from Kalix (1833–56) using information from a reference series constructed from other sites.
A weighted average of temperatures for Oulu, Vardø and Helsinki was used. Oulu (only ∼115 km from
Haparanda and with an annual correlation of 0.92) was given the greatest weight, which ensures that as
much as possible of the local information is retained. Vardø and Helsinki represent sites to the north and
south respectively, to minimize influence from possible north–south gradients in temperature trends. The
reconstructed Tornedalen series is therefore considered to be representative of the regional temperatures close
to Haparanda, but with some uncertainties due to the quality of the early data, the shortness of the overlapping
periods, and the non-local information induced from the reference series used to obtain information about
adjustments.
It is difficult to quantify the uncertainty explicitly in the early observations, e.g. in the form of a confidence
interval. However, statistical homogeneity tests performed back to 1802, using an independent reference
series constructed from data for Uppsala and St Petersburg, show that the Tornedalen temperature series is
consistent with other long temperature series from northern Europe. Our judgement is that the Tornedalen
series is reliable back to November 1832, which is the start of the Kalix part of the series. The earlier data,
originating from Övertorneå, are judged to be of lower quality. In particular, the summer temperatures are less
reliable, and both the average level and year-to-year variability in summer seem to be affected. There is no
indication that pre-1833 winter, spring or autumn temperatures are seriously less reliable, and our judgement
is that temperature trends back to the start of the series are realistic in these seasons.
There are different pieces of evidence for poor quality in summer data before 1833. The temperature
differences for afternoon–morning and afternoon–evening were found to be substantially larger than in
modern observations. This suggests problems with excessive heating due to improper protection against
radiation at noon. Because of this, we decided to omit the noon observations in our estimates of monthly mean
temperatures. However, this may not have solved the problem entirely. If the thermometer was improperly
placed, then errors may also be expected to occur in the morning and/or evening. Errors due to insufficient
protection against radiation are expected to be most serious during the summer months, when the sun is
above the horizon at the times of all three daily observations, whereas in winter this problem should be much
smaller (possibly negligible) because the sun angle is very low, or even below the horizon, at the observation
times. Comparison with a tree-ring proxy record (Grudd et al., 2002) for summer temperatures in the nearby
Torneträsk area shows that the correlation with the Tornedalen JJA temperature series is very weak in the
earliest decades, whereas there is generally a good agreement between the two series for later periods. Another
proxy series for temperatures in this region, a series of observations of the ice break-up dates in the Torne
River (Kajander, 1993), provides independent information of late spring (AM) temperatures. Although there
is some evidence of weaker correlations during the Övertorneå part of the Tornedalen series, the two series
agree very well, at least on a decadal time scale, back to 1802. This suggests that the late spring temperatures
are reliable back to the start of the record. There is no proxy record that allows for a similar test of autumn
temperatures, but, considering that the solar angle is similar in autumn to that in spring this would suggest
that autumn temperatures are also reliable.
A corollary of our study is that the observational series of ice break-up dates in Tornio River (Kajander,
1993) is found to be a very good proxy indicator for late spring temperatures. This ice break-up series explains
67% of the AM Haparanda temperatures for 1860–1999. Comparison with the entire Tornedalen temperature
series indicates that the ice break-up series is reliable at least back to 1802. Furthermore, the ice break-up
series is found to be a substantially better temperature proxy than the tree-ring width series for the Torneträsk
area (Grudd et al., 2002) in terms of temperature variance explained, as the latter series explains only 26%
of the JJA Haparanda temperatures. The tree-ring series, however, has the strong advantage of providing
temperature estimates for a considerably longer time period.
In summary, we judge the Tornedalen series to be reliable back to November 1832. Before this time,
we judge the summer (JJA) temperatures to be less reliable, whereas data for the other seasons seem to be
realistic, at least on decadal time scales. Owing to a much smaller variability in summer compared with
the other seasons, in particular for winter, the summer temperatures contribute least to the annual mean
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temperature variability. Hence, trends in the annual mean temperatures are also judged to be realistic back to
the start of the record.
A warming trend of annual mean temperatures in the Tornedalen series is observed between 1802 and 2000,
at an average rate of 0.099 ° C decade−1 or 1.97 ° C in total. All four seasons show a warming trend throughout
the series. The total warming explained by linear trends was greatest in winter (2.83 ° C), followed by spring
(2.17 ° C), autumn (1.87 ° C) and summer (0.88 ° C). The warming of annual mean temperatures culminated in
the 1930s, after which a cooling trend occurred until the 1970s. Warming then set in again to the end of the
series, and the annual mean temperatures since the late 1980s are at the same level as the 1930s, but not
above. The coldest period in the record occurred around 1810. Warming in winter contributed most to the
rise in annual temperatures during the 19th century, whereas spring contributed most in the 20th century. In
spring, warming has continued to the end of the series, in contrast to winter, which exhibits a non-significant
slight cooling over the 20th century.
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APPENDIX A
Table V contains the homogenized monthly mean temperature series for Tornedalen for the years 1802 to
2002.
Table V. Reconstructed monthly mean temperatures for Tornedalen, 1802–2002

1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812

J

F

M

A

M

J

J

A

S

O

N

D

Y

−15.2
−18.6
−17.0
−9.7
−11.4
−17.9
−8.7
−22.7
−16.9
−10.3
−11.8

−11.7
−12.7
−17.9
−15.9
−9.2
−9.6
−14.7
−17.7
−15.5
−15.5
−9.7

−7.6
−8.4
−10.1
−8.3
−8.6
−10.0
−9.0
−11.7
−11.5
−3.8
−12.6

−0.6
1.3
1.5
−2.9
1.3
−5.5
−4.7
−7.1
−4.1
−5.4
−3.4

2.4
9.6
6.7
3.8
6.5
2.8
6.3
3.7
0.6
3.7
3.9

13.0
13.6
11.2
10.6
11.4
13.3
16.5
13.1
11.9
12.5
10.1

13.3
16.0
17.5
14.5
13.3
16.4
16.4
14.9
12.8
15.1
14.3

10.8
15.5
13.0
14.0
16.0
14.2
13.4
14.2
13.0
10.6
12.3

6.9
7.8
9.3
8.3
10.2
6.5
7.5
8.2
6.3
7.0
5.6

2.7
3.6
3.2
−4.4
0.6
−2.2
7.5
1.9
−0.4
−1.0
0.8

−8.9
−5.0
−5.5
−10.8
−8.4
−9.2
−4.1
−8.2
−11.6
−6.5
−11.5

−17.7
−15.9
−15.4
−15.0
−10.1
−12.1
−15.8
−1.2
−14.1
−14.0
−18.4

−1.1
0.6
−0.3
−1.3
1.0
−1.1
0.9
−1.1
−2.5
−0.6
−1.7

(continued overleaf )
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Table V. (Continued )

1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863

J

F

M

A

M

J

J

A

S

O

N

D

Y

−11.3
−22.7

−11.6
−9.5

−5.6
−10.3

0.7
0.3

3.6
4.2

10.9
13.2

17.2
17.2

12.9
12.9

9.8
8.1

−2.4
1.2

−2.5
−6.9

−13.4
−17.2

0.7
−0.8

−11.6
−9.5
−10.2
−7.4
−21.3
−14.6
−13.7
−18.0
−12.5
−8.6
−11.3
−14.0
−14.7
−12.2
−12.5
−18.7
−8.4
−5.8
−18.6
−11.8
−15.4
−14.4
−16.5
−12.0
−14.3
−17.2
−8.0
−5.2
−8.6
−6.0
−13.6
−10.3
−8.3
−19.9
−17.7
−9.6
−16.3
−9.0
−12.7
−13.5
−16.8
−18.7
−7.6
−8.7
−12.8
−15.2
−18.7
−7.4

−22.3
−15.1
−17.3
−11.7
−11.7
−10.8
−3.7
−12.5
−6.9
−10.3
−5.7
−12.4
−13.3
−17.6
−11.0
−12.1
−1.6
−12.7
−8.7
−10.9
−14.1
−4.5
−19.3
−11.3
−6.2
−12.6
−3.9
−11.8
−19.0
−17.8
−17.2
−16.4
−8.8
−9.5
−12.0
−10.1
−12.3
−13.7
−12.2
−18.2
−13.9
−8.6
−10.1
−7.6
−14.7
−11.6
−17.7
−4.9

−13.1
−11.5
−10.5
−8.8
−8.3
−6.9
−0.9
−2.9
−5.1
−5.6
−1.4
−7.1
−9.5
−13.0
−5.2
−11.8
−3.1
−11.3
−7.2
−7.6
−6.2
−11.8
−10.5
−14.4
−5.9
−6.1
−7.0
−10.6
−8.5
−11.0
−4.4
−6.0
−4.4
−9.0
−11.4
−10.5
−5.0
−14.6
−3.2
−8.9
−9.7
−6.1
−6.5
−8.0
−6.6
−4.6
−12.8
−6.5

−2.1
−1.9
−4.4
−2.6
−1.8
−0.6
1.9
−0.4
−1.3
0.7
−1.3
0.4
−2.7
−5.5
−2.1
−0.6
1.8
−2.8
−0.1
−1.9
1.3
−3.7
−3.6
−4.1
−0.4
0.4
−1.8
−5.4
1.5
−4.2
−0.7
−5.6
−0.1
−2.4
−0.9
−0.5
−3.6
−4.3
−1.5
−0.8
−1.8
−1.9
−1.3
−2.9
−1.2
−2.1
−1.3
−1.4

1.1
6.4
−0.5
5.0
5.0
5.8
6.7
6.2
4.3
4.8
8.0
7.2
7.9
5.9
3.4
5.6
4.5
5.9
5.0
2.6
4.4
5.0
5.4
6.9
4.1
6.4
5.9
3.7
7.3
3.7
3.2
2.8
5.1
4.1
4.9
4.2
6.0
5.7
6.2
4.9
2.6
5.2
7.9
6.7
3.9
2.7
4.1
3.2

11.4
10.8
11.6
14.3
14.4
8.3
11.1
11.8
12.7
12.6
15.0
14.9
12.8
12.5
11.7
14.9
13.1
11.5
9.3
11.7
9.5
9.4
9.6
10.9
11.8
12.1
11.5
9.9
11.5
11.0
11.7
14.0
10.3
10.1
10.6
11.6
14.0
14.3
13.7
13.2
10.4
10.9
14.5
12.9
13.4
13.3
11.5
13.3

15.4
16.4
18.7
17.1
14.7
12.6
14.5
15.4
14.5
13.7
18.8
13.7
13.9
16.0
14.6
16.1
12.7
14.8
15.7
14.2
14.7
12.7
14.3
15.3
13.7
13.2
13.9
15.5
14.4
15.3
14.2
14.8
12.5
14.2
14.8
14.9
16.6
16.7
16.3
17.8
14.0
14.2
18.8
14.4
15.4
18.5
12.9
12.9

12.1
12.6
9.9
13.8
12.5
11.3
15.1
12.7
11.7
13.2
15.4
11.3
12.2
11.0
11.3
13.7
9.9
10.1
15.1
11.8
11.2
12.2
12.0
12.6
14.5
13.9
15.4
16.5
16.1
15.1
16.7
15.6
13.0
13.7
13.6
12.3
14.1
11.7
15.7
12.3
10.3
14.6
13.9
12.1
14.0
15.4
10.2
11.5

9.0
7.7
8.2
9.7
9.0
7.8
8.4
6.2
8.9
6.6
7.7
10.0
4.7
9.1
7.1
7.0
5.2
8.5
7.0
9.7
3.7
7.7
8.7
7.6
7.1
6.8
6.5
8.6
8.8
8.4
8.0
9.9
8.2
7.2
7.7
9.2
9.2
9.1
6.8
6.5
6.5
5.2
8.1
8.9
7.4
6.8
7.3
9.8

0.6
−0.6
3.1
0.6
0.7
5.9
1.7
2.5
−1.4
4.3
4.9
−0.4
2.9
0.7
1.2
1.6
4.4
5.9
0.3
4.8
0.7
2.2
0.5
6.3
0.5
−1.0
0.0
−1.9
2.5
0.0
5.8
2.4
0.5
−0.1
1.6
4.0
−3.0
1.3
1.9
−0.5
0.9
1.1
1.1
−0.2
1.2
3.9
2.6
3.3

−5.1
−6.9
−2.5
−10.9
−7.8
−8.5
−8.7
−7.9
−7.9
−2.5
−2.3
−7.0
−5.6
−7.0
−2.0
−3.2
−3.3
−2.6
−10.4
−8.8
−6.7
−0.2
−9.2
−3.8
−5.3
−7.8
−12.1
−4.8
−6.8
−1.3
−2.0
0.8
−9.9
−5.9
−7.0
−4.7
−10.4
0.5
−5.8
−5.5
−11.2
−4.8
−9.3
−3.8
−3.4
−7.5
−0.5
−3.5

−9.2
−19.6
−4.0
−14.8
−14.9
−10.3
−5.8
−9.7
−12.4
−6.4
−6.9
−4.1
−9.0
−7.7
−12.6
−10.9
−5.0
−12.4
−10.3
−20.1
−9.2
−7.6
−9.0
−11.6
−10.6
−5.3
−6.0
−7.1
−10.5
−8.4
−10.9
−4.0
−11.3
−11.7
−9.5
−5.8
−12.2
−7.7
−6.8
−15.9
−16.5
−8.2
−10.7
−8.4
−14.8
−5.2
−9.1
−9.6

−1.2
−0.9
0.2
0.4
−0.8
0.0
2.2
0.3
0.4
1.9
3.4
1.0
0.0
−0.7
0.3
0.1
2.5
0.8
−0.2
−0.5
−0.5
0.6
−1.5
0.2
0.8
0.2
1.2
0.6
0.7
0.4
0.9
1.5
0.6
−0.8
−0.4
1.3
−0.2
0.8
1.5
−0.7
−2.1
0.2
1.6
1.3
0.1
1.2
−1.0
1.7
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Table V. (Continued )

1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913

J

F

M

A

M

J

J

A

S

O

N

D

Y

−9.5
−11.1
−8.7
−19.9
−14.3
−9.1
−10.8
−13.7
−7.5
−9.8
−4.6
−18.6
−11.0
−14.0
−9.1
−8.9
−8.8
−14.9
−5.3
−11.3
−9.7
−13.3
−15.8
−4.3
−13.1
−8.2
−7.0
−12.0
−16.0
−17.0
−8.1
−14.6
−9.4
−10.8
−6.4
−14.1
−11.9
−6.8
−15.1
−12.2
−4.2
−11.7
−6.9
−14.0
−10.4
−5.4
−10.1
−8.1
−14.9
−12.1

−11.4
−16.2
−16.3
−10.6
−14.0
−8.7
−12.3
−24.3
−7.5
−11.9
−6.6
−9.9
−13.0
−14.9
−8.2
−14.0
−8.0
−18.9
−8.3
−8.3
−9.1
−7.4
−10.7
−3.6
−16.0
−14.8
−6.7
−4.1
−15.0
−21.4
−7.9
−16.1
−6.8
−12.4
−13.4
−15.0
−19.1
−17.8
−13.7
−7.6
−14.7
−10.3
−8.2
−6.5
−10.6
−12.0
−4.5
−12.9
−17.9
−10.0

−9.6
−12.1
−14.4
−10.8
−4.5
−7.5
−9.0
−3.1
−7.8
−8.2
−7.1
−8.0
−7.9
−12.2
−6.8
−9.2
−6.5
−12.7
−6.1
−7.2
−5.2
−7.4
−7.4
−5.7
−14.7
−11.0
−3.7
−8.9
−6.8
−11.4
−4.5
−10.3
−5.4
−11.3
−9.7
−13.2
−9.2
−7.6
−12.1
−3.0
−9.6
−5.7
−10.6
−3.9
−8.3
−7.7
−4.9
−4.7
−5.5
−6.8

−2.5
−0.8
−1.4
−6.9
−1.6
−1.1
−0.2
−4.5
−0.8
−3.6
−0.8
−3.1
−3.4
−5.3
0.0
−1.9
−1.4
−4.4
−1.8
0.7
−2.7
−1.4
−0.1
−1.0
−5.3
−1.1
−0.6
−1.3
−3.2
−1.6
1.0
−1.1
−1.0
1.1
−1.9
−2.5
−3.0
−0.6
−4.6
−0.2
−0.1
−3.5
0.7
0.4
0.7
−4.1
−0.2
−1.5
−2.8
0.0

2.2
3.7
2.3
−0.8
6.0
3.5
4.3
3.4
4.6
3.1
2.9
6.1
1.8
2.1
5.3
4.2
4.1
2.1
5.1
6.4
2.8
2.3
4.1
6.2
3.3
7.0
6.8
4.4
3.3
3.2
6.8
6.8
5.3
9.2
4.6
2.4
2.6
4.4
3.0
5.1
3.8
5.3
5.9
3.8
4.2
2.2
5.4
5.7
5.2
5.6

10.5
10.4
11.1
7.9
12.0
11.8
13.1
9.5
14.2
12.6
9.3
11.0
13.6
9.0
12.9
10.4
9.9
10.0
10.7
15.3
11.6
8.8
12.4
11.7
10.0
14.1
12.8
9.3
10.0
11.3
16.9
13.5
12.5
11.7
12.5
11.6
12.0
14.4
9.0
11.2
10.9
13.8
12.9
12.9
9.6
11.5
10.8
9.7
12.6
11.4

16.0
16.1
12.5
14.3
14.9
14.9
15.9
15.6
16.1
16.2
13.8
15.3
15.7
15.1
12.9
15.4
13.3
13.2
14.1
15.0
15.2
14.6
16.9
14.3
14.3
13.8
14.0
15.7
13.4
14.1
15.9
14.6
18.5
15.8
15.4
17.1
11.5
17.9
11.8
12.8
13.0
15.3
16.4
13.8
14.2
15.2
13.8
13.8
15.0
17.3

10.3
11.5
14.8
12.8
15.3
12.0
12.3
12.7
12.3
13.6
12.1
11.5
12.9
10.6
12.4
15.2
14.3
13.3
16.1
12.8
12.0
12.2
14.6
12.9
12.6
13.2
13.7
12.3
11.8
11.8
14.3
13.3
13.0
12.9
12.7
10.2
12.4
14.0
11.9
13.1
12.4
12.8
11.1
11.1
14.0
12.4
11.8
14.1
13.4
13.6

7.0
7.5
10.5
7.0
6.8
8.3
9.2
5.7
4.9
10.0
8.1
6.1
8.6
4.7
9.1
10.0
9.1
7.1
9.3
6.8
9.7
5.9
7.2
9.5
7.5
8.0
9.7
6.9
8.0
5.2
5.0
7.6
8.2
9.0
8.2
8.7
5.7
9.2
5.9
8.0
8.3
7.4
7.0
6.8
6.9
8.7
7.6
8.3
6.7
8.2

−4.5
−1.4
2.9
3.0
2.0
−1.1
−0.2
2.2
3.5
1.7
5.6
−0.8
1.2
0.0
4.4
1.1
−4.5
1.0
2.9
1.6
4.2
−1.2
3.6
−0.9
−1.0
4.1
0.3
2.4
0.0
3.5
−1.4
1.6
1.8
4.0
1.8
1.2
2.5
6.0
−2.1
−1.8
4.1
−0.6
2.5
3.4
4.1
5.0
0.4
0.1
−0.6
0.0

−12.3
−3.3
−7.8
−10.8
−5.0
−4.7
−6.8
−8.7
−2.9
−4.2
−6.7
−8.6
−6.8
0.5
−4.0
−10.6
−9.4
−3.4
−10.5
1.0
−3.5
−6.8
−0.5
−5.7
−8.9
0.6
−6.0
−4.6
−0.7
−6.4
−2.7
−3.0
−6.2
−3.2
−4.0
−3.5
−2.1
−7.6
−4.7
−3.3
−7.3
−3.6
−4.6
−0.2
−7.2
−8.0
−4.6
−3.6
−4.0
−1.6

−6.6
−5.1
−13.5
−17.3
−12.3
−6.5
−14.4
−14.5
−11.6
−9.9
−14.8
−13.6
−18.8
−1.5
−9.1
−8.1
−14.0
−6.7
−12.8
−5.1
−11.3
−10.8
−8.7
−15.4
−8.3
−3.4
−6.4
−7.2
−12.0
−5.9
−6.5
−4.8
−10.1
−8.7
−13.5
−9.3
−13.5
−13.8
−7.9
−4.9
−13.8
−6.7
−7.0
−11.3
−5.6
−8.2
−8.2
−3.7
−7.6
−9.9

−0.9
−0.1
−0.7
−2.7
0.4
1.0
0.1
−1.6
1.5
0.8
0.9
−1.1
−0.6
−0.5
1.7
0.3
−0.2
−1.2
1.1
2.3
1.2
−0.4
1.3
1.5
−1.6
1.9
2.2
1.1
−0.6
−1.2
2.4
0.6
1.7
1.4
0.5
−0.5
−1.0
1.0
−1.6
1.4
0.2
1.0
1.6
1.4
1.0
0.8
1.4
1.4
0.0
1.3

(continued overleaf )
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Table V. (Continued )

1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963

J

F

M

A

M

J

J

A

S

O

N

D

Y

−11.3
−12.9
−9.3
−14.5
−15.9
−8.7
−12.1
−12.1
−13.2
−6.2
−8.9
−2.3
−13.5
−12.6
−9.3
−10.6
−3.3
−11.8
−4.6
−6.7
−3.1
−8.2
−10.5
−6.0
−7.7
−9.2
−16.2
−14.8
−17.0
−12.9
−7.9
−12.5
−7.1
−8.5
−14.4
−5.9
−16.5
−15.1
−8.2
−10.6
−8.6
−12.9
−13.5
−7.0
−15.3
−12.5
−14.2
−9.3
−11.1
−13.7

−9.6
−10.2
−7.9
−14.5
−9.5
−16.2
−7.4
−11.1
−12.8
−13.1
−13.7
−6.5
−14.5
−9.9
−10.5
−15.0
−8.2
−10.8
−8.4
−12.7
−8.8
−9.5
−17.6
−13.3
−3.9
−6.4
−14.2
−11.3
−14.2
−4.9
−7.2
−7.4
−13.6
−18.0
−10.0
−4.5
−10.7
−10.0
−6.4
−14.1
−15.2
−15.7
−16.2
−8.6
−13.2
−5.3
−13.3
−5.9
−9.3
−13.3

−6.9
−11.7
−9.9
−13.1
−5.2
−7.8
−1.6
−3.4
−7.7
−5.4
−8.8
−9.8
−5.7
−6.2
−5.2
−4.4
−5.7
−8.0
−6.1
−8.5
−5.4
−6.9
−9.6
−6.7
−4.0
−5.8
−12.7
−9.6
−11.4
−3.5
−6.4
−7.5
−9.2
−14.0
−4.3
−6.7
−5.8
−8.1
−9.4
−4.0
−3.7
−8.7
−9.6
−9.5
−9.3
−2.1
−6.7
−3.6
−14.5
−11.5

0.5
−1.7
−0.9
−2.8
−1.0
−1.8
0.3
2.7
−1.2
−3.0
−1.9
0.3
−1.8
−0.9
−0.6
−3.9
0.2
−0.4
0.3
−1.6
−2.1
−0.9
−0.8
1.3
0.1
−1.6
−1.9
−2.9
−0.3
0.3
−3.4
0.9
0.0
−0.8
1.3
−0.3
1.5
0.3
−0.1
0.6
−1.3
−3.9
−4.4
−1.5
−2.9
−1.3
−0.7
−2.4
1.2
0.1

4.6
3.4
3.8
2.7
4.0
6.3
6.7
7.0
5.4
3.5
4.4
5.7
4.8
4.8
6.0
4.9
8.1
6.3
4.9
5.1
6.9
3.1
8.1
8.7
5.6
5.4
7.4
4.7
4.2
5.9
4.0
5.7
6.0
6.3
7.2
6.5
6.7
3.6
4.8
5.6
8.5
3.3
4.7
4.4
4.1
6.6
9.8
5.6
6.1
8.3

11.4
9.7
11.3
12.2
11.4
13.8
11.8
12.2
13.7
8.6
9.9
12.6
11.4
12.0
10.0
12.2
13.5
8.7
10.5
13.8
12.1
12.1
16.1
14.0
12.8
11.9
12.8
11.3
11.3
13.7
11.0
12.1
12.4
14.2
11.9
11.4
13.3
10.3
11.7
17.1
10.3
9.8
12.4
10.1
12.1
12.2
14.1
14.2
10.8
11.6

17.2
17.5
18.1
13.7
16.1
17.6
15.6
13.3
15.7
14.5
17.1
19.6
15.4
19.5
12.9
13.5
17.8
16.6
16.7
16.4
18.0
15.8
16.0
18.5
18.5
16.4
15.3
19.2
16.0
15.6
15.9
17.4
17.3
17.2
16.2
14.0
15.7
13.1
14.6
15.0
16.1
15.9
15.0
18.3
13.7
15.5
18.3
17.2
13.3
14.2

11.5
12.3
11.2
16.2
11.2
11.9
13.3
13.7
12.5
11.1
15.7
13.6
14.6
15.0
13.2
12.6
15.2
13.6
13.9
13.2
15.3
12.5
14.6
17.2
15.8
16.8
13.4
13.4
13.7
13.1
13.4
15.9
14.2
13.5
11.3
12.5
15.6
16.0
11.4
13.1
13.9
14.8
11.4
14.3
14.3
14.2
14.8
13.4
11.4
14.4

7.7
6.2
6.3
7.7
7.6
8.5
10.5
7.8
9.2
8.4
10.3
8.1
7.4
6.9
7.8
8.3
5.6
5.3
7.9
7.8
12.0
6.7
7.9
8.1
10.1
7.3
9.3
7.1
8.2
8.9
8.7
7.0
10.1
10.2
8.6
10.6
8.8
9.3
6.4
7.0
9.4
10.2
7.6
8.0
8.7
6.8
8.5
8.7
7.4
10.8

1.1
0.6
−1.3
3.9
3.9
0.6
1.2
0.1
0.5
1.9
5.3
0.8
−1.1
−1.1
0.3
3.0
2.4
1.9
0.0
2.5
3.4
2.6
0.3
4.7
5.2
0.6
3.7
−1.2
1.9
3.1
5.3
−1.4
1.5
2.1
1.9
2.0
4.8
6.0
−1.4
4.5
0.9
1.0
0.7
2.8
3.2
2.2
−2.4
7.9
4.0
3.3

−3.9
−8.2
−1.2
−4.7
1.0
−7.0
−0.2
−9.4
−4.7
−3.9
−2.7
−7.6
−2.6
−9.8
−5.1
0.7
−3.5
0.4
−1.3
−6.2
−1.7
0.5
−0.3
−1.3
1.5
−0.5
−4.2
−5.0
−3.1
−0.4
−0.8
−3.9
−3.5
−5.3
−2.5
0.0
−2.7
−5.2
−5.2
0.0
−3.8
−7.6
−10.3
−2.2
1.2
−3.2
−5.0
0.2
−1.3
−4.5

−5.2
−19.2
−7.4
−8.8
−7.4
−11.8
−5.9
−8.5
−11.4
−8.4
−4.3
−11.6
−10.8
−9.9
−7.5
0.1
−7.2
−6.1
−1.0
−7.7
−4.5
−4.1
−1.0
−8.5
−2.7
−9.0
−9.7
−15.1
−8.3
−3.5
−2.1
−12.2
−1.8
−8.8
−3.2
−6.0
−6.3
−5.8
−9.9
−1.6
−2.3
−17.5
−8.6
−9.1
−12.9
−8.8
−6.5
−10.4
−12.2
−7.9

1.4
−1.2
1.1
−0.2
1.4
0.5
2.7
1.0
0.5
0.7
1.9
1.9
0.3
0.7
1.0
1.8
2.9
1.3
2.7
1.3
3.5
2.0
1.9
3.1
4.3
2.2
0.3
−0.4
0.1
3.0
2.5
1.2
2.2
0.7
2.0
2.8
2.0
1.2
0.7
2.7
2.0
−0.9
−0.9
1.7
0.3
2.0
1.4
3.0
0.5
1.0
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Table V. (Continued )

1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002

J

F

M

A

M

J

J

A

S

O

N

D

Y

−4.5
−10.1
−19.0
−18.4
−18.5
−13.2
−11.6
−8.9
−10.5
−4.5
−6.4
−7.6
−15.6
−10.0
−10.9
−15.9
−13.3
−10.0
−16.5
−7.7
−12.7
−20.2
−15.8
−19.4
−8.7
−5.6
−12.7
−8.8
−5.4
−6.9
−13.9
−6.9
−6.7
−8.9
−8.1
−13.1
−8.2
−5.6
−11.1

−12.4
−10.1
−20.9
−7.6
−15.2
−17.0
−18.0
−11.5
−10.1
−8.6
−5.9
−5.2
−9.0
−13.3
−16.0
−13.3
−15.1
−12.7
−7.6
−10.9
−6.2
−21.2
−12.9
−13.2
−9.7
−6.1
−1.4
−14.3
−4.5
−6.7
−16.2
−6.2
−12.8
−8.3
−12.6
−10.9
−7.6
−12.2
−6.0

−8.4
−8.2
−11.9
−2.3
−5.7
−10.1
−5.0
−11.3
−5.6
−4.8
−4.6
−2.1
−8.9
−5.0
−5.9
−4.4
−9.3
−12.4
−3.2
−5.6
−9.1
−7.0
−2.6
−9.1
−5.6
−1.4
−3.7
−6.3
−1.7
−4.1
−6.8
−2.4
−5.7
−3.8
−7.9
−5.2
−4.8
−8.3
−5.8

−1.2
−1.0
−3.2
0.0
−0.2
−1.2
−2.5
−2.2
0.3
0.0
0.8
0.0
−0.6
−1.9
−1.5
−1.3
1.6
−0.1
0.3
2.1
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Holopainen J, Vesajoki H. 2001. Varhainen lämpötilahavaintosarja Torniosta vuosilta 1737–1749. Terra 113: 196–201.
Jones PD, Lister DH. 2002. The daily temperature record for St. Petersburg (1743–1996). Climatic Change 53: 253–267.
Jones PD, Moberg A. 2003. Hemispheric and large-scale surface air temperature variations: An extensive revision and an update to
2001. Journal of Climate 16: 206–223.
Kajander J. 1993. Methodological aspects on river cryophenology exemplified by a tricentennial break-up time series from Tornio.
Geophysica 29(1–2): 73–95.
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Paper 2
Ämnesomsättningen och därmed äfven storleken
af en glacier kan, såsom redan antydt, anses vara
beroende af trenne följande faktorer
1) det årliga snööfverskottet i ackumulationsområdet,
2) glacierens rörelse,
3) afsmältningen inom afsmältningsområdet.
Så snart dessa tre faktorers belopp år efter år bibehålla sig konstant, så befinner sig glacieren i ett
tillstånd af jämnvikt till klimatet och behåller i så
fall år efter år sin storlek oförändrad. Då glaciererna
i Sarjektrakten under de år jag arbetat däruppe
knappt märkbart ändrat sin storlek, så torde de
befinna sig i ett sådant jämnviktstillstånd
Axel Hamberg
1901
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Abstract
Pårteglaciären in northern Sweden has a response time of ~200 years. As the glacier is believed
to be representative of Arctic glaciers caution must be considered interpreting short term
glacier size records. Glaciers in the dry Subarctic and in the High Arctic are still generally
retreating as a consequence of early 20 century warming and not due to recent climate
changes. Pårteglaciären is a polythermal valley glacier presently covering an area of 10 km
and will reduce its size another 6070% if the present climate persists and will then only have
~30% of its Little Ice Age maximum volume left. Future global warming will of course
enhance melt rates and the relative size and volume reduction will probably be even larger.
Photogrametric studies show a general thinning of the entire glacier except for the center one
of the three cirques in the accumulation area, which seems to have a surface elevation in
balance with present climate. Balanced flow studies performed using GPS and Ground
Penetrating Radar at the outlet of the cirques gave negative values for two cirques and a
positive value for the center cirque. The future Pårteglaciären will split up in three small
glaciers and only the center one will reach outside its cirque.
th
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Introduction

As a response to climate warming we expect glaciers
to become smaller. Temperature changes are
powerful controls on glacier extent, and data on
glacier fluctuation are therefore often referred to
as a good proxy for climate change. Small changes
in any climate parameter may cause significant
changes in the mass balance of a glacier and the
time for a glacier to adjust between two steady
state positions can be estimated. Calculations based
on kinematic wave theory shows response times
in the range of 1070 years for valley glaciers
(Folland et al., 2001). Having no information on
the state of the mass balance of a specific glacier,
the estimated response time reflects the time
resolution in the data on glacier front changes. A
retreating glacier tells us that its mass balance was
reduced due to climate recently, or some time in
the past. The significant climate warming at the
termination of the Little Ice Age caused glacier
retreat in northern Scandinavia starting around 1910
(Holmlund, 1993). At the beginning of the 21st

century many glaciers in Sweden have adapted their
sizes to the warm 20th century climate but many
glaciers are still responding to the warming which
started approximately 100 years ago. There are at
least two reasons for the fact that many glaciers are
still responding to the warming that at the termination
of the Little Ice Age. First, the theory on which
calculations of response time is based assumes small
changes in mass balance. Second, calculations have
no control on the actual energy balance.
In dry environments glaciers form a gently sloping
longitudinal surface profile. Such glaciers are
extremely sensitive to changes in equilibrium line
altitude changes. A one-degree warming may reduce
accumulation area ratio from a norm of 5060% to
1020% causing a dramatic change in glacier extent.
A glacier may lose more than half its size and the
topographic influence on ice flow regime will get
considerably stronger. Continentally located glaciers
have a low rate of mass turn over and surface ice
velocities are low, especially in cold environments. If
mass balance on such a glacier is reduced to be
1
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significantly negative it may still take hundreds of
years to remove the ice volume, which cannot be
supported by the accumulation area. Due to high melt
rates this process is quicker in maritime areas.
In the continental parts of the Swedish mountains
many glaciers are retreating as most glaciers in the
Arctic. In this paper we discuss the climatic significance of these retreat records from dry climate environments with respect to a study of Pårteglaciären in
northern Sweden. In the following sections we closely
examine changes in mass and size, and relate this
to the climate. In 1965 the glacier was included in the
Tarfala Research Station glacier front monitoring
programme (Schytt, 1968) and we use these measurements to evaluate the retreat since the 1960s. The
annual mass balance was measured over the period
1997 to 2002 using a method with traditional manual
snow probing and stake measurements. For longterm changes in mass and size we used photogrammetric methods to calculate the changes between
digital elevation models. An analysis of the balance
velocity and responce time is also undertaken in
order to examine the dynamics of the glacier. To
calculate the balance velocity we used and analysed
the ice depth from multi frequency radar measurements using monopulsed radar techniques. Ice
velocity measurements were also performed in order
to support the balance velocity analysis. Through
qualitative arguments and quantitative measures we
give an estimate of the repsonce time for the glacier
by using, the present mass balance measurements,
long-term volume and size changes and ice depths.
Background

Pårteglaciären
Pårteglaciären (678 10N, 178 40E; figure 1 and 2)
is a polythermal valley glacier located in the Pårte
massif in the southernmost part of the Sarek
National Park, northern Sweden. The glacier covers
10 km2 and is 5.4 km long with a vertical extension
from 1090 to 1760 m a.s.l. The accumulation area
is divided into four cirques. The three largest cirques
are oriented towards east and the southermost
cirque is oriented to NE. Hamberg (1901a, 1901b,
1910) was the first to document and photograph
the glacier (figure 2).

Climate variations
The preindustrial climate variations during the past
millenia show predominatly warm periods during
the ~1114th century (Medieval Warm Period) and
cold periods during ~1719th century (Little Ice Age)
(Lamb, 1985; Grove 1988). Karlén and Denton
(1975) showed, using lichenometric measurements
2
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that many Swedish glaciers reached their maximum
extent or were close to their Holocene maximum
during the Little Ice Age. The temperature in northern
part of Sweden was cold during the first part of the
19th century (Klingbjer and Moberg, 2003). Based
on Hambergs (1910) ice velocity measurements at
Mikkaglaciären, which is located ~28 km north of
Pårteglaciären, Holmlund (1986) calculated the iceflux and net balance gradient of Mikkaglaciären
in the year 1900 and since temperatures were still
low during the 19th century, Holmlund concluded
that the glacier probably became thinner and
smaller because of low precipitation. At the end
of the 19th century climate in northern Scandinavia
became more maritime (Wallén, 1986) and glaciers
began to expand. The transition from the Little Ice
Age to the 20th century warming was associated with
glacier retreats. The glaciers located in more continental
climates in Scandinavia, like Pårteglaciären, started
the retreat one or two decades later than the glaciers
in more maritime climates (Holmlund, 1993). The
reason for this delayed response is due to mass replacements and has nothing to do with the current climate.
The period from 1910 to 1930 was characterized by
a temperature increase, after which a strong cooling
trend occurred until the 1970s. Warming then set
in again. The precipitation in the area around Pårteglaciären has increased slowly since the end of the
19th century until the mid 1980s when it increased
significantly.
It is expected that the global mean temperature
will continue to increase in the 21st century as a
response essentially to increased anthropogenic
emissions of greenhouse gases, and that the warming
will be largest at high latitudes in the Northern
Hemisphere (Cubasch et al., 2001). This temperature increase must be taken into consideration when
discussing future behavior of the glaciers in the
Arctic and Subarctic.

The thinning and retreat of Pårteglaciären
Figure 2. Pårteglaciären photographed by (a)
Axel Hamberg in Sept. 4, 1901 (reproduced
from Hamberg, 1908) and (b) by Per Klingbjer
in Aug. 21, 2000.

(a)

(b)

Mass balance measurements

Mass balance was measured over the period 1997
to 2002 using a method with traditional manual
snow probing and stake measurements as described
by Østrem and Brugman (1991) and Holmlund
and Jansson (1999). Approximately 100 to 150
snow depth probing profiles on the glacier determine
the winter balance on Pårteglaciären. The locations
of the profiles, exemplified by the 1996/97 measurements are shown in figure 3a. The ablation stakes
were placed along a longitudinal profile (figure 3a)
to establish an ablation gradient. The summer
balance is determined in early September by stake
readings. During the stake readings in September
2000, ten ablation stakes were mapped and these
have been used to evaluate the net mass balance
and the net balance gradient for the years 2001 and
2002. The annual mass balance is converted to water
equivalent (w. eq) using density measurements made
in snowpits during the snow depth probing.
The net mass balance for Pårteglaciären was
negative all years from 1997 to 2002 (table 1) and
it has a strong correlation with the mean summer
temperature for JuneAug. (figure 4a). The regression
relationship obtained is bn520.293TJJA12.89. The
correlation coefficient is 0.93 (R250.86), i.e. 86%

of the variance in the net mass balance is explained
by the JJA mean temperature. The correlation is
substantially less with the precipitation (figure 4b)
(R250.35), which was expected in dry local climate.
The mean net balance gradient, defined as the
net mass balance as a function of altitude (Meier,
1961; Shumskii, 1964) between 1997 and 2002 for
Pårteglaciären was calculated, using linear regression
between net balance and altitude, to 0.34m/100m
(figure 5, table 1). Low gradients are associated with
continental climate and low mass turn over. High
gradients are associated with high mass turn over
and a maritime type of climate. Pårteglaciären has
values between 0.25 and 0.47 (table 1), which indicate a low gradient (Haefeli, 1962).
The accumulationarea ratio (AAR) is a good
proxy data for net mass balance. AAR is defined
as the size of the accumulation area at the end of
the melt season in relation to the total area of the
glacier, expressed in percentage (Meier, 1961). The
relation between net balance and accumulation
area ratio has been found to be almost linear on
glaciers (Meier and Post, 1962), though the relation
has to be empirically determined. The accumulation
area ratio (table 1) has been evaluated from maps
and oblique aerial photos taken from a helicopter
3
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Figure 3. (a) Map of surface topography of Pårteglaciären in 1992. Contour interval 20 m. The map shows snow
depth probing profiles (thin line) and ablation stake positions (marked with x) for the mass balance year 1996/97.
The map also shows the cross-section profiles (thick line) and ice velocity stake positions (marked with D) close to
the 1500 m contour line. (b) Netloss of ice (m) between 19631992 at Pårteglaciären. The black area on the glacier
represents a minor decrease in elevation or no change at all. The outermost contour line is the extent of the glacier
in 1963 and the inner contour is the extent in 1992. The white area between the contour lines represents the retreat
of the glacier.

at the end of the melt season. The accumulation
area ratio for the years 2000 and 2002 was determined
2 to 3 weeks earlier than during 1997 to 1999 and
2001, and the accumulationarea ratio is therefore
probably overestimated.
The combination of low accumulationarea
ratio and the negative mass balance observed at
Pårteglaciären coincide with other observations on
local continental located glaciers in Scandinavia
(c.f. Klingbjer, 2002 and Kjøllmoen 2001). In contrast,
maritime located glaciers have been growing over
the same period. For example, Engabreen on the
Norwegian coast (150 km west of Pårteglaciären)
have had a positive mass balance. The main reason
for this difference in local climate is that the climate
in the Scandinavian mountains is strongly affected

by weather systems from, NW, W and SW, which
indicate the influence of the west wind zone. This
situation creates a strong climatologically gradient
(Enquist, 1916). Since the mass balance measurement
started by Norwegian Water Resources and Energy
Directorate in 1969, Engabreen has increased its
mass by 22 m w.eq. More than half of this increase
has been accumulated since 1988 (Kjøllmoen, 1998).
The large increase of precipitation in western
Norway is probably due to a strong positive phase
of the North Atlantic Oscillation (Folland et al.,
2001). The last two years net mass balance on
Engabreen has been negative. This is because of
extremely low winter balance in 2001 (lowest since
the start of the record in 1970) and a extremely
hot summer in 2002 (Kjøllmoen, pers com).
(b)
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Figure 4. Correlation between (a) summer temperature (JJA), (b) winter precipitation (ONDJFMA) in Kvikkjokk
and net mass balance (m w.eq.) at Pårteglaciären for 19972002.
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Table 1. Annual measurements of net mass balance, bn (m w.eq.), Equilibrium line altitude, ELA (m a.s.l.) and
accumulation area ratio, AAR (%) between 1989/1990 and 2001/2002. Calculated net balance gradient,
nbg (m/100m) at Pårteglaciären between 1996/1997 and 2001/2002

Year

bn
(m w.eq.)

1989/1990
1990/1991
1991/1992
1992/1993
1993/1994
1994/1995
1995/1996
1996/1997
1997/1998
1998/1999
1999/2000
2000/2001
2001/2002

ELA
(m a.s.l.)

AAR
(%)

No. data- nbg
points (m/100m)

R2

42
48
52
9
30
0.87
0.48
20.39
20.60
20.91
21.51

1714
1575
1507
1506
1742
.1850

2
2

20
31
28
40*
5
10*

16
16
16
16
4
3

0.25
0.41
0.47
0.34
0.30
0.28

0.78
0.99
0.98
0.94
0.89
0.84

* AAR for 2000 and 2002 was determined 23 weeks earlier than 199799 and 2001.
Glacier size changes

Changes in glacier volume
By calculating the difference between two digital
elevation models (DEM) separated in time, it is
possible to receive a measure of elevation changes
between them. This approach is especially suitable
for long-term studies of glaciers changes. The DEMs
enable us to calculate mean net mass balance, although
they do not provide information on annual variations
in accumulation and ablation. The congruence between
traditional mass balance record and photogrammetric mass balance has been found generally good
in many studies (e.g. Holmlund, 1987; Andreassen,

1999 and Krimmel, 1999). But the discrepancy can
be large between the two methods. In a detailed
study of Ålfotbreen in Norway made by Østrem
and Haakensen (1999) the glacier had increased
the mass by 3.4 m w.eq. according to the traditional
mass balance method. On the other hand, when
they analysed the results from difference between
two DEMs over the same 20 year period, the result
showed that the glacier lost about 5.8 m w.eq. They
concluded that this discrepancy was probably due
errors in the manual snow probing and stake measurements. The main errors was sinking of stakes in the
firn areas and probing error in extreme snow depths
(.10 m). In our case on Pårteglaciären, this is a minor

1996 / 1997
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1998 / 1999

(b)

2

Area (1000 m )

(a)

1600

800

0
1800

Elevation (m a.s.l.)

Elevation (m a.s.l.)

1800

1600

1400

1200

bs

1600

bw

1400

1200

1000

1000
-3.0

-2.0

-1.0

0.0

1.0

b n (m w.eq.)

2.0

3.0

-4.0

-2.0

0.0

2.0

4.0

b (m w.eq.)

Figure 5. Mass balance (line) and glacier area distribution (bars) as a function of altitude for Pårtelaciären between
1996/1997 and 2001/2002. (a) The net mass balance (bn) and (b) the summer (bs) and winter balance (bw).
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problem because the snow depth on the glacier does
normally not exeed 56 m and the ablation stakes
were always frozen into the solid ice.
To quantify the long-term volume changes we have
applied a photogrammetric mass balance approach.
We calculated the area extent and volume change
on Pårteglaciären by using DEMs of the glacier
from 1963, 1980 and 1992, of which the latest is
shown as a map in figure 3a. Three aerial photo
sets from National Land Survey of Sweden were
used to create the models. The aerial photos, taken
at the end of the melt season, had approximately
the same amount of snow cover. From the DEMs
of Pårteglaciären, volume changes were calculated
for the periods 1963 to 1980 and 1980 to 1992.
Five ground control points on well identifiable rocks
were selected, in the vicinity of the corners on the
photo set from 1992, and measured with static GPS
(Trimble 4600 LS) during field work in August/
September 1996. The same geodetic support was
used on the 1963 and 1980 DEMs.
The most common approach in analytical photogrammetry is a regularly spaced grid in combination
with break- and formlines. As a rule of thumb, the
regular spacing should be chosen between 26 mm
in the aerial photo (Ackermann, 1994). This rule
can be adapted to various types of terrain. In order
to preserve as much detail as possible on the glacier,
1.5 mm spacing was chosen, which corresponds
to a 40 m grid size in the DEM. The grid was manually
measured for all snow and ice covered areas on
the glacier for all three sets. In a rugged terrain,
like a mountain area of an alpine character, a higher
density is needed to reproduce the landscape. The
areas outside the glacier were therefore automatically
collected with a grid space of 7.5 m. The DEM was
then generated with the DEM software package
SCOP (Sigle et al., 1997). Hereby, a newly interpolated
DEM should have a grid space about 1/3 of the
input grid space (Sigle et al., 1997). In this case we
have used the 40 m grid and densified it to 15 m,
with an algorithm based on the bell-curve (Neidhart,
1999). This 15 m grid spaced DEM was used for
all photogrammetric calculations. The accuracy of
the DEMs is probably higher than the accuracy of a
single data point. This is due to the fact that the
program suppresses the scatter of the measured point
and the DEM is smoothed. On a smooth rolling
surface like Pårteglaciären, the DEM should therefore have a very high vertical accuracy.
The net loss of ice and snow from 1963 to 1992
is shown in figure 3b and table 2. It is clear that
the lowering in surface elevation since 1963 is
evenly spread over the glacier with a gradient from
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Table 2. Area changes (km2), Volume changes (106 m3)
and mean annual net surface lowering (m) for
Pårteglaciären.

Year

Area
(km2)

19631980
19801992

0.5
0.2

2
2

Volume
(m3)
139.9
54.5

2

2

Surface
(m)
0.74
0.41

2
2

lower to higher elevation. The only exception is
the accumulation area in the central cirque, which
shows a minor or no decrease in elevation. The net
loss of ice and snow between 1963 and 1992 corresponds to a mean surface lowering of 20.6 m a-1.
The volume decrease between 1963 and 1980 is
139.93106 m3 and between 1980 and 1992 the
decrease is 54.53106 m3. Presently the glacier volume
is around 8803106 m3 and covering an area of 10 km2
(Holmlund and Jansson, 2003). Since 1963 the glacier
has lost ~2003106 m3 (~20%). Assuming an area of
1012 km2 and a more or less constant thinning of
0.6 m a-1 over the 20th century suggests a volume of
~1,5 km3 at the termination of the Little Ice Age in
1910. Thus, the glacier has lost almost 40% of its
Little Ice Age maximum volume. Given the current
climate we expect a continuing mass loss trend. If we
assume an area of 10 km2 and melt rate of 0.6 m a-1
Pårteglaciären will decrease another 60% in
volume the next 100 years. But, the area decreases
during the volume reduction which implies that
the measures may be sligthly overestimated. If we
instead decrease the area at a constant rate to 35%
of the present size during the coming century (see
next section), then the decrease in volume will be
~4753106 m3 (~54%) over the next 100 years. Future
global warming would of course enhance melt rates
and the volume reduction would be even larger.

Changes in glacier extent
Changes in front positions reflect either a disturbed
mass balance or annual variability in melt, or both.
The advantage with glacier front position studies is
the possibility of getting potentially well-distributed
data on changes in glacier extent. The disadvantage
is the significant delay between mass balance changes
and frontal response. All available data on glacier
front positions suggests that the retreat of glaciers
started later at high latitudes than the glaciers at low
and mid latitudes (Folland et al., 2001).
Since Pårteglaciärens Little Ice Age maximum
extent, the glacier has retreated ~750 m over gently
sloping bedrock. The front retreat calculated from
the digital elevation models from 1963 and 1992
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totalled 322 m and this coincides with the retreat
calculated from repeated frontal surveys. During
the last ten years the retreat rate has been about
10 m a-1 and today there is no sign of a decrease in
retreat rate. These results are in agreement with the
general trend in Scandinavia, reported by Kjøllmoen
(2001) and Wiklund and Holmlund (2002). Many
large glaciers in Scandinavia are still retreating as
a response to the early 20th century warming, even
though the climate during the last 20 years has been
favorable for a positive or neutral glacier mass balance.
Locally in Sarek National Park, where Pårteglaciären
is situated, the retreat follows the same pattern with
a retreat since the 1960s (figure 6).

Hyllglaciären,
Sarek, (1967-)

Length (units 100 m)

Suottasglaciären,
Sarek (1967-)
Vartasjekna,
Sarek (1967-)

Mikkaglaciären,
Sarek (1966-)
Ruotesglaciären,
Sarek (1966-)
Ruopsokglaciären,
Sarek (1966-)

There are exceptions for this general retreat
trend in Scandinavia. Along the Norwegian west
coast, the glaciers have started to advance due to
the high winter precipitation rate during the last
20 years. Engabreen on the Norwegian cost started
to retreat rapidly in the 1930s and the retreat lasted
to around 1950. The rapid front retreat in the 1930s
was enhanced by the occurence of a proglacial lake.
The last ten years Engabreen had advanced 90 m
(Kjøllmoen, 2001). A direct comparision between
the retreat rates at Engabreen and Pårteglaciären
is not possible due to differencees in physical enivronments. The front on Engabreen is located close to the
sea level along the Norwegian cost and Pårteglaciärens
front is presently located at 1090 m a.s.l. The higher
retreat rate at Engabreen can be explained by a much
higher melt rate because of the lower elevation.
As a response to climate warming we expect
the glacier to became smaller.The mean equilibrium
line altitude between 1997 and 2002 was located
~1550 m a.s.l. according to the net balance curves
in figure 5. If we assume that the present shape of
the net balance curve persists, the equilibrium line
altitude has to be lowered to 1400 m a.s.l. in order
to receive zero net mass balance. To establish a lowered
equilibrium line altitude, a strong shift in climate
towards cooler summers and more winter precipitation is needed. This situation is unlikely to occur
during the 21st century due to the increase of anthropogenic emissions of greenhouse gases (Cubasch et al.,
2001). By decreasing the total area to 65% in the
ablation area and keeping the present net mass balance
gradient (obtained from the curves in figure 5),
we may also reach a balanced mass balance. This
is a more realistic situation according to the present
mass balance measurements and to the present
climate predictions (Cubasch et al., 2001). Thus,
the glacier is expected to decrease to ~35% of the
present size during the coming century.
Balance velocity

Balance velocity

Pårteglaciären,
Sarek (1965-)
Salajekna,
Sulitelma (1967-)
1960

1980

2000

Year

Figure 6. Cumulative length changes of glaciers in Sarek
National Park and Sulitelma massif since the 1960s.

Calculated balance velocity relates mass flux through
a cross-section to mass balance upstream (or downstream) of the cross-section, assuming the principle
of conservation of mass in an incompressible
medium (e.g. Hooke, 1998). We can define the
calculated balance velocity ubal as

ÕL> = L> > V−£

(1)
where bna is the net mass balance upstream of the
cross-section, Aa is the surface area upstream of
the cross-section and Ac is the cross-sectional area.
In this study we have used the mean net mass
7
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in the central cirque has a parabolic shape with a
maximum depth of 125 m 610%.
The second data set used in this study was
sampled in February and March 1996 from
helicpoter using an airborne multi frequency radar.
A Yagi-antenna was used with frequencies centered
at 345 MHz. This frequency is primarily used for
airborne studies of cold surface layers on glaciers.
The cold surface layer in the ablation areas on
glaciers can be described thermally as a surface
layer with ice temperatures below the pressure
melting point (~0 8C) (Schytt, 1968; Hooke et al.
1983; Holmlund and Eriksson, 1989; Blatter and
Hutter, 1991; Krass 1991, Pettersson et al., 2003).
Ice depth data from areas with ice temperatures
below the pressure melting point (~0 8C) could only
be evaluated due to penetration problems associated
with the high frequency used. The multi frequency
radar profiles are shown in figure 8. According to
the airborne radar measurements, there is no sign of
temperate ice below 1400 m a.s.l. at Pårteglaciären.
Above 1400 m a.s.l. the ice is polythermal, in this
case, cold surface ice and temperate ice at the bottom,
therefore the signal from the high frequency radar
does not reach the bedrock. At 1500 m a.s.l. the
depth of the cold surface layer is 140 m in the
northern cirque. Since we do not know nor are
able to receive the ice depth of the temperate ice
from the existing radar measurement, we can just
say that the ice depth is at least 140 m. At 1500 m

balance between 1997 and 2000 in the area upstream
of the cross-section, as a value for net mass balance in
the area upstream of the cross-section. The mean net
mass balance we have used is close to the annual mass
loss the last 40 years. The annual net mass balance between 1997 and 2000 average 20.79 m w. eq (table 1)
and the annual surface lowering during 1963 to 1992
average 0.60 m (table 2). We have calculated the
balanced flow for each of the three cirques. The net
balance gradient was calculated for each year between
1997 and 2000 using linear regression between net
balance and altitude (figure 7, table 3). The balance
velocities were calculated for the 1500 m contour
line on the glacier, which approximately corresponds
to the average equilibrium line altitude in the central
cirque. The equilibrium line altitude is somewhat
higher in the other two cirques. The cross-sectional
areas were calculated from the ice depth, obtained
from radar measurements.

Ice depth measurements
We have used two different data sets to obtain the
ice depth in the cross-sections showed in figure 3a.
The first data set is based on a mono pulsed ground
penetrating radar surveyed in May and September
1992 (Nyman, written com., 2003). Surveys were
made along a longitudinal profile from the snout
to the central cirque and along a cross profile at
1500 m a.s.l. in the central cirque (figure 8). The
study show that the cross-section at 1500 m a.s.l

1998/1999
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1999/2000

Northern cirque

1700

1900

1600

1900

(b)

1997/1998

Elevation (m a.s.l.)

1996/1997

(a)

Elevation (m a.s.l.)

Elevation (m a.s.l.)
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1700

1600

-2

-1

0

1

-2

2

Southern cirque
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1500
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1

2
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Figure 7. Net mass balance (bn) for the three main cirques at Pårteglaciären between 1996/1997 and 1999/2000.
Table 3. Calculated net balance gradient, nbg (m/100m) for the three cirques at Pårteglaciären
between 1996/1997 and 2001/2002.

Year
1996/1997
1997/1998
1998/1999
1999/2000
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Southern cirque
No. nbg
R2
6
6
6
6

0.37
0.43
0.45
0.44

0.58
0.97
0.98
0.75

Central cirque
No. nbg
R2
7
7
7
7

0.58
0.39
0.57
0.45

0.93
0.98
0.95
0.93

Northern Cirque
No. nbg
R2
4
4
4
4

0.37
0.32
0.38
0.31

0.90
0.99
0.99
0.97
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Figure 8. The ice depth
and the depth to the cold
temperature transition
surface at Pårteglaciären.
Results from the airborne
multi frequency radar at
345 Mhz center frequency
(a, b, d and f), mono pulsed
ground penetrating radar
at 8 Mhz (c and e).
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Profiles a-c are plotted from east to west
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a.s.l. in the southern cirque the cold surface layer
is 100 m deep. In this case also we are not able to
determine the ice depth. Therefore the ice depth is
at least 100 m. In this case we have assumed similar
(parabolic) shapes of the cross-sections. In reality
we do not know the shape of the cross-section in
the northern and southern cirque. We do not even
know the true ice depth; we only have information
of the depth of the cold surface layer. For that reason
we only can calculate a minimum value for the balance
velocity. Since we do not know the shape of the crosssection in the southern and northern cirques, we
have examined the uncertainty by calculating the
area also with a rectangular and a triangular shape.

Ice velocity
Surface ice velocity measurements were carried out
close to the 1500 m contour line at the outlet from
the three cirques on the glacier (figure 3a), which
corresponds to the cross-section areas used for the
calculation of the balance velocities. The repeated
ice velocity surveys were made in August 2000
using differential GPS (Trimble 4600 LS). The
measured error of the stake position in the drill
hole was 65 cm. The maximum distance between
the base station, located over a ground based fixed
point, and the station used on different ice velocity
stakes was 4 km. The time between the repeated
surveys was 16 days. The velocity measurements
were generally made close to the centerline where
velocity is highest. Errors in the calculated surface
velocities due to measurement techniques and time
between surveys are less than 61 cm and in this case
negligible. The 16 days between the measurements is

100
200
300
Distance (m)

200
Trace nr

240

400

280

not representative for a full year. In August ice velocities
are expected to be higher than the annual average.
Studies on the polythermal Storglaciären in northern
Sweden show summer velocities approximately 10%
higher than the annual mean (Hooke et al. 1992). On
a daily resolution, velocities can be up to 100% higher
than the annual mean (Hooke et al., 1989). However,
these data demonstrate the present difference in
velocities between the three cirques.

Results
The results from the calculations based on equation
1 show negative balance velocities in the southern
(>24.5 m a-1) and northern cirques (>22.4 m a-1)
and positive balance velocity (12.9 m a-1) in the
central cirque (table 4). Negative balance velocities
from the southern and northern cirques indicate
that the equilibrium line altitude is somewhat higher
up. The produced net mass per year in those cirques
is not sufficient to support the ablation area outside
the cirques.
If we apply a rectangular or a triangular crosssection shape, then receive a balanced velocity of
21.4 m a-1 or 23.2 m a-1 for the northern cirque. The
corresponding values of balanced velocities for the
southern cirque are 22.3 m a-1 and 24.9 m a-1 (table
4). Even if we take these uncertainties regarding the
cross-section shape into account, the result with a
large difference between the central cirque and the
northern and southern cirques will remain.
The results from the ice velocity measurements
at the three stakes close to the 1500 m contour line
also show a large difference between the central cirque
and the northern and southern cirque (table 4).
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Table 4. Calculated balance velocity, ubal, through three cross-sections, Ac, at 1500 m a.s.l in the three cirques at
Pårteglaciären, bna is the mean net mass balance, between 1997 and 2000, above cross-section at 1500 m a.s.l.
and Aa is the surface area upstream the the cross-section at 1500 m a.s.l. us is the measured surface velocity at
centerline of cross-section surface.

Crosssection
Southern
Central
Northern

Max. depth
(m)
100

>

6

Ac
(km2)
0.060
(0.0550.120)
>

125 10%
140

>

bna
Aa
m w.eq. a-1 (km2)

0.037
0.082
(0.0610.144)
>

The measured ice velocity in the central cirque is
two times higher than in the southern cirque and
more than 6 times higher than in the northern cirque.
Response time

Glaciers are generally not in balance with the existing
climate and as a response to recent climate warming
we expect most glaciers to became smaller. The
response time for a glacier has been defined by Nye
(1960) as the time between two steady state conditions.
It could also be described as the time required for
a step change in mass balance to supply or lose the
volume difference between the initial and final steady
state. The time when a change is first observed at
the terminus is much less than the response time and
it does not necessarily have to reflect the change in
mass balance (Echelmeyer et al., 1996). Theoretical
analyses based on kinematic wave theory made by
Nye (1960, 1963) and later reviewed by Lliboutry
(1971) and Hutter (1983) have indicated that glaciers
could have response times of several hundreds of
years. On the other hand, Johannesson et al. (1989a,
1989b) argued that there is a discrepancy between
the theoretical model and the record of past glacier
and climate fluctuations. All these theoretical models
assume a small step in mass balance.
Johannesson et al. (1989a, 1989b) propose a
simplified analytical model where the response time
t is proportional to the glacier thickness hmax and
inversely proportional to the net balance bn at the
terminus. In this case the response time will grow
linearly with the glacier thickness. If the glacier
grows larger because of an increase in mass balance
then the glacier will advance at the snout. With
everything else constant, this change in elevation
will increase the ablation at the terminus and the
response time will decrease (Bahr et al., 1998). The mean
net ablation rate on the lower part of Pårteglaciären
averages ~1.5 m w.eq. a-1 and the maximum thickness
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ubal
(m a-1)

us
(mm d-1)

6

0.27

1.008

4.5
(22.324.9)

35.7 3.1

0.60

0.804

12.9

76.0 3.1

0.13

1.524

2.4
(21.423.2)

2

2

>2

>2

6
12.363.1

over the central part is at least 140 m, and by using
Johannessons et al. (1989a, 1989b) model this will
give a response time of ~100 years. Harrison et al.
(2001) on the other hand, suggests a modified model,
which only takes the effect of surface elevation on
mass balance into account. In this model the response
time t is t[be, H, Ge], where be is the specific balance
rate at the terminus, H is the thickness scale and
Ge is the gradient of the specific balance gradient
with elevation. Following Harrison et al. (2001)
idea by using a thickness of 140 m, a net ablation
rate of ~1.5 m w.eq a-1 and a balance gradient of
~0.004 mm-1 a-1 (obtained from the curves in figure 5),
the response time will be ~150 years. Bahr et al. (1998)
showed that the response time depends on the mass
balance index, defined as the slope of the balance
curve as function of horizontal distance. The balance
index is typically larger for small glacier and they
will therefore respond faster than larger glacier. This
quicker response is because of mass balance considerations and not because of the glacier dynamics. A
maritime glacier will have a higher index than a glacier
located in an area with more continental climate.
The behavior of glaciers in Scandinavia has been
discussed by Holmlund (1993) and one of his
conclusions is that Scandinavian glaciers somewhat
differ in behavior from alpine glaciers in southern
and central Europe. The Scandinavian glaciers are
generally flatter and colder. This implies longer time
periods between two steady state conditions for
the glaciers. Pårteglaciären is located in an area with
a local continental climate and the glacier is comparatively large for being a Scandinavian glacier. Based
on Bahrs et al. (1998) discussion, a relative long
response time is expected for the glacier. The theoretical
calculations for Pårteglaciären suggest response times
between 100 and 150 years.
Pårteglaciärens net mass balance is strongly correlated with the mean summer temperature (figure 4a),
and if the present climate persists, then the glacier
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will continue to lose mass until a new steady state
condition is reached. Irrespective of the theoretical
calculations, the net loss per year is still low and it
will take a very long time to remove the ice volume
that cannot be supported by the accumulation area.
This response of the glacier is due to mass balance
effects and not because of the glacier dynamics.
The ice depth at the cross-sections in the outlets from
the cirques varies between at least >100 and >140 m
(table 4). With a melt rate of ~0.6 m per year it will
take at least 160 to 230 years to remove the ice.
Conclusions

Pårteglaciären has retreated and has undergone a
mass loss of ~0,6 km3 during the 20th century. We have
calculated the response time to be ~200 years demonstrating the long response time for continentally
located glaciers. Pårteglaciären is expected to decrease
to ~35% its present size during the coming century.
Future global warming will of course enhance melt
rates and the size reduction will be even larger. The
balanced flow studies gave negative values for two
cirques and a positive balanced flow in the center
cirque. A future 65% reduction of the total area will
split up Pårteglaciären in three small glaciers. Since
the balanced flow studies gave positive values in the
center cirque, only the center one will reach outside
its cirque.
Thus, fluctuations in terminus recession rate rather
reflect intra annual variability in melt rate, uneven subglacial topography and rate of adaption to a new
steady state size. The temporal resolution in proxy
climate data for glacier front observations in continental
subarctic areas is thus 100200 years, unless no
other information on mass balance is available.
The glacier has lost almost 40% of its Little Ice
Age maximum volume. The increase in temperature
in the beginning of the 20th century will lead to a total
volume reduction of ~70%. Future global warming
would of course enhance melt rates and the volume
reduction would be even larger.
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Paper 3
§. 13. Jag gick vidare österåt förbi ännu en annan
del af glacieren, der dess brädd var täckt af snö, och
således mest tillgänglig. Här kom hela härligheten
eller rättare styggelsen af glacieren Salajegna (d. ä.
Sprickisen) i sigtet. Till ½ mils längd ända bortom
fjället Labba, visar den en öfverhängande isvägg
av vid pass 200 fots höjd, med nedsmutsande ishalf,
som tycktes vara öppningar till sjelfa afgrunden,
och denna isvägg består af förfärliga ispyramider
och kolonner, som stundligen kullstjelpas med
ansenligt buller*). Utomdess knakar och brakar hela
glacieren genom sin rörelse och isstyckenas stötande
mot hvarandra; och det mörka vattnet sorlar i afgrunden. Ingen lefvande varelse vågar närma sig till
en sådan brädd, och de stygga morrainerna, som ligga
likt mångdubbla retranchementer för en fästning,
förhindra tillräckligt allt sådant, och hota att i sin
gyttja qvarhålla alla som nalkas. Man är nödgad
att på afstånd betrakta detta fasliga skådespel. All
beskrifning och ritning deraf kan endast föreställa
det ofullkommliga.
*) Detta brakande är så vanligt vid glaciererna,
att det på Island är allmänt bekant under namnet
Jökels-braken.
Göran Wahlenberg
1808
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Abstract
In this paper we describe the dynamic behaviour of Salajekna, a valley glacier, over the last 200
years using terrestrial observations, including: in situ measurements, remote sensing observations
and glacier reconstructions. The response time of the glacier was calculated using analytical
models and field measurements. We were subsequently able to attribute specific dynamic
responses to climate trends in the available climate record. The glaciers historical maximum
extension was reached around 18801910 and was the result of a more continental climate
with multi-modal airflows in the late 18
maritime conditions in the mid 19

th

th

and early 19

th

centuries. A transition to more

century resulted in a near continuous 20

th

century retreat

before the glacier adjusted to a near steady state.

Introduction

Our understanding of the climate of northern
Scandinavia in the late Holocene is largely dependent
on proxy data series. These datasets remain spatially
and temporally sparse despite increased research
activity in recent years. On the other hand the
instrumental series are rarely precedes the mid 19
century. A composite time series (Klingbjer and
Moberg, 2003) has recently improved the available
data record for northern latitudes. Nevertheless proxy
data, such as glacier extent and volume change, are
important to our understanding of the climate
between the 18 and 20 centuries. Furthermore,
the glaciology and paleo-glaciology of the region
has a strong potential significance for the exploration
of climate change scenarios, past and future
(Dowdeswell et al., 1997; Karlén and Denton, 1975).
Glaciological observations in northern Scandinavia
indicate advanced glacier front positions at the start
of the 20 century (Karlén, 1973; Karlén and Denton,
1975). Despite a strong orographic gradient and
maritimecontinental transition resulting in very
different response times for adjacent glaciers, almost
all glaciers underwent near contemporaneous
advances. In this paper we analyse the climate response
of Salajekna, a valley glacier with an unusually long
observation record for a Swedish glacier. The glacier
Salajekna occupies a location on the topographic
th

th

th

th

divide of the Scandes range just north of the Arctic
circle. As such the glacier provides valuable information on glaciation at the boundary between maritime
and continental regimes and its reactions might be
related to the behaviour of other glaciers at similar
latitude with different regimes.
Here we present a diverse dataset including: mass
balance, variations in the front position, in situ and
satellite radar interferometry measurements of surface
ice velocity, thermal regime and ground penetrating
radar (GPR) measurements of ice thickness. These
data are used to identify the behaviour of the glacier
the last 200 years in terms of extent and volume and
to analyse the causal climate trends. In doing so, we
emphasise the complexity of glacier response to
perturbations in regional climate.

Physical settings
The glacier Salajekna is a valley glacier in a larger
glacier-complex, located in the Sulitelma massif at
the topographic divide of the Scandes range just
north of the Arctic circle (678 08 N, 168 23 E),
and the border, between Sweden and Norway
(figure 1). The glacier has an area of ~24 km and
extends altitudinally from 860 to 1580 m a.s.l. The
accumulation area which mainly is situated in
Norway is oriented towards southeast. Therefore
the ice flows southeast into Sweden where it turns
2
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Figure 1. Location of the glacier and the sites mentioned
in the text.

southwards. A part of the glacier front is calving
into a lake that drains into Sweden.
In 1984 a weather station was placed close to
the glacier front at 900 m a.s.l. The annual average
temperature at this site was 22.8 8C between 1995
and 1999. According to the nearby synoptic weather
station at Kvikkjokk, this four-year period had a
temperature approximately 0.5 8C warmer than that
for the reference period 19611990.

Climatological characteristics during the past
two centuries

(ºC)

The atmospheric circulation over western Scandinavia
is currently dominated by zonal (westerly) airflows.
The strength of the North Atlantic Oscillation

4.0
3.0
2.0
1.0
0.0
-1.0
-2.0

Tornedalen

1.0

Jokkmokk

(NAO) index is correlated to the intensity of these
zonal airflows. The influence of this prevailing
circulation pattern is however, not constant and
has been shown to have varied significantly in the
late Holocene (Shindell et al., 2001; Slonsky et al.,
2001; Jacobeit et al., 2001). There is evidence of
several glacier advances in Scandinavia during the
Little Ice Age period (Karlén, 1973; Karlén and
Denton, 1975).
Annual temperature series from three sites in
northern Sweden are shown in figure 2. The longest
series, the so-called Tornedalen series (adjusted to
Haparanda), indicates a cold period during the first
part of 19 century. The 1810s was the coldest
decade during the past 200 years. The warmest
decade in the three time series was the 1930s, after
which a strong cooling trend occurred until the
1970s. Warming then set in again to the end of the
series (Klingbjer and Moberg, 2003).
Significant changes in the amplitude of the annual
temperature cycle are also evident in the Tornedalen
temperature series. In the 19 century there is a
marked decrease in the amplitude of the temperature
data: a trend that stabilised in the 20 century (figure 3.
This amplitude decrease is interpreted as an intensification of the maritime (westerly) air masses. This
adjustment to more zonal conditions is also found in
central and southern Sweden (Jönsson and Fortuniak,
1995; Moberg et al., in press) as well as the adjacent
Baltic Sea areas (Omstedt et al., 2004).
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Figure 2. Temperature series from Tornedalen, Jokkmokk and Kvikkjokk. Variability on time scales longer than 10
years are shown using a Gaussian filter.
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Figure 3. Annual temperature cycle Tornedalen Jokkmokk
and Kvikkjokk. Variability on time scales longer than
10 years is highlighted using a Gaussian filter.
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The present mass balance characteristics for
Salajekna are derived from measurements between
1998 and 2000. The method used is traditional
manual snow probing and stake measurements as
described by Østrem and Brugman (1991) and Kaser
et al. (2002). Approximately 100 to 150 snow depth
probings on the glacier determine the winter balance
on Salajekna. The winter balance measurements
are converted to water equivalents using density
measurements made in snow pits during the snow
depth probing. The summer balance is determined
in late August or early September by stake readings.
The ablation stakes were placed along a longitudinal
profile to establish an ablation gradient. The summer
balance measurements are also converted to water
equivalents by using the density of the snow and
ice lost by melt. The net mass balance for Salajekna
1998 to 2000 was 20.62, 20.56 respectively 10.1
m w.eq. (table 1; figure 4). The uncertainty in mass
balance measurements is a result of inaccuracies in
snow probing, the effect of grid spacing, imprecision
in the characterisation of snow density variation and
errors in the use of the ablation gradient (Jansson,
1999). The estimated error due to these variables
totalled 60.2 m w.eq.
The mean net balance gradient, defined as the
net mass balance as a function of altitude (Meier,
1961; Shumskii, 1964) between 1998 and 2000
for Salajekna was calculated, using linear regression
between net balance and altitude, as 0.67m/100m.
Low gradients are associated with continental
climate and low mass turn over. High gradients are
associated with high mass turn over and a maritime
type of climate. Salajekna has values between 0.57
and 0.74, which indicate a moderate gradient at
least for the period 1998 to 2000 (Haefeli, 1962).
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Mass balance year
1998

1100

-2.0

-1.0

0.0

1.0

2.0

3.0

Net mass balance (m w.eq.)

Figure 4. Mass balance characteristics of Salajekna
during 1998 to 2000.
Table 1. Net mass balance characteristics for
Salajekna.

Year
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

bn
bn grad
(m w.eq.) (m/100m)

AAR
(%)
70
71
56
80

0.62
20.56
0.10
2

0.57
0.74
0.70

52
57
51
70*

* AAR determined 34 weeks earlier than in 1998
and 1999.
Using optical surveys and multi-temporal Synthetic
Aperture radar (SAR) imagery we mapped the
time-integrated ELA as for the period 19922002.
During this period the time-integrated (mean) ELA
was 1180m. This altitude coincides with the mass
balance results for 2000. According to the mass
balance measurements the ELA was located higher
up in elevation (~1300 m a.s.l.) during 1998 and
1999. But, the end-of-summer snowline in 1998
and 1999 does not deviate from the 10 year estimate
at 1180 m a.s.l. This suggests that the mass balance
for 1998 and 1999 might be underestimated. However,
according the measurements at the nearby glacier
Engabreen at the Norwegian coast, the ELA in
3
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1998 and 1999 were the two highest during the 1990s
(Kjøllmoen, 2003). These two years are therefore
considered as anomalous in terms of the decadal mean.
The mean annual temperature, taken from the weather
station in front of the glacier, was 22.8 8C between
1994 and 1999. By using a lapse rate of 0.6 8C /100m
the annual mean temperature at the decadal ELA was
24.5 8C. The accumulation area ratios (Meier and
Post, 1962) observed since 1990 are shown in table 1.
To quantify the long-term volume changes a
photogrammetric mass balance approach was used.
A series of four glacier maps based on aerial
photographs was produced by Østrem (1983). The
maps show the glacier extent in 1950, 1957/58, 1971
and 1983 with contour intervals on the glacier of 10
m. A digital elevation model (DEM) for Salajekna
from 1992 aerial photographs was created in order
to get a proper base for the traditional mass balance
measurements and to relate the old maps to the
current state of the glacier. In this exercise a regularly
spaced grid in combination with break- and formlines
was used; this is the most common approach in
analytical photogrammetry. The geodetic support for
the DEM over Salajekna is based on differential GPS
measurements made in July 2002. The application
of digital photogrammetric methods and differential
GPS geodetic support are a significant improvement
on the analogue methods that were applied prior to
the 1990s.
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The first available observations were made in the
early 19 century by explorers and cartographers. The
first recorded observation of the glacier is from
Wahlenberg (1808). Wahlenberg visited the glacier and
from a frontier cairn he made a detailed painting over
the glacier. His data suggest an advancing glacier with
a steep front. During rest of the 19 century there were
sporadic observations of the frontal position of
Salajekna. In the 1870s the glacier was visited and
described by Svenonius (1878). Svenonius concluded
that the drawing made by Wahlenberg was very well
done and precise though the glacier had become
significantly thinner. However, the 1807-drawing made
by Wahlenberg has an exaggerated vertical scale which
to some extent may have misled Svenonius. In 1897
and 1898 Westman visited Salajekna and photographed the view from the same frontier cairn as was
used by Wahlenberg in his drawings (Westman, 1899a,
1899b, 1910). Frontal measurements show a change
of 21.2 m between 1897 and 1898 (Westman, 1899a).
During Westmans fieldwork in 1898, he concludes
that the glacier had a larger extent than in 1807 but it
seemed to be thinner.
In August 1965, Salajekna was included in the
glacier front monitoring programme run by Tarfala
Research Station (Schytt, 1968; Holmlund, 1993).
Front positions before 1965 have been mapped
from aerial and terrestrial photographs (figure 5).
th

th

Figure 5. Map of Salajekna showing areal
distribution based on five sets of aerial photographs as well as the surveyed ice depth profiles
A-A and B-B , ice velocity stakes and spots
(I to IV), where ice velocity from InSAR was
calculated
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Figure 6. Cumulative length change of Salajekna since
1900.
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Figure 7. Net loss of snow and ice between 1950 and 1992
on Salajekna.
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Mono-pulsed and multi-frequency radar techniques
have been used respectively to obtain the ice depth
and the depth of the cold surface layer on the glacier;
these data were later used for the estimation of
balance velocities. The mono-pulsed radar, based
on a Mark II transmitter and a Tektronix receiver with
a dipole-antenna was used to map the glacier bed
in April 2001. The multi-frequency radar was based
on a Hewlett-Packard Network Analyzer (HP 8753B)
with a Yagi-antenna. The measurements with the
multi-frequency radar were carried out in 5 profiles
with a total distance of 23 km. The mono-pulsed
radar measurements were carried out from snow
mobile in one longitudinal and ten transverse profiles

1940

10

The maximum extent of the glacier was determined
by the trim line etched into the lichen cover. This
was easily determined both in aerial photographs
and in the field. The glacier is believed to have
reached its maximum about 1910. Photographs
from Westman (1899) show a frontal position more
or less coincident with the maximum position, but
it is known from other glaciers in the area that
most glacier fronts were advancing until circa 1910
(Holmlund, 1993). Frontal observations (photogrametric maps and field surveys) since 1910 show
the glacier might have retreated almost linearly
with time. By using the glacier maps from 1950
and 1992 it is possible to calculate the measured
thinning during this period (figure 7). If Salajekna
retreated linearly, as assumed above, it might be
possible to extrapolate volume changes back to
18991910. Above the ELA, between 1950 and 1992
thinning was between zero and 0.5 m a , increasing
downstream (figure 7). The thinning for the period
1910 and 1950 was assumed to be 0.5 m a evenly
distributed in the accumulation area. Below the
present ELA the thinning 19101950 was assumed
to amount to the same value as was photogrametrically
measured for the period 19501992 (figure 7). The
contouring of the glacier maximum (outside the
mapped 1950 glacierised area) was done using the
contours of the bedrock topography in combination
with visual information from the panorama taken
by Westman in 1899 (Westman, 1899). Our reconstruction of the 1899 map shows a bi-modal areaaltitude distribution that exhibits a strong sensitivity
to ELA switches about the 1200 m contour (figure 8).
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The recession between 1910 and 2002 totalled 1245 m
(13.5 m a ) and the recession since 1965 was 360 m
(9.7 m a ) (figure 6).
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Figure 8. Area distribution for the reconstructed 1989 map
and the present map from 1992.
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Satellite Radar Interferometry (InSAR) and differential
GPS measurements have been used respectively to
obtain the surface ice velocity on the glacier
InSAR is used to derive surface height or displacement data from multiple complex SAR images. Two
or more image acquisitions can be combined to create
a stereo parallax for the measurement of height or
motion. Displacement, or motion, is calculated by
the extraction of the relief (or terrain) signal from an
interferogram created by the combination of two or
more images. Where the separation of topography
and motion are not possible, normally due to the

lack of external elevation data, fringe counting can
be used to estimate motion (Goldstein et al., 1993).
Fringe counting assumes zero velocity at a given point
and then estimates the velocity gradient from that
point as a function of the number of fringes in the
interferogram. However, an estimation of relief amplitude is also needed for the estimation of the height
component of the fringes. In this investigation three
scenes were acquired by ERS-1 from both 1992 and
1994. The scenes were separated by three and six
days (see table 2). A tandem pair, scenes acquired
by ERS-1 and ERS-2 separated by 24 hours, was
acquired in 1996. Interferograms were produced
for 3- and 6-day repeat passes using 1992 (figure 10)
and 1994 and for 24 hour repeat passes using the
1996 data. The processing was performed on image
subsets conforming to the glacier. The processing
corrected for the phase slope across the scene and
removed the geocoded images to a UTM grid. Low
coherence limited the dataset to three interferograms; one each from 1992, 1994 and 1996.
The resulting velocity data are shown in table 3.
The locations I to V refer to points showed in figure
5. The error in the resulting surface velocity has
been estimated to be 0.5 cm day , by using standard
error analysis. Since we only could receive results from
one year at point I, our analysis of the conditions in
the upper part of the accumulation area is limited.
However, the velocity there is much lower the in
the more central parts (point II and III) the same
year. The velocities at the centreline close to the
mean ELA (point II and III in figure 5) vary between
3.1 to 3.7 cm day . The results from 1992, 1994
and 1996 do not show any large variation during
the investigated years. There are some exceptions,

(a)

(b)

on the glacier. A straight line travel path and a uniform
travelling velocity on the glacier were assumed.
The processing of the multi-frequency radar data
transforms the received frequency response from the
reflected targets into time domain by using Inverse
Fast Fourier Transform (Hamran et al., 1995). The
mono-pulsed radar measurements were converted into
dB-values (Daniels, 1988) with no further processing.
To convert the measured travel-time into target
distance, a propagation velocity of 168 m ms in ice
was used (Robin, 1975).
The multi frequency radar measurements were
carried out from helicopter in March 1996 and
showed only a thin, below freezing point, layer in
the ablation area. The thickness of this cold ice layer
barely exceeds the annual net ablation. We can therefore
classify the glacier as temperate. The evaluation of
the mono-pulsed radar measurements shows two overdeepenings along the profile AA with a maximum
depth of 320 metres (figure 9a). The cross section
BB shows a maximum depth of 270 m (figure 9b).
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Figure 9. (a) Longitudinal glacier profile AA (b) cross glacier profile BB obtained from the mono-pulsed radar
surveys.
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Table 2. The image acquisitions used in this investigation.

Satellite

Orbit

Frame

Date

ERS-1
ERS-1
ERS-1
ERS-1
ERS-1
ERS-1
ERS-1
ERS-2

03029
03072
03115
12907
12950
12933
24373
04700

2241 13 Feb. 1992
2241 16 Feb. 1992
2241 19 Feb. 1992
2241
3 Jan. 1994
2241
6 Jan. 1994
2241
9 Jan. 1994
2241 13 Mars 1996
2241 13 Mars 1996

at point II in 1992 and point III in 1994, due to
measurement errors probably associated with
localised vertical displacement. The 1994 interferogram for example shows clear bulls-eyes in the
region of point III. At point IV, closer to the front
the velocity decreases. This point is not located at the
centre line and may therefore represent increased friction
towards the margin. On the other hand, point V
shows, with one exception, an increase in velocity. The
exception in 1994 is due to measurement errors probably
associated with localised vertical displacement. The
increase in velocity at point V is probably due to the
underlying riegel and the associated crevassed area. The
ice velocities at point I to V are not representative
for a full year. In January, February and March, ice
velocities are expected to be lower than the annual
average; summer velocities are typically higher than
the annual average although the difference need not
be extreme (Etzelmuller et al., 1993).

Table 3. Surface velocity of Salajekna derived from the
InSAR scenes

Year Location Elevation Surface velocity
(m a.s.l.) (cm d-1) (m a-1)
1996

1994

1996

I
II
III
IV
V
II
III
IV
V
II
III
IV
V

1310
1220
1130
1080
1020
1220
1130
1080
1020
1220
1130
1080
1020

2.37
3.09
3.26
2.42
5.10
3.70
2.34*
2.32
1.52
5.51
3.49
1.55
4.89
#
#

8.65
11.27
11.90
8.86
18.60
13.51
8.54*
8.48
5.55
20.09
12.74
5.65
17.87
#
#

* Vertical component to velocity evident
Suspected measurement error
#

The differential GPS measurements (Trimble 4600
LS) were carried out on two stakes along a transverse
profile (BB in figure 5) close to the 1200 m contour
line adjacent to the mean ELA of the last 10 years.
The repeated ice velocity surveys were made in August/
September 2003. The velocity at the centre stake in
the cross section is 8.7 cm day and the velocity at
the stake 350 m north of the centre stake was 9.0
cm day (figure 9a). Errors in the calculated surface
-1

-1

Figure 10.

Interferrogram derived

from the 1992 InSAR scenes.

N

0

1

2 km
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velocities due to measurement techniques and time
between surveys are less than 61 cm and in this
case negligible. The 51 days between the measurements are not representative for a full year. In August/
September ice velocities are expected to be higher
than the annual average; velocities approximately
10% higher in summer than the annual mean were
found on Storglaciären in northern Sweden (Hooke
et al., 1992). On a daily resolution, velocities can be
up to 100% higher than the annual mean (Hooke
et al., 1989).
There exists a divergence between the GPS and
InSAR velocities; the lack contemporaneous data
means we are unable to determine the extent to which
this divergence is a function of short term glacier
dynamics. Etzelmuller et al. (1993) found a convergence
between mean annual and summer velocities that
might suggest our InSAR data are not erroneous.
Nevertheless the InSAR data has a higher error
margin and any error is likely to be systematic.
We would therefore expect a higher confidence in
the GPS data whilst maintaining confidence in the
InSAR velocity gradient and to a slightly lesser
extent the InSAR velocities.
In order to relate the observed surface velocity
to the calculated balance velocity we must estimate
the contemporary depth averaged velocity. As we
have no data on basal sliding, we instead establish
the boundary conditions based on total basal
sliding and total internal deformation (Nye, 1965).
Since we have higher confidence in the GPS data,
we use these results to estimate the depth averaged
velocity. Using a half-width/depth ratio of 4 a depth
averaged velocity/surface velocity ratio of 0.578 is
established. Based on this relation, the mean velocity
through the section is 18.4 m a assuming only
internal deformation. The depth averaged velocity/
surface velocity relation considering only basal
sliding is 1.00 yielding a mass flux of 31.9 m a .
The mean velocity through the section lies therefore
between 18.4 and 31.9 m a . Patterson (1994)
however notes that basal sliding typically accounts
roughly half the total surface velocity which
suggests a mass flux of ~25 m a .
-1

-1

-1

-1

Glacier Dynamics

Balance velocity
A calculated balance velocity relates mass flux
through a cross-section to mass balance upstream
(or downstream) of the cross-section, assuming the
principle of conservation of mass in an incompressible
medium (e.g. Hooke, 1998). We can define the
8

calculated balance velocity ubal as

ÕL> = L> > V−£

(1)
where bna is the mean net mass balance upstream of
the cross-section, Aa is the surface area upstream of
the cross-section and Ac is the cross-sectional area. The
annual net mass balance for 2000 was 10.10 m w. eq
(table 1); the glacier was approximately in climatologically equilibrium. In 2000 the ELA was located
at 1200 m a.s.l. which approximately corresponds
to the normal altitude for the ELA the last 10 years.
Therefore we use the mass balance data for 2000
as input to equation 1 in order to calculate the balance
velocities for the 1200 m contour line on the glacier.
The mass balance year 2000 is just a single year, but
since the end-of-summer snowline during the last 10
years normally has been located at 1180 m a.s.l.,
this year may represent a more or less stable situation.
The cross-sectional area was calculated to 0.35 km
from the ice depth profile obtained from radar measurements (figure 9b) and the surface area upstream of
the cross-section was calculated to 9.1 km . The
net mass balance upstream of the cross-section is
based on the mass balance curve for the year 2000
in figure 4. The balanced velocity through the crosssection at the ELA in 2000 was then calculated
with equation 1 to 26.3 m a .
The cross-sectional area and surface area upstream
of the cross-section were manually calculated with
a digitizing software. This procedure was repeated
ten times and uncertainty totalled 612000 m in the
cross-sectional area and 64000 m in the surface area
upstream of the cross-section. The uncertainty in the
mass balance measurements totalled 60.2 m w.eq.
The total uncertainty in the balanced velocity was
calculated with standard error analysis to 65.2 m a .
The largest contributor to the error is the mass balance
uncertainties. Even if we double the uncertainties
in the area measurements, the total error remains
at 65.2 m a .
2

2

-1

2

2

-1

-1

Response time
The response time for a glacier can be described as
the time required for a step change in mass balance
to supply or lose the volume difference between
the initial and final steady state. Various theoretical
analyses have been developed for calculating the
response time for a glacier based on kinematic wave
theory (Nye, 1960, 1963) and analytical models
(Johannesson et al., 1989a, 1989b; Harrison et al.,
2001).
Johannesson et al. (1989a, 1989b) developed
an analytical model where the response time t is
proportional to the glacier thickness hmax and inversely

Climate controls of an subarctic glacier
proportional to the net balance bn at the terminus.
In Johannessons model the response time will grow
linearly with the glacier thickness. If the glacier
grows larger because of an increase in mass balance
then the glacier will advance at the snout. With everything else constant, this change in elevation will increase
the ablation at the terminus and the response time
will decrease (Bahr et al., 1998). The mean net ablation
rate on the lower part of Salajekna averages ~2.5 m
w.eq. a and the thickness over the central part is
approximately 150 m, and by using Johannessons
et al. (1989a, 1989b) model this will give a response
time of ~80 years.
Harrison et al. (2001) on the other hand, suggest
a modified model, which only takes the effect of
surface elevation on mass balance into account. In
this model the response time t is a function of the
specific balance rate at the terminus, be, the thickness,
H and the gradient of the specific balance gradient
with elevation, Ge. Following Harrison et al. (2001),
using a thickness of 150 m (derived from figure 9a),
a net ablation rate of ~2.5 m w.eq. a and a balance
gradient of ~0.067 cm a (obtained from the curves
in figure 4), the response time will be ~100 years.
Bahr et al. (1998) showed that the response time
depends on the mass balance index, defined as the
slope of the balance curve as function of horizontal
distance. The balance index is typically larger for
small glacier and they will therefore respond faster
than larger glacier. A maritime glacier will have a
higher index than a glacier located in an area with
more continental climate.

the riegel (sub-glacial ridge) at 900950 m.a.s.l. Our
analysis is that the tongue of the glacier below the
riegel is effectively detached from the dynamic state of
the glacier and thus frontal changes in the coming years
(i.e. retreats) may not reflect the mass balance of the
glacier but rather a complex transient state as observed
on other glaciers (Echelmeyer et al., 1996). The balance
velocity estimations suggest the balance velocity is
around steady state (with a broad error margin).

-1

-1

-1

-1

Summary of Results

Our results show that in 1807 the glacier was probably
advancing from a position a little more extended
than the current margin. The maximum was reached
sometime between 1880 and 1910. The photographs from 1899 show a glacier extending all the
way to the large moraines some 1500 m from the
current margin. Our reconstruction also shows a
bi-modal area-altitude distribution that exhibits a
strong sensitivity to ELA switches about the 1200 m
contour. The current ELA is ca. 1180 m; according
to the mass balance, mass flux and balance velocity
calculations the glacier is at or near equilibrium today.
Our interferograms show a velocity field with a strong
local variance. This variance is clearly related to bed
and valley-side topography. In the early 1990s the
velocity was apparently higher reflecting an
adjustment to mass changes. This adjustment is
reflected at the snout by enhanced thinning below

The Climate Response of Salajekna

Given a response time of 50100 years for Salajeknas
length and mass to adjust to a step change in climate
the advanced that reached a maximum around
1880-1910 must have been the product of a climate
perturbation in the late 18 to mid 19 century.
The instrumented temperature series from Tornedalen,
shows colder conditions and a stronger continentality
in the early to mid 19 century (Klingbjer and Moberg,
2003). The stronger continentality is expressed in
the more extreme variation in annual temperature.
An analysis of climate data from southern Sweden
between 1741 and 1849 indicates a low-zonality
period (Jönsson and Fortuniak, 1995). They found
a marked bi-modal wind flow with relatively high
frequencies of easterly winds, indicating a continental
climate. Reconstructions of the North Atlantic
Oscillation (NAO) suggest a strongly negative winter
NAO in the period around the late 18 century
(Jones et al., 2001; Jacobeit et al., 2001). However,
the position of Salajekna on the topographic divide
and the lack of any significant blocking mass mean
that non-westerly circulation may also provide
adequate winter precipitation to maintain a glacier
(Johansson and Cheng, 2001). Increased bi-modal
or meridional airflows need not therefore result in
a hugely negative mass balance as might occur on
more continental glaciers. The 19 century advance
of Salajekna was probably caused by colder climate
in the late 18 and early 19 centuries coupled with
a weakening of the westerly airflow.
Uvo (2003) has found that, at a synoptic station
close to Salajekna, only 5% of the variance in winter
precipitation is explained by the NAO. Glaciers in
southern and western Norway are known to
respond directly to primarily westerly airflows that
are strongly influenced by the NAO (Nesje and
Dahl, 2003; Reichert et al., 2001). However, our data
and those of Pohjola and Rogers (1997) show evidence
for a more complex composition of the synoptic
climatology of northern Sweden and the topographic
divide of the Scandes range.
th
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Conclusions

The response time of Salajekna was established, using
two different analytical models, as being ~80100 year.
Analyses of climate data support these findings with:
* evidence of favourable conditions for glacier
growth prior to the observed glacier advance
which culminated in the maximum extent for
the last 200 year,
* evidence of a subsequent transition to a more
maritime regime resulting in the prolonged 20
century retreat,
* the glacier is currently at or near a steady-state
condition.
The available climate data show Salajekna is influenced
by a complex synoptic climatology with important
contributions from non-westerly airflows. The
response of the glacier in the Little Ice Age probably
reflects increased meridional and/or easterly airflows
although precipitation from more southerly orientations may also have contributed to the positive mass
balance. Our reconstruction of the glacier in 1899
reveals an area-altitude distribution highly sensitive
to perturbations of the ELA.
th
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Paper 4
Under the present glaciological conditions, lakes
dammed by glaciers play a subordinate part, and
are generally regarded as rather piquant features
of the glacier landscape.
Sigurdur Thorarinsson
1939

Recurring jökulhlaups

Recurring jökulhlaups in Sälka,
northern Sweden
Per Klingbjer

Department of Physical Geography and Quaternary Geology, Stockholm University,
SE-106 91 Stockholm, SWEDEN
Abstract
An ice-dammed lake at the margin of the glacier Sälkaglaciären, in the Kebnekaise Mountains
in northern Sweden, drained suddenly in July 2003 producing a flood with a measured peak
discharge of 9.560.25 m3s-1. The total lake volume of 4.553105 m3 drained within two days.
The hydrograph of this event is characteristic of a jökulhlaup controlled by a single basal ice
tunnel that enlarges due to melting. The jökulhlaup had an exponential rise to a peak discharge,
and following the peak, a very steep fall in discharge as the water supply to the drainage
system ceased. A similar jökulhlaup was observed in August 1990 with an estimated release
of 8.053105 m3 water. Jökulhlaups at Sälkaglaciären are recurring events and have been
indirectly observed since the 1950s.
Keywords
Outburst flood; jökulhlaup; ice-dammed lake; polythermal glacier; hydrograph; peak-discharge;
northern Sweden

Introduction

A jökulhlaup is a sudden and rapid drainage of a
glacier dammed lake or water impounded within
a glacier. It may occur at a variety of timescales.
Drainage of ice-dammed lakes has been described
from many glaciers (e.g. Rötlisberger, 1972; Nye,
1976; Clarke, 1982; Haeberli, 1983; Sugden et al.,
1985; Björnsson, 1988, 1998, 2002; Tvede, 1989;
Russel et al. 1990). The spectacular jökulhlaups
from Grimsvötn in Iceland described by Björnsson
(1988, 1998, 2002) have recently put the phenomenon
of jökulhlaps in focus and an increased understanding
of jökulhlaup behaviour has developed over the
past few decades (e.g. Walder and Costa, 1996;
Björnsson, 1998, 2002; Ng, 1998; Fowler, 1999:
Anderson et al., 2003). Jökulhlaps can have considerable impacts on human society. Jökulhlaups, moraine
dammed lake outbursts and debris avalanches
triggered by calving glaciers may represent the
highest and most far reaching glacial risk in terms
of disaster potential and damage. The erosion of
the landscape and destruction of infrastructure such
as roads and bridges comprises a financial hazard.
Examples of the devastating consequences can be
found from Iceland, where the 1996 mega-flood

from the jökulhlaup described by Björnsson (2002)
destroyed a part of the premier highway that rings
Iceland with a number of important bridges totally
swept away. An additional hazard has been observed
in the Cordillera Blanca, Peru, where large ice
avalanches are associated with outburst floods from
glacial lakes. One of the most serious one was the
event that destroyed one third of the city of Huaraz
in 1941, when approximately 6,000 people died
(Lliboutry et al., 1977). Increasing human activity,
such as infrastructure management and tourism, in
areas where jökulhlaups have previously occurred
has highlighted the need for an increased understanding of ice-dammed lake behaviour. Investigations
of jökulhlaups from small glaciers may provide
insight into the physical processes of jökulhlaup
behaviour that are more difficult to observe in larger
and more complex glacier systems. Jökulhlaups in
Sweden are probably rare; only isolated events have
been observed from retreating glaciers in Sarek
National Park in Sweden (Per Holmlund, pers.
com.). Jökulhlaups from the Sälkaglaciären glacier
are exceptional because they are recurring events.
The repeated lake outbursts have raised questions
regarding the hydrological characteristics of the
events.
1

Per Klingbjer
The paper describes the glacier environment,
compiles a jökulhlaup history for this site and
presents optical and radar survey measurements
used to map the glacier surface and bed to construct
a map of hydraulic potential. The paper provides
field observations including measurements of two
jökulhlaup events.
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Background

Sälkaglaciären (678 56 N, 188 11 E) a polythermal
valley glacier is located on the eastern side of the 1869
m high Sälkatjåkka mountain in the Kebnekaise
area in northern Sweden (figure 1). The glacier
covers 1.8 km2 and spans an elevation range between
1100 and 1780 m a.s.l. The uppermost region of
the glacier comprises an ice fall, originating from
the ridge line, which feeds the more gently sloping
middle section (figure 2). The middle section, which
constitutes the main part of the glacier, slopes gently
whereas the front is steep and heavily crevassed.
At 1320 m a.s.l. a subaerial lake is dammed to the
north by the glacier (figure 2). In front of the glacier a
well-developed canyon (figure 3) reaches approximately 300 m downstream, with a width ranging
between 3 and 16 m and depth varying from 4 to
24 m. The canyon is parallel to a general fault
direction in the area and to the glacier flow direction.
Methods and instrumentation

This section describes the methods and instrumentation used, including a description of the enclosed
glacier map. Here we present the procedures to
measure and compute the lake variations and the
discharge. Then, a description of the procedures
for the radar measurements is presented.

Glacier map

A map of the glacier was constructed (see enclosure)
using aerial photographs taken by the Swedish
National Land Survey in 1980 (LMV 80 296678
11-12 800727, 21321 cm) covering Sälkaglaciären
arranged in a north-south strip. Photogrammetric
plotting was done at 1:20 000 scale with a 10 m
contour interval with a Wild B8 stereoplotter. The
geodetic support was taken from the official
Swedish map BD6 Abisko-Kebnekaise-Narvik at
a scale of 1:100 000 constructed by the Swedish
National Land Survey. The geodetic datum in the
produced map is the Swedish grid RT90 2.5 gon
W and orthometric height expressed in RH70.

Lake variations

The lake extent variations and hypsometric function
were established from field measurements, aerial
2
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Figure 1. Location map showing the glacier Sälkaglaciären
in northern Sweden.

photographs taken by the Swedish National Land
Survey in 1960 and 1980 and from the newly
constructed glacier map.
Shorelines (relict and present) were surveyed
with a theodolite Wild T2 and a geodimeter AGA
12A during the summer of 1996.

Discharge

In order to measure lake discharge a pressure gauge
was installed on the lake bed and a water level
recorder were installed down stream of the glacier
between 1995 and 2002. In July 2002 permanent
lake level monitoring equipment was installed at
the ice-dammed lake (figure 4), including a Campbell
CR10X datalogger. A calibrated unvented pressure
gauge with a thermistor, GEOKON 4500S, was
placed in the lake and this gauge was used to
measure the lake level and the lake temperature.
The pressure gauge consists of a vibrating wire piezometer in stainless steel housing with a measuring
range between 0 and 50 psi with an accuracy of 60.1%
in linearity. During the installation, the offset of
the pressure gauge was adjusted to the present lake
level and the elevation of this level was surveyed
with a theodolite. The lake level variations during
the installation were 61 cm. The lake level and
lake temperature were recorded every 15 minutes.

Radar surveys

Mono-pulsed and multi-frequency radar techniques
have been used respectively to obtain the ice depth
and the depth of the cold surface layer on the glacier.
The mono-pulsed radar, based on a Mark II
transmitter and a Tektronix receiver was used to
map the glacier bed in spring and summer of 1995.
The radar transmits a 0.1 ms wide pulse with a peak
pulse power of 8 kW. The system used an 8 m halfwave dipole antenna, with a resonance frequency

Recurring jökulhlaups
Figure 2. Sälkaglaciären and the
ice-dammed lake (Photo: Per
Holmlund, September 4, 1994).

Ice-dammed lake

of 8.1 MHz. Further description of the radar system
is given by Sverrisson et al. (1980). The multi-frequency
(stepped frequency) radar, based on a Hewlett-Packard
Network Analyzer (HP 8753B) with a Yagi-antenna
and a controlling portable computer was used in
May 1995, for detection of the cold surface layer.
The cold surface layer in the ablation areas on polythermal glaciers can be described thermally as a
surface layer with ice temperatures below the pressure
melting point (~0 °C) (Schytt, 1968; Hooke et al.,
1983; Holmlund and Eriksson, 1989; Blatter and
Hutter, 1991; Krass, 1991, Pettersson et al., 2003).
Detailed descriptions of the multi-frequency radar
and the technique are given by Holmlund and Eriksson

Ice-tunnel

(1989) and Hamran and Aarholt (1993). The surveys
were carried out using bandwidths of 100 MHz
(800-900 MHz) and 150 MHz (780-930 MHz).
The upper middle section on Sälkaglaciären could
not be surveyed because the battery power, that
supported the measurement system, was insufficient.
The end points of the profiles were surveyed
with a precision sighting compass (figure 5). Some
regions of the glacier could not be surveyed because
of crevasses or the steep surface slopes.
The processing of the multi-frequency radar
data transforms the received frequency response
from the reflected targets into time domain by using
Inverse Fast Fourier Transform (Hamran et al.,
1995). The mono-pulsed radar measurements were
converted into dB-values (Daniels, 1988) with no
further processing. To convert the measured travel-
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Figure 4. Map of Sälkaglaciären showing a generalised
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(May and July 1995) and surveyed shorelines (July 1995).
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Figure 5. Radar profiles during survey of ice-thickness
and cold surface layer.

time into target distance, a propagation velocity
of 168 m/µs in ice was used (Robin 1975).
Observations of the ice dammed lake and
jökulhlaups

Jökulhlaups have directly and indirectly been
observed at Sälkaglaciären since the mid 1950s
(table 1).
The first documented observations of the icedammed lake at Sälkaglaciären are from the period
in 1947 when the Geological Survey of Sweden

mapped the Sälka massif. During this survey it was
observed that the ice-dammed lake drained over
the bedrock saddle 400 m south of the glacier dam
(figures 6a and b). Terrestrial photographs taken
on July 29 1952 show that the lake had drained
through or under the glacier. A sharp melt boundary
in a snow patch on the west side of the lake
indicated a recently receded shoreline. Changes in
area of the ice marginal lake at Sälkaglaciären have
been identified on maps and aerial photographs
(Peter Jansson, pers. com.). From aerial photographs
taken on August 5, 1960, it is evident that the lake
had drained through or under the glacier (figure 6a).
Jökulhlaups have been indirectly observed from
a mountain hut downstream of the glacier. They
were evidenced by highly increased discharge of
the stream draining Sälkaglaciären every year from
1964 to 1989 (Margareta Salsjö, pers. com.). In
these years, the jökulhlaups always occurred between
22 July and 11 August. Aerial photographs taken on
August 31, 1972 and on July 28, 1980 (figure 6b)
show that the lake was drained through or under
the glacier. The first direct observation of a jökulhlaup
at Sälkaglaciären was from a helicopter on August 11,
1990 (Per Holmlund, pers. com.). Water emerged
100 m north of the tunnel opening in the glacier terminus
and was channelled into the snow-filled canyon in
front of the glacier (figure 3). The lake level was reduced
by about 9 m within a day.
On August 1, 1991, the glacier-dammed lake was
observed to be filled. Two weeks later, on August

Table 1. Observed jökulhlaups at Sälka

Year

Timing

Reference

1952
1960

Before 29 July
Before 6 July

19641979

Annually between
22 July and 11 August
Before 31 August
Before 28 July

Photography taken by Valter Schytt
Aerial photograph by National Land Survey
of Sweden
M. Salsjö (pers. com.)

1972
1980
19811989
1990
1991
1992
1993
1994
2000
2002
2003
4

Annually between
22 July and 11 August
11 August
Between 1 and 16 August
Between 22 July and 11 August
25 July
27 July
Before 11 July
Before 4 July
14 July

Aerial photograph by the Swedish Air Force
Aerial photograph by National Land Survey
of Sweden
M. Salsjö (pers. com.)
P. Holmlund (pers. com.)
P. Holmlund (pers. com.)
M. Salsjö (pers. com.)
M. Salsjö (pers. com.)
M. Salsjö (pers. com.)
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b
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200
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N
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N
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200
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Figure 6. Aerial photos over the ice-dammed lake at Sälkaglaciären (a) July 1960 and (b) July 1980. Lake, shoreline
and saddles are shown. © National Land Survey of Sweden, 2004.

Formation of the ice-dammed lake

The lake is located within a small catchment area
(approximately 0.6 km2) on the south side of the
glacier. The volume change in the lake is given by

`6 = + − +ÕÌ
`Ì

(1)

where V is the lake volume, Q is the sum of the
inflow to the lake and Q is the sum of the outflow
from the lake. The inflow of water originates mainly
in

out

1314

Water level (m a.s.l.)

16, 1991, the ice-dammed lake had drained (Per
Holmlund, pers. com.). In 1993 and 1994 the jökulhlaups were again indicated by highly increased discharge of the stream draining Sälkaglaciären (Margareta
Salsjö, pers. com.). The jökulhlaups occurred on July
25 in 1993 and on July 27 in 1994.
Stranded snowblocks and lake-ice blocks were
found around the lake in the early summer of 2000 and
2002, suggesting that minor jökulhlaup had occurred.
In 2003 a jökulhlaup was properly recorded for
the first time. The previously mentioned pressure
gauge in the lake recorded a sudden 6.1 m lake
level drop on July 1314, 2003 (figure 7). The lake
drained all the available water for the jökulhlaup
within less than two days. Due to technical problems
with the data storage, lake level data were not recorded
between April 22 and June 14. This does not influence
the analysis of the recorded jökulhlaup in 2003, but
we cannot analyse the lake filling in the early part
of the summer of 2003.

1312
1310
1308
1306
1/3 1/4 1/5 1/6 1/7 1/8 1/9 1/10
2003

Figure 7. The lake level of the ice-dammed lake at
Sälkaglaciären in 2003. The lake level ascends until the
jökulhlaup takes place.

from snowmelt, rain falling on the catchment and
meltwater from the glacier surface. The outflow
Q from the lake is water loss from evaporation
and leakage under the glacier or elsewhere. The
outflow Q prior to the jökulhlaup is assumed to
be zero. There have been some reports of leakage
from ice-dammed lakes (Fischer, 1973). Anderson
et al. (2003) concluded from water balance studies
of jökulhlaups from Hidden Creek Lake in Alaska,
that leaks from glacier-dammed lakes are possible,
but such leaks are difficult to measure and most
probably quite small and stable. If such leaks were
unstable, these would likely trigger jökulhlaups.
The available water in the lake for jökulhlaups at
Sälkaglaciären is determined by two bedrock saddles
(figures 6a and b). The lake level can only vary within
out

out
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these two boundary levels when the glacier dams the
lake. The lower boundary level is defined by a bedrock basin which ponds the water. The upper boundary
level is defined by a bedrock saddle 400 m south of
the glacier-dam that would serve as a spillway. The
lake at the upper boundary level is approximately
0.21 km2 and at the lower boundary level the lake
covers approximately 0.05 km2.

Lake shorelines

There are two visible shorelines around the lake. One
forms a distinct border between exposed clean bedrock
and bedrock covered by lichens and mosses. The shorelines are also visible in the aerial photographs from
1960 and 1980 (figure 6a and b). Lichens in the northern
Scandinavian mountains establish themselves shortly
after the rock is exposed (Karlén, 1973; Karlén and
Denton, 1975). Therefore, clean bedrock must have
been under water for most of the time and only
recently exposed. In the eastern part of the lake a
second, more diffuse shoreline can be found. This
shoreline is defined by a border between fine-grained
material in the soil and coarse grained material.
At the time of survey, the lake level was at its
lower boundary level and the highest shoreline,
the upper boundary level, was located 16.5 m above
the lower boundary level (figure 4). The second,
more diffuse shoreline in the eastern part of the lake
was 8.6 m above the lower boundary level (figure 4).
This shoreline is close to the estimated lake level
after the 1990 event, based on stranded snow and
lake-ice blocks. The stranded snow and lake-ice
blocks found in 2000 also coincide with this shoreline.
To determine the volume of water released by
a jökulhlaup from Sälkaglaciären, a hypsometric
function A(h ) (the contour area as a function of lake
level) was established (table 2). The hypsometric data
originate from the relict shorelines surveys around
the lake and the enclosed glacier map. The outburst
lake volume V can be calculated with the equation

Table 2. Hypsometric data and estimated lake volume
for the ice dammed lake at Sälkaglaciären.

Elevation
(m a.s.l.)

Lake area
(m2)

Lake volume
(m3)

1306.0
1310.0
1315.0
1320.0
1322.5

50458
79010
122697
170198
213170

0
255847
804810
1608390
2105661

the lower boundary level. The lake lowering was
the only measurement taken during the jökulhlaup.
It is estimated that the jökulhlaup was triggered at
pressures below that required for ice-dam flotation.
Various empirical relationships based on documented jökulhlaups have been proposed for estimating
peak discharge from jökulhlaups (e.g. Clague and
Mathews, 1973; Walder and Costa, 1996). The most
common approach is a correlation between the peak
discharge and the total volume released. The plots
of peak discharge versus total volume released show
a large scatter (figure 2 in Clague and Mathews, 1973;
figure 2 in Walder and Costa, 1996), which can be
explained by the diversity of the characteristics of
the different ice-dammed lakes and the glaciers and the
uncertainty of the peak measurements and estimates
(Ng and Björnsson, 2003). However, the empirical
relationships provide a first estimate of the magnitude
of the outburst.
Since there is no hydrograph for the 1990 event,
an empirical relation for subglacial floods is used
(Walder and Costa, 1996)
ä°ÈÈ
+« = {È⎛⎜ 6È ⎞⎟

w

6

 Ü ®` Ü
(2)
if the location of the lake level before the onset of
a jökulhlaup is known. The equation was solved
by numerical integration of the linearly interpolated
hypsometric data.
r

The jökulhlaups

The 1990 event

During the first direct observation of a jökulhlaup
at Sälkaglaciären on August 11, 1990, the lake drained
by about 9 m within a day. When the jökulhlaup
finished, the lake level was found to be located at
6

⎝ £ä ⎠

(3)

where Q (m3s-1) is peak discharge and V (m3) is
the total lake volume drained during the jökulhlaup.
The lake volume calculated by using equation (2)
is approximately 8.053105 m3, which gives a peak
discharge in 1990 of 40 m3s-1.
The uncertainties associated with the calculations
are based on the ambiguity of the empirical model
and that has not been evaluated by Walder and
Costa (1996). It is difficult to explicitly quantify the
uncertainty in this model. However, we can expect
relatively large errors because of the rough estimates
of peak discharge and lake volume included in Walder
and Costas (1996) dataset. Many of the outlet streams
were gauged far from the glacier terminus and the
relationships between stage and discharge during
the jökulhlaup were unknown (Walder and Costa,
p
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The 2003 event

Measurements show a rising lake level during spring
and summer 2003. The water level rose from the
lower boundary level until it reached the threshold
for triggering a jökulhlaup (figure 7); the jökulhlaup
was triggered at pressures below ice-dam flotation.
From the lake level record h (t) and the hypsometric
data A(h ) in table 2, the volume decrease V(t)
(figure 8a) was calculated by using equation 2. The
lake level decreased 6.1 m during the jökulhlaup which
is equivalent to a total volume loss of 4.553105 m3.
After the jökulhlaup, the lake level was at the lower
boundary. The volume change is related to the lake
level h (t) and the hypsometric relation A(h ) by
w

w

w

w

`
`6
= −  Ü ® Ü
(4)
`Ì
`Ì
As the volume change in the lake is negative we choose
to express this equation as a positive discharge.
From the discharge curve in figure 8b, it is obvious
that the onset of the jökulhlaup occurred around
midnight between July 12 and July 13. The maximum
discharge of 9.5 m3s-1 was calculated to occur
approximately 40 h later. The discharged decreased
from peak discharge to the end of the water supply
within circa 6 h.
There are some uncertainties associated with
the calculations. The accuracy of the hydrograph is
dependent on the uncertainty of the hypsometric data
and the accuracy of the pressure gauge. The uncertainty
in the determination of the lake level during the
installation of the gauge was 61 cm and the accuracy
of the pressure gauge is 60.1% (of 50 psi). The
total uncertainty in the lake volume is 64000 m3
(see calculation in the 1990 event). The uncertainty
in maximum discharge during the 2003 event was
calculated to be 60.25 m3s-1.

Lake volume (105 m 3 )

5

(a)

4
3
2
1
0
10

Discharge (m3/s)

1996). Nevertheless it is possible evaluate the errors
associated with the hypsometric data in table 2 that
are used as input to the established model. The lake
volume calculation is based on three elevation
contours (taken from the enclosed glacier map) and
two field surveyed levels. The areas were manually
calculated with digitizing software. This procedure
was repeated ten times and uncertainty in the area
measurements totalled 6200 m2 in all cases. The
shore around the lake is flat and the relationship
between lake surface area and the elevation is almost
linear, thus we can within an interval of 64000 m3
have confidence in the estimates of the lake volume.
The uncertainty, associated with the hypsometric
data, in maximum discharge during the 1990 event
was calculated with standard error analysis to be
60.5 m3s-1.

(b)
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Figure 8. (a) Lake volume decrease during the jökulhlaup
in 2003. (b) Discharge during the jökulhlaup in 2003.

There is a wide range of observed jökulhlaup
hydrograph shapes (c.f. Björnsson, 2002; Tweed and
Russel, 1999). The configuration of the ice-dam, trigger
mechanism and the routing of the water through the
glacier are some of the factors affecting the hydrograph
shape. The hydrograph of the 2003 event is characteristic
of a jökulhlaup controlled by a single ice tunnel that
enlarges due to melting The accelerated increase of
flow to a peak discharge represents the progressive
enlargements of the ice tunnel by flowing water (e.g.
Nye, 1976; Clarke, 1982). The discharge then falls
steeply as the water supply ceases to the tunnel.
Water typically remains in the lake below the lower
boundary level. When the stream no longer fills
the tunnel the ice pressure may cause its collapse.
Flood path

The drainage of water at the interface between
glacier ice and bedrock has been discussed by numerous
authors (e.g. Shreve, 1972; Weertmann, 1972; Nye,
1976; Lliboutry, 1983). Shreve (1972) showed that
englacial water and water at the interface between
ice and bedrock tend to flow along the maximum
negative potential gradient 2dF/ds where s is the
distance and the potential F is
Φ = U  }â Ã − â® + U Ü }â
(5)
In this relation ρ and ρ are the densities of water and
ice (1000 kg m-3 and 900 kg m-3), g is the acceleration
due to gravity (9.81 m s-2), z is the elevation of ice
surface and z is the elevation of bedrock.
w

i

s
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Cold surface layer

Results from radar measurements show bed topography with two subglacial overdeepenings in the
range of 30 and 40 m and a maximum ice depth of
220 m (figure 4a).
Once the subglacial topography had been mapped,
the subglacial potential surface was calculated with
equation (5) with results shown in figure 9. Based
on the hydraulic potential contours a flow path is
proposed. The proposed flow path coincides with
a small depression of the ice surface with crevasses
along the southern margin of the glacier.

The radar mapped thickness and extent of the cold
surface layer on Sälkaglaciären (figure 9) shows
three areas where the cold surface layer reaches
depths of 60 m. The first area is located along the
northern margin, the second and third along the
southern margin. The cold surface layer in these
areas does not reach the glacier bed and, it will
probably not influence the drainage path at the
bed. The radar surveys also show that the glacier
is frozen to bed along the northern and southern
margin (figure 9). The frozen southern margin may
therefore influence the drainage of the glacier by
impeding drainage along that section of the margin.

Thermal boundaries

The characteristic cold surface layer (for polythermal
glaciers) in the ablation area has an ice temperature
below the pressure melting point (,~0 8C) (Schytt,
1968; Hooke et al. ,1983; Holmlund and Eriksson,
1989; Blatter and Hutter, 1991; Krass, 1991; Pettersson
et al., 2003). The cold surface layer influences the
glacier in many ways. In the case of jökulhlaup
behaviour at Sälkaglaciären, the cold ice close to the
ice-dam could inhibit movement of water influencing
the hydrological process, if it reaches the bed and
the glacier-dam is coldbased. It may therefore play
a role in controlling the onset timing of a jökulhlaup.
The cold surface layer in this study was surveyed
to investigate its role in damming the lake and its
influence on the drainage path.

Discussion and conclusion

The jökulhlaups at Sälkaglaciären are recurring
events and have been observed over the last 50 years.
The jökulhlaup in 2003 emptied the available reservoir
and released 4.553105 m3 water within less than two
days. The peak discharge totalled 9.560.25 m3s-1.
The 2003 event shows the usual hydrograph from
a jökulhlaup with an accelerated increase of flow
to a narrow peak and a steep fall in discharge as the
water supply to the drainage ceased. From the jökulhlaup history for this site (table 2) it is impossible
to conclude if the drainage path is subglacial or not.
But, the computed flood hydrograph from 2003
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Figure 9. Estimated location
of the subglacial drainage
channel at Sälkaglaciären.
The map also shows the
extension and thickness of
the cold surface ice layer (May
1995) and the distribution of
hydraulic potential surface of
the glacier (July 1995).
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(figure 8) is a textbook example of classical jökulhlaup theory, where a single basal ice tunnel enlarges
due to melting. The process of tunnel enlargement
due to melt-widening has been discussed in detail
by Röthlisberger (1972), Shreve (1972), Weertman
(1972), Nye (1976), Clarke (1982), Lliboutry (1983)
and Hooke (1984). The exponential increase in
discharge during jökulhlaups is due to a positive
feedback in outflow. The larger discharge causes
more heat production and melting of ice which
leads to enlargement of the tunnel.
The jökulhlaups at Sälkaglaciären are small in
comparison with other well documented jökulhlaups
(c.f. table 1 in Walder and Costa, 1996). In Walder
and Costas analysis they included 26 glacierdammed lakes with tunnel drainage events. The total
drained volume varied between approximately
23105 to 23109 m3. The drained lake volume for
Sälkaglaciären lies within these limits, so it should
be possible to compare the 1990 event with the
2003 event from Sälkaglaciären. However, during
the 1990 event the estimated peak discharge was
40 m3s-1 which is much higher than the calculated
9.5 m3s-1 during the 2003 event, even though the
drained lake volume only was 77% higher. We must
consider that the peak discharge from the 1990
event is based on an empirical relationship and few
field measurements. In addition, very few cases
with accurate data on the lake level lowering during
a jökulhlaup and very few well established hypsometric
models were available among the 26 jökulhlaups
on which Walder and Costa (1996) based the empirical
model. The measured results from the 2003 event
(9.5 m3s-1 and 4.553105 m3) are located outside
the 95% confidence limits in Walder and Costas
model (figure 2 in Walder and Costa, 1996). This
makes the result from their empirical model rather
unreliable in the case of Sälkaglaciären.
The observed jökulhlaup events in 1990 and
2203 were triggered at pressures below the icedam flotation. However, this is not surprising
because the jökulhlaups were controlled by conduit
enlargement and those conduits are typically able
to begin developing before the ice-dam is lifted
(Björnsson, 1992, 2002). It should be noted that
the lake level at the onset of the jökulhlaup in 2003
was around 3 m lower than in the 1990 event.
The reason for this has not been investigated. But,
there are at least three separate features that may
have changed on the glacier since 1990. First, changes
in the cold surface layer; a substantially significant

thinning of the cold surface layer since 1989 has
been reported from Storglaciären a neighbouring
glacier (Pettersson et al., 2003). This is probably
associated with increased ablation (Pettersson et
al., in prep). There is no reason to believe that such
changes not have occurred on Sälkaglaciären, because
changes in climate are coherent in the area. The
second feature is changes of the ice-dam thickness;
a significant thinning of the ice-dam has not been
noticed during the fieldworks at the glacier. The
last feature is changes in the internal hydrology on
the glacier. As seen in figure 3, the water in the 1990
event emerged 100 m north of the tunnel opening
at the glacier terminus. This indicates that there
have been changes in the internal hydrology of the
glacier and that could be associated with a thinning
of the cold surface layer at the front.
If Sälkaglaciären forms a stronger dam the jökulhlaup is unlikely to occur. A stronger dam could be
formed by a thicker glacier or a thicker cold surface
layer at the dam. Because the drainage path is subglacial, the cold surface layer would have to penetrate
to the bed if it were to affect the jökulhlaup behaviour.
The present cold surface layer close to the ice-dam does
probably not influence the damming characteristics,
but the cold based condition in the south may influence
the drainage path.
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