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Abstract 

Swedish glacier extent change since the glacial end of the ‘Little Ice Age’ (LIA; ~1916) 
to 2008 was assessed with orthophotos from 2008, a Digital Elevation Model (DEM), 
topographic and geomorphological maps, historical photos together with previous 
inventories from 1950s/1960s, 2002 and 2008. Glacier area for 294 glaciers for LIA and 
2008 were manually digitized where the LIA extents were determined mainly from 
moraines visible in orthophotos. A Geographical Information System-based method 
(GIS) was applied for calculating the glacier area, volume, slope, aspect, elevation and 
hypsometry, and the change of the parameters was then calculated. The total glacierized 
area decreased with 127 ± 7 km2 from the end of LIA to 2008 corresponding to 34 ± 7% 
or an estimated volume loss of 7.9 km3 (41%). Glaciers with an area smaller than 1.0 
km2 represent 78% of all the glaciers in 2008. These glaciers have suffered the largest 
relative area change contributing to as much as 32% of the total area loss. An increasing 
scatter of glacier area change and topographic character with decreasing glacier size was 
also found. These results illustrates the importance of including a large sample of 
studied glaciers covering all size classes to understand the glaciers response to climate 
change of a region. The relative area decrease since the end of LIA for Swedish glaciers 
of 34% is the same as that detected for Jotunheimen, southern Norway between 1750 
and 2003 (35%), smaller compared to the change recorded in the European Alps (50% 
between 1850 and 2000) and in the Southern Alps of New Zealand (49% between 1850 
and 1975) and larger compared to glaciers located on Baffin Island, Canada (13% 
between 1920 and 2000). Between 2002 and 2008 the rate of area decrease has 
increased to 1.6% yr-1 compared to 0.3% yr-1 for the period between 1916 and 2002. 
Thus, if this rate of glacier recession continues most glacier area could be lost by 2070. 
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1. Introduction 

Glacier area change is one of the visually most striking natural indicators of climate 
change (Kääb et al. 2007; IPCC 2007). Most glaciers worldwide have decreased in area 
since the end of the ‘Little Ice Age’ (LIA) that occurred around 1850 on the northern 
hemisphere. Since the early 1980s, however, the rate of decrease have accelerated as a 
response to climate change (IPCC 2013). 
 
Climate models predict an even stronger temperature increase for the high latitudes of 
the northern hemisphere in the future (IPCC 2013) with probable corresponding glacier 
decrease. It is therefore necessary to carry out multitemporal regional glacier 
inventories including area and topographic parameters (slope, elevation, aspect and 
hypsometry) based on satellite or aerial images and DEMs (Digital Elevation Model). 
These regional inventories enable calculation of glacier area, volume and topographic 
change. The inventories furthermore enable us to understand the response to climate 
change for different type of glaciers and provides more accurate estimates of future 
glacier change (Meier et al. 2007). Multitemporal regional glacier inventories are now 
increasing in number around the world (WGMS 2008) together with regional 
inventories of the glaciers LIA maximum area extent that occurred by the end of LIA in 
many regions worldwide (Paul et al. 2004; Hoelzle et al. 2007; Zemp et al. 2008; Li & 
Li 2014; Osipov & Osipova 2014). Several studies have manually digitized the LIA 
glacier extent with clearly visible moraine ridges and trimlines in orthophotos, an aerial 
photo corrected for geometric distortion (www.oed.com), or satellite images (Vanuzzo 
& Pelfini 1999; Paul & Kääb 2005; Citterio et al. 2009; Kutuzov & Shahgedanova 
2009; Svoboda & Paul 2009; Glasser et al. 2011; Li & Li 2014; Osipov & Osipova 
2014). These inventories enable measuring the glacier change since the end of LIA and 
the corresponding contribution to sea level rise. 
 
In Sweden, most glaciers have a fresh and sparsely vegetated or non-vegetated 
proglacial area and lateral and frontal moraine ridges, which defines a clearly visible 
LIA extent in satellite and orthophotos. The innermost end moraine represents the final 
LIA glacier position, which occurred around 1916 in Sweden (Karlén 1973; Karlén & 
Denton 1975). However, most Swedish glaciers lack clear trimlines and several glaciers 
have only a vague LIA extent that can be difficult to detect in satellite images of coarser 
resolution (10–30 m). Due to the availability of high resolution orthophotos from 2008 
covering the whole Swedish mountain range, the end of LIA glacier extent is possible to 
map even for most glaciers with only vague glacial geomorphological LIA traces. 
 
Previous Swedish glacier inventories exist for the years 1877 to 1908 (Hamberg 1910b) 
based on ground observations, 1958 (Schytt 1959), 1958 to 1961 (Vilborg 1962) and 
1952 to 1971 (Østrem et al. 1973) based on aerial photos and 2002 (pers. comm. Erik 
Hansson, Stockholm University, Dec., 2013) and 2008 (unpublished, pers. comm. 
Andrew Mercer, Stockholm University, Dec., 2013) based on Landsat 7 ETM+ images. 
Only the two latter inventories are, however, available in digital format and all 
topographic parameters have not been calculated with a DEM. Furthermore, depending 
on the snow conditions and resolution of the images, discrepancies exists of what 
glacier areas were included or excluded in previous inventories. Also, the knowledge of 
the state of Swedish glaciers are at the moment insufficient according to the Swedish 
Environmental Protection Agency (SEPA 2011). The orthophotos from 2008 enables 
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thus to update the inclusion or exclusion of glacier units in previous national inventories 
and to measure the temporal change. 

1.1. Aim of study 

The aim of this study is to evaluate the ice loss since the end of the LIA glacier extent 
(around 1916) until 2008 for all Swedish glaciers. The glacier area extent for the end of 
LIA and 2008 is manually digitized using high resolution orthophotos from 2008. The 
glacier topographic parameters (slope, aspect, elevation and hypsometry) are calculated 
using a DEM from 1993 of 50 m spatial resolution. The glacier area, slope, aspect, 
elevation and hypsometry are then calculated in ArcGIS. The volume is calculated using 
an volume-area scaling relationship (Bahr et al. 1997) and the temporal area and 
associated volume change is then compared with previous Swedish inventories. These 
results provides a complete overview of the Swedish glaciers change since the end of 
LIA allowing for a range of analysis on how glaciers respond to climate change 
depending on their size and topographic character, how they might respond to future 
climate change and how Swedish glaciers have changed compared to other regions 
worldwide. 
 
The main questions for the study are thus: 
 
1) What is the size and topographic characteristics of the glaciers in 2008? 
 
2) How have the glacier area and associated volume changed in relation to the glacier 
characteristics since the end of LIA until 2008? 
 
3) How have the glacier area and associated volume changed over time when comparing 
the results with previous Swedish inventories and other glacier regions worldwide since 
the end of LIA? 
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2. Background 

2.1. Glaciers response to climate change 

Several factors determine the advance and retreat of a glacier as a response to a climate 
change and is thus a complex and dynamic process (Fig. 1). The annual glacier mass 
balance is the balance between the accumulation and ablation of the glacier mass for 
one year. The mass balance illustrates the effect of the precipitation and temperature 
regime during that specific year and result in either a positive or negative mass balance 
(Benn & Evans 2010). A long term negative mass balance due to climate change will 
eventually result in a geometric change of the glacier. How fast the glacier will adjust 
its geometry to the climate shift depend on the glaciers response time (Haeberli 1995). 
 

 
Fig. 1. Glacier area change as a delayed response to a climate change (after Haeberli 1995 and Paul 
2003). 

The response time, or the volume response time, is thus the lag between the original 
shift in mass balance due to a climate change and the time it takes for the whole glacier 
to adjust its geometry to the new climate. A new equilibrium is then reached or a steady 
state condition (Leysinger Vieli & Gudmundsson 2004; Raper & Braithwaite 2009). 
The response time should not be confused with the reaction time, which is the time it 
takes for the terminus to react to a climate change. 
 
The response time is primarily a function of the mass balance gradient (Oerlemans et al. 
1998; Raper & Braithwaite 2009). The mass balance gradient is the rate of change of 
net mass balance with elevation and is largely determined by the climate. A maritime 
glacier has a large mass turnover (high rate of change of net mass balance) and therefore 
a faster ice flow compared to a continental glacier. The maritime glacier will thus have 
a steeper mass balance gradient leading to a shorter response time (Oerlemans & 
Fortuin 1992). 
 
The glacier size, hypsometry and slope also determine the mass balance gradient 
(Oerlemans 1994; Raper & Braithwaite 2009). The glaciers topographic parameters in 
relation to the area change is therefore of interest to analyze. The glacier hypsometry is 
the distribution of glacier area with elevation determined by the ice volume distribution 
and shape and topographic relief of the glaciers location. The relationship between 
glacier size, slope and its response time for any given climatic forcing is however not 
straight forward (Oerlemans et al. 1998). A common trend, however, is that short steep 
maritime glaciers will have a short response time of a few years (and a steep mass 
balance gradient), whereas a larger valley glacier with a lower slope and lower 
minimum elevation could have a response time of a hundred years (Haeberli 1995; 
Kirkbride & Winkler 2012). This response time is illustrated in Fig. 2 where the 
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response time (tresp) of a glacier is related to the ratio between its maximum thickness 
(smax) and its annual ablation at the terminus (Johannesson et al. 1989).  
 

𝑡resp = 𝑠max/𝑏𝑡   (1) 

 
A steep glacier will be thin assuming that all other factors are equal. A steeper and 
thinner glacier would thus have a shorter response time compared to a lower sloping 
and thicker glacier (Johannesson et al. 1989). However, the response time can also 
decrease with increasing size and length of a glacier as the ablation area extents further 
down to lower elevation where ablation is more efficient due to the temperature gradient 
(Bahr et al. 1998). 
 

 
Fig. 2. Glacier slope versus glacier response time for alpine glaciers longer than 2 km (From Haeberli & 
Hoelzle 1995). 

The aspect of a glacier is also a topographic parameter that can affect the glacier size 
distribution and provide information about the influence of solar radiation and the 
prevailing wind direction of a region. Glaciers facing north are favored in most regions 
northern Hemisphere due to lower solar insolation (Paul & Kääb 2005; Evans 2006; 
Paul & Svoboda 2009; Basagic & Fountain 2011; Hagg et al. 2013). An increasing 
mean elevation from north-facing to south-facing glaciers is another indication of the 
effect of solar radiation as the glaciers exposed to more radiation can recede to higher 
elevations (Paul & Kääb 2005; Paul & Svoboda 2009). 
 
The often prevailing westerlies on the northern part of the northern Hemisphere, 
enhancing the snow accumulation on the eastern leeside, favors east-facing glaciers and 
creates thus a difference between glaciers facing east and west. Furthermore, glaciers 
facing east are favored due to the cloud and temperature variations before and after mid-
day. When a uniform cloud cover exist the glaciers facing west will exhibit more 
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melting due to higher air temperatures in the afternoon when the westward side will 
have more insolation (Evans 2006). 
 
High headwall cliffs above a glacier are another local topographic factor that can 
influence the glaciers response to climate change. Glaciers with high headwall cliffs can 
exhibit less area change as the cliffs would provide more avalanching snow and shade 
to the glacier surface. The effect of the surrounding cliffs can thus decrease the rate of 
glacier mass loss for small glaciers that have receded higher up into its cirque and 
reduce these glaciers response to climate change in the future (Basagic & Fountain 
2011). 

2.2. Holocene climate and glacier extent during and after the 

LIA 

Since the end of the Last Glacial Maximum (LGM), glacier volume has varied between 
cold and warm periods and distinct moraine ridges have been formed (Solomina et al. 
2015). After a warm period referred to as the Medieval Warm Period an abrupt summer 
temperature decrease initiated the LIA climate period. Increased volcanic eruptions in 
combination with an ongoing cooling during the second half of the Holocene onset the 
temperature decrease. Sea-ice and ocean feedback mechanisms together with possible 
other causes and feedback mechanisms could maintain the low summer temperatures 
(Mann et al. 2009; Miller et al. 2010; Miller et al. 2012). 
 
The LIA climate period reflects the coldest period of the late Holocene and many 
glaciers reached thus their Holocene maximum extent during this period (Davis et al. 
2009), although the timing and magnitude of the LIA varies globally (Miller et al. 
2010). According to IPCC (2013) the LIA climate period occurred between AD 1450 
and 1850 in the northern Hemisphere and according to Ivy-Ochs et al. (2009) and Miller 
et al. (2010) it occurred around AD 1250 to 1850 in the Arctic and European Alps 
where most of the glaciers in the European Alps reaching their maximum LIA extent by 
the end of LIA. A LIA glacier maximum occurred around the 1920s on Baffin Island, 
Canadian Arctic (Paul & Svoboda 2009), Western Greenland (Citterio et al. 2009) and 
Sierra Nevada, USA (Basagic & Fountain 2011) and around AD 1750 in Norway (Nesje 
2009). 

2.2.1. Swedish climate and glacier extent during the LIA 

After the cloudy and warm Medieval Warm Period, which occurred around AD 900 to 
1200 in northern Sweden indicated by pollen stratigraphy and dendrochronology (Fig. 
3) (Grudd 2008; Bjune et al. 2009; Gagen et al. 2011; Young et al. 2012; Loader et al. 
2013), proxy records indicate a cool and sunny climate period between AD 1600 and 
1900 in northern Fennoscandia which is associated with the LIA climate period 
(Weckström et al. 2006; Grudd 2008; Bjune et al. 2009; Gagen et al. 2011; Young et al. 
2012). Based on a comparison between reconstructed temperature and sunshine data 
from a stable carbon isotope tree-ring chronology from northern Fennoscandia, Loader 
et al. (2013) found that the most significant and sustained climate periods during the 
past 1100 years were the cool and sunny two phase LIA periods occurring between AD 
1200 and 1380 and AD 1550 and 1780 (Fig. 3). The timing of the coldest period during 
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LIA is less agreed upon, however. The coldest period either occurred around AD 1600 
(Björklund et al. 2013), between AD 1500 and 1600 or between 1800 and 1850 (Bjune 
et al. 2009) or around 1900 (Grudd 2008). 
 

 
Fig. 3. Relative difference between temperature and sunshine for the past 1100 years in Torneträsk, 
northern Sweden from a stable carbon isotope tree-ring chronology. Arctic air dominates the negative 
values and typically indicate periods of cold and sunny weather and maritime air dominates the positive 
values typically indicate warm and cloudy conditions (Loader et al. 2013). 

The forcing of the LIA cooling is suggested to be a shift from dominating maritime air 
masses to cool Arctic air masses resulting from a southward migration of the Polar 
Front, reflecting a negative phase of the Arctic Oscillation (AO) (Young et al. 2012; 
Loader et al. 2013). The AO index is a measure of the winter sea level pressure centered 
over the Arctic driven by the Eurasian winter surface air temperatures (Thompson & 
Wallace 1998). The LIA climate period also reflects a negative phase of the North 

Atlantic Oscillation (NAO) which is closely linked to the AO. The NAO index 
measures the difference in sea-level pressure between the Azores and Iceland over the 
North Atlantic Ocean and controls the westerlies strength between latitude 40 to 60° N 
(Hurrell 1995). A positive phase of the NAO and AO is linked to an increase in warm 
moist air during winter in northern Europe. A positive NAO phase correlates with 
Scandinavian glacier net and winter mass balance records. A positive NAO phase 
results in a more positive glacier net mass balance, especially for maritime glaciers in 
western Scandinavia with a reducing effect with increasing continentality and latitude. 
Summer temperatures in Scandinavia influences the net mass balance of continental 
glaciers more (Nesje et al. 2000; Fealy & Sweeney 2005; Linderholm et al. 2007). 
 
Lacustrine sediment records, radiocarbon dating of moraines and lichenometry 
demonstrate that Swedish glaciers probably reached their LIA maximum extent around 
the seventeenth and beginning of the eighteen century (Karlén 1988 and references 
therein). Mapped and lichenometry dated moraine complexes in front of 23 glaciers 
located in the Kebnekaise Mountains by Karlén (1973) and in front of 17 glaciers in the 
Sarek Mountains, northern Sweden by Karlén & Denton (1975) are the most extensive 
studies of LIA glacier advances. In the Kebnekaise Mountains the LIA advances 
occurred around AD 1916, 1890, 1850, 1780, 1710, and around AD 1500 to 1640. The 
AD 1500 to 1640 advance was often the most extensive LIA advance. The innermost 
moraine ridge marking the glacial end of LIA often represents the 1916 advance. All 23 
glaciers that were studied in the Kebnekaise Mountains had begun to retreat in 1916 
(Karlén 1973). In the Sarek Mountains the last LIA advances occurred around AD 1916 
to 1920 representing the innermost moraine in the Sarek Mountains. The outermost 
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moraine was often dated to around 2500 cal. yr BP in both the Kebnekaise and Sarek 
Mountains (Karlén & Denton 1975). 
 
Historical records can also help determining the glacier extent since the end of LIA in 
the Swedish mountains. Detailed sketches of the glacier Salajiegna (ID 104, Fig. A.2.5) 
from AD 1808 illustrate that the glacier was advancing (Wahlenberg 1808). Front 
measurements between AD 1897 and 1898 indicate that the glacier had advanced even 
further (Westman 1899a, b, 1910). Salajiegna is believed to have reached its maximum 
LIA position between AD 1880 and 1910 (Holmlund 1993). Between AD 1884 and 
1917 front positions were measured at the Kårsajökeln (ID 15, Fig. A.2.1) where only 
small variations of the front was reported during that period and has thereafter retreated 
(Svenonius et al. 1910; Ahlmann & Tryselius 1929). Other early studies, including 
photographing, were made by Hamberg in Sarek (1910a), Svenounius in AD 1884 and 
1897 (1910), Enquist in 1910 (1916, 1918) and Odencrants in 1922 (1922) in the 
Kebnekaise Mountains. These historical photos illustrate glaciers in an advancing or 
stable state. Some glaciers, for example Rabots glaciär (ID 2, Fig. A.2.2) and 
Isfallsglaciären (ID 4, Fig. A.2.2), overrode older end moraines (Fig. 4; Enquist 1910, 
photograph 43/368 a). Overridden moraines are however less common in the Sarek 
Mountains where moraine complexes were mapped (Karlén & Denton 1975). 
 

 

Fig. 4. Photo from 1910 of, from the left, Storglaciären (ID 1) and Isfallsglaciären (ID 4, Fig. A.2.2) 
where Isfallsglaciären is overriding a frontal moraine (Enquist 1910 photograph 43/321). 
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2.2.2. Swedish climate and glacial retreat since the end of LIA 

After the LIA climate period a period of warmer and cloudier summers began (Loader 
et al. 2013). A temperature record from Tornedalen, northern Sweden, illustrates a 
temperature increase of 1.97°C since the beginning of AD 1800 until 2000 with a 
warming trend from early 1900 until the 1930s followed by a cooling trend until the 
1970s and a warming trend from the 1980s and onwards (Fig. 5; Klingbjer & Moberg 
2003). 

 
Fig. 5. Seasonal mean temperature for winter (DJF), spring (MAM), summer (JJA) and autumn (SON) in 
Tornedalen, northern Sweden for the period 1802 to 2002. The black solid line indicates variability on 
time scales longer than ten years using a Gaussian filter (Klingbjer & Moberg 2003). 
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After 1916 most glaciers had begun to retreat as a response to the temperature increase 
in the beginning of the nineteenth century (Karlén 1973; Karlén & Denton 1975). 
Between the 1940s and 1970s the decrease of smaller glaciers did either slow down or 
cease as a response to a temperature decrease and precipitation increase, but larger 
glaciers continued to retreat. In the 1980s and 1990s Swedish glacier experienced a 
positive mass balance due to increased winter balance (Holmlund et al. 1996a). The 
positive mass balance period correlates with a positive phase of the NAO index with 
intensification of the westerlies leading to an increase in winter precipitation (Nesje et 
al. 2000; Fealy & Sweeney 2005; Rasmussen & Conway 2005; Linderholm et al. 2007). 

2.3. Remote sensing as method for regional glacier area 
and volume change calculation 

Regional glacier inventories where area and topographic parameters are calculated are 
increasing around the world and complete global inventories of glacier areas (excluding 
ice sheets) are now available as the Randolph Glacier Inventory (Pfeffer et al. 2014). 
Satellite images with an automatic or semi-automatic method (supervised classification) 
with thresholded multispectral band ratios are often used to map the present day glacier 
area extent (Paul et al. 2002; Andreassen et al. 2008; Svoboda & Paul 2009; Bolch et al. 
2010; Andreassen & Winsvold 2012; Gardent et al. 2014). The main advantage of this 
method is the reproducibility, consistency, lac of generalization and the efficiency, 
especially for debris-free ice. The disadvantage is the difficulty of interpreting debris 
covered areas, attached seasonal snow, cast shadow and to exclude glacier lake areas. 
These challenges often have to be manually corrected for (Andreassen et al. 2008; 
Bolch et al. 2008; Paul & Svoboda 2009). Present day glacier area extent is also 
manually mapped (Rabatel et al. 2011; Gardent et al. 2014; Osipov & Osipova 2014) 
although manually mapping is less common due to the subjectivity, inconsistency and 
inefficiency of the method compared to the automatic or semi-automatic method. The 
automatic or semi-automatic method are therefore superior methods for mapping clean 
ice (Svoboda & Paul 2009; Paul et al. 2013). 
 
The former LIA glacier extent is also mapped using automatic and semi-automatic 
methods with high-resolution multispectral satellite images with clearly visible trimlines 
and moraines (Csatho et al. 2005; Wolken 2006). However, most regional scaled studies 
have manually mapped the LIA glacier extent using satellite images or aerial photos 
(Vanuzzo & Pelfini 1999; Maisch et al. 2000; Paul & Kääb 2005; Baumann et al. 2009; 
Citterio et al. 2009; Kutuzov & Shahgedanova 2009; Svoboda & Paul 2009; Glasser et 
al. 2011; Li & Li 2014; Osipov & Osipova 2014). 
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2.3.1. Uncertainty estimation in previous studies 

Technical errors derived from automatic and semi-automatic digitization and 
orthorectification of images are often smaller and easier to assess compared to 
interpretation errors derived from manual digitization, snowfields, debris cover and ice 
divide position (Paul & Andreassen 2009). The automatic or semi-automatic method 
often provides an error of about 2 to 5% for debris free glaciers (Paul et al. 2002; Paul 
& Kääb 2005; Andreassen et al. 2008; Bolch et al. 2010; Paul et al. 2013). Debris-free 
glaciers smaller than 1 km2 can exhibit an error of up to 25% and glaciers larger than 5 
km2 can exhibit an error of 5 to 10% if seasonal snow surrounds the glacier, which is 
one of the main challenges for the automatic and semi-automatic method (Paul & 
Andreassen 2009). 
 
As manual digitization implies a higher degree of subjectivity compared to an automatic 
or semi-automatic method, the magnitude of possible errors is difficult to estimate. 
However, an interpreter familiar with the region that manually digitize the present day 
glacier extents can provide a higher and more accurate precision compared to the 
automatic and semi-automatic methods (Raup et al. 2007). The error for manually 
digitized LIA extents of previous studies ranges from 2 to 10% (Vanuzzo & Pelfini 
1999; Solomina et al. 2004; Paul & Kääb 2005; Baumann et al. 2009; Citterio et al. 
2009; Kutuzov & Shahgedanova 2009; Svoboda & Paul 2009; Glasser et al. 2011; 
Osipov & Osipova 2014).  
 
Previous studies that have manually mapped the present day or the LIA glacier extent 
mainly bases their uncertainty estimations on the resolution and horizontal and vertical 
accuracy of the orthophotos, satellite images, DEMs and on in situ validation using GPS 
(Schneider et al. 2007; Baumann et al. 2009; Sikorski et al. 2009). Rabatel et al. (2011) 
and Gardent et al. (2014) considered the following error sources when estimating the 
uncertainty of manually mapped ice margins: (1) the pixel size of the satellite image or 
orthophotos, (2) the process of geometric correction and georeferencing of the satellite 
image or orthophotos, (3) the error associated with manual identification and 
delineation of the glacier outlines and (4) the possible snow cover preventing an 
accurate identification of the glacier outlines. The total uncertainty of the ice margin 
(m) was calculated as the root of the quadratic sum of the independent errors (error 
propagation). The uncertainty of the surface area was calculated as the total uncertainty 
of the glacier margin multiplied by the glacier perimeter (Silverio & Jaquet 2005). The 
uncertainty of the area difference was calculated by error propagation of the surface 
area uncertainties for LIA and 2008. Kutuzov & Shahgedanova (2009) let the same 
interpreter map the same LIA area extent with several data sources (aerial photos, 
ASTER and Landsat TM images) and assessed an error of 5% for individual glaciers. 
Osipov & Osipova (2014) assessed the error of their manual mapping of both LIA and 
present day glacier extent from two sources. The first error source was related to the 
spatial resolution of their images, which they assume equals two pixels for images with 
a 1 to 5 m resolution. The vertical root mean square error (RMSE) of the DEM defined 
the error of the topographic calculations. For the second error source, deriving from 
seasonal snow, debris cover and shade, they mapped a few glaciers several times and 
calculated the RMSE of the polygons for each glacier. They then calculated the root of 
quadratic sum of the two potential errors, which resulted in a final error of less than 
10%. 
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Paul et al. (2013) applied a similar method to assess the accuracy of glacier mapping 
with satellite images. They compared an automatic mapping with Landsat TM images, 
with outlines for debris-free glaciers that several interpreters had manually mapped 
multiple times. They found an overall good agreement with the automatic and manually 
mapped glacier outlines where manual digitization on aerial photos had a mean 
standard deviation (STD) of 3.6%. The STD of multiple mapping (3–5 times) by the 
same interpreter of 5 to 10 differently sized glaciers with different challenges (debris 
cover, snow cover) on high resolution images was therefore recommended to assess the 
internal precision of the analyst. 

2.4. Volume-area scaling 

The options of calculating the volume for a large number of glaciers (regional and 
global scale) is limited for remote sensing inventories with satellite images or aerial 
photos and a DEM. Area, slope, aspect and elevation are often the only parameters 
available. Bahr et al. (1997) introduced the volume-area scaling relationship, which 
allows for volume calculation of a larger quantity of glaciers with limited glacier 
parameters and is therefore the most common method for volume calculation on 
regional or global scale (Farinotti & Huss 2013). The method is widely used for both 
regional and global volume change calculations (Van de Wal & Wild 2001; Hagg et al. 
2013) and for volume estimations of present day glacier extent (Raper & Braithwaite 
2005; Farinotti et al. 2009; Radić & Hock 2010; Huss & Farinotti 2012). 
 
The volume-area scaling assumes that the volume of a valley or mountain glacier is 
proportional to the glaciers area and length and that the glacier volume is in steady state 
(Eqn 2). 
 

𝑉 = 𝑐𝐴γ   (2) 

V (km3) is volume and A (km2) is area for a single valley or mountain glacier, c is a 
constant of proportionality where typical value for c is 0.033 km3-2γ and γ is a scaling 
parameter where typical value for a mountain glaciers is 1.36 (Bahr et al. 1997; Huss & 
Farinotti 2012) or 1.375 (Bahr 1997; Radić & Hock 2010) depending on glacier type. 
For a 100 year volume change projection the exponent can be varied from -30% to 
+45% (γ = 0.95, 2.00) without changing the result more than 10% (Radić et al. 2008). 
 
Although the volume-area scaling is well used, it is also well debated (Farinotti & Huss 
2013). The method should be applied to a large number of glaciers and not on 
individual glaciers (Schneeberger et al. 2003). For individual glaciers the method can 
underestimate the volume loss projections by up to 47% but for volume-length scaling 
compared to an ice flow model the volume-length scaling can underestimate the volume 
loss by only 18% (Radić et al. 2008). Farinotti & Huss (2013) demonstrates that when 
the power law is applied to several hundred of glaciers and more, where a few dozen of 
glaciers served to estimate the scaling parameters, the accuracy is no better than 40% of 
the true total volume. A population larger than a few hundred glaciers is recommended 
when estimating the volume change from two points in time. The scaling parameters for 
the volume change calculation are unnecessary to change. The results, however, will not 
be better than 50% and less of the true total volume change for a glacier population of 
500 glaciers and more. 
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3. Study area 

Swedish glaciers are situated in the Scandinavian mountain range that extends in a 
southwest-northeast orientation. The mountain range has an imbricated westward-
dipping relief with steeper eastward-facing escarpments (Corner 2005) and elevations 
ranging up to around 2100 m a.s.l. The Scandinavian mountains create a major obstacle 
for the prevailing westerlies currently controlling the polar tundra climate in the 
mountain range. Together with the orographic effect of the mountain range, a strong 
west-east climate gradient results in a maritime climate dominating the Norwegian west 
coast, a local maritime climate at the water divide on the Swedish side and local 
continental climate further east of the mountain range with less precipitation due to the 
Föhn effect (Ångström 1974). For the mountain range of northern Norrland where all 
glaciers, except for four, are situated the mean annual air temperature in summer was 
8.7°C and in winter, -13.6°C during the period of 1961 to 1990. During the same period, 
the mean annual precipitation in the summer was 248 mm and in the winter, 205 mm 
(SMHI, www.smhi.se/klimatdata). 
 
The glaciers are situated between 62°N and 68°N and between 12°E and 18°E where 
most of them are situated between 67°N and 68°N in the Sarek and Kebnekaise 
mountain range (Østrem et al. 1973; Fig. 6; Appendix A.1, A.2). The previous inventory 
from 2008 mapped 247 glaciers units covering an area of 243 km2 (pers. comm. 
Andrew Mercer, Stockholm University, Dec., 2013). Most glaciers are small individual 
entities, mainly cirque glaciers, glacierets (thin ice patches located in topographic 
depressions on less steep terrain; Benn & Evans 2010) and valley glaciers and only a 
few of ice cap type. The glaciers are polythermal (Holmlund 2005) where some glacier 
fronts are frozen to the ground (Holmlund et al. 1996b) and mostly debris free and land 
terminating. Many glaciers have well preserved moraine systems with fresh proglacial 
areas indicating their last glacial position (Karlén 1973) whereas some moraine ridges 
are less clear or absent. Glacier mass balance is currently monitored at glaciers in the 
Kebnekaise Massif (Rabots glaciär, 3.6 km2, ID 2; Storglaciären, 3.1 km2, ID 1; 
Tarfalaglaciären, 0.9 km2, ID 23, Fig. A.2.2), Mårma Massif (Mårmaglaciären, 3.5 km2, 
ID 64, Fig. A.2.2) and close to the Norwegian border 
(Riukojietna, 3.6 km2, ID 47, Fig. A.2.2) (www.bolin.su.se/data/tarfala/glaciers.php). 
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Fig. 6. Location of Swedish glaciers in 2008 according to the results of this study. 



Moa Hamré 

19 
 

4. Data 

4.1. Orthophotos and Digital Elevation Model 

The LIA glacial extent was possible to map due to the availability of high resolution 
orthophotos from 2008 covering the whole Swedish mountain range as moraines ridges, 
fluted moraines and trimlines, when present, were clearly visible in the images. Multiple 
adjoining end moraines could also be well distinguished, which allowed to map the 
innermost moraine representing the end of LIA (Karlén 1973; Karlén & Denton 1975). 
These glacial geomorphological indications can range in size from an ice cored moraine 
complex of up to 200 m wide and 60 m high (Østrem 1964; Karlén 1973) to a LIA 
frontal extent barely visible in the orthophotos of 1 m resolution. Fluted moraines in the 
proglacial area can range in size from a few tens of centimeters to a few meters high and 
wide (Glasser & Hambrey 2001). Trimlines were often unclear and the LIA extent was 
sometimes vague or indistinguishable in the orthophotos. Indications of the LIA extent 
would thus have been difficult to distinguish with satellite images with a resolution of 
10 to 30 m. Fig. 7 demonstrates the advantage when mapping the LIA extent with 
orthophotos of 1 m resolution compared to SPOT5 images from 2013 with a 10 m 
resolution available from Swedish Land Survey (Lantmäteriet) online database 
(www.lantmateriet.se). The orthophotos were therefore chosen for both the LIA and the 
2008 glacier extent although they do not display the latest available glacier extent and 
are subjected to some degree of snow cover. 
 

 
Fig. 7. Comparison between a) SPOT 5 image from 2013 with 10 m resolution and b) orthophoto from 
2008 with 1 m resolution of glacier front and proglacial area for Lulep Basstajiegna (ID 126, Fig. A.2.6) 
in the Sarek area (data source: Swedish Land Survey). 
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The orthophotos covering the Swedish glaciers were mainly from 2008 except for 
orthophotos from 2010 covering 13 glaciers. The orthophotos were taken at a flight 
height of 4800 m a.s.l. during cloud free conditions between 19 April to 25 September 
2008 where most of the images were taken in April and May. Large parts of the glaciers 
surfaces were therefore snow covered on the images but the surrounding ground was 
about bare. The orthophotos have a resolution of 1 m with a RMSE of 1 m and were 
available at the Swedish Land Survey online database delivered with the Swedish 
reference system SWEREF 99 TM (SWEdish REference Frame 1999, Transverse 
Mercator). A point cloud with the acquisition dates of the orthophotos were also 
obtained from the Swedish Land Survey online database (www.lantmateriet.se). 
 
The DEM had a 50 m spatial resolution and a vertical resolution of a decimeter with a 
horizontal RMSE of 50 m and vertical RMSE of 2.5 m. The DEM was created in 1993 
and was available at the Swedish Land Survey online database delivered with the 
Swedish reference system SWEREF 99 TM (www.lantmateriet.se). 

4.2. Previous inventories 

The first map over Swedish glaciers was created between 1877 and 1908 (Hamberg 
1910b) but could only provide a vague indication of where some glaciers existed during 
that time as some glaciers had not been mapped. Due to the poor resolution of the map, 
the glacier extents were not used for any calculations. 
 
The first national glacier inventory based on aerial photos is from 1958 (Schytt 1959) 
and calculated the glacier area with unrectified aerial photos at a scale of 1:35 000 to 
1:65 000. The total glacierized area was determined to 310 km2 for 237 glaciers. 
Vilborg (1962) later on revised the inventory with unrectified aerial photos from 1958 
to 1961 where an additional 50 glaciers were mapped (287 glaciers in total) with a total 
glacierized area of 329 km2. These analog glacier inventories served only as 
complementary data to identify glacier units. 
 
In 1973 a new inventory of glaciers in Sweden and Norway (Østrem et al. 1973) was 
published. This inventory will hereafter be referred to as Atlas73. Atlas73 included 
analog maps over glaciers and their drainage basin, name, coordinates, aspect, 
elevation, length, area, and morphology. Atlas73 is based on aerial photos from 1952 to 
1971 and a topographic map at a scale of 1:100 000. The total glacierized area was 
determined to 314 km2 for 294 glaciers. An additional 20 glaciers were mapped in 
Atlas73 compared to the inventory by Vilborg (1962) and could possibly be glacier 
remnants. Vilborg (1962) had mapped around 20 glaciers that were later on excluded in 
Atlas73. Some of the glaciers in the aerial photos were snow covered in Atlas73 and the 
identification of glaciers thus uncertain (Østrem et al. 1973). 
 
Two previous digital glacier inventories mapped with satellite images were used for the 
area change and accuracy analysis. The first inventory was manually mapped in 2004 
with Landsat 7 ETM+ images from 2002 and compared to Atlas73 and Fjällkartan, the 
map over the Swedish mountain range (same glacier areas as in the Topomap) (pers. 
comm. Erik Hansson, Stockholm University, Dec., 2013). The second inventory was 
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manually mapped in 2008 with Landsat 7 ETM+ images from 2008 where only areas 
mapped in Atlas73 were included (pers. comm. Andrew Mercer, Stockholm University, 
Dec., 2013). However, the glacier Ålmallojegna (ID102 Fig. A.2.5) was not mapped in 
the two Landsat inventories. These inventories will hereafter be referred to as Landsat02 
and Landsat08. Both of the inventories were provided with the World Geodetic System 
1984 (WGS-84) but the glacier polygons of the Landsat02 inventory have however a 
projection error, which displaces the polygons. The visual comparison of individual 
glaciers delineations with Landsat02 was therefore limited but the total area of the 
inventory was still useful. The vector file for Landsat08 contains the glacier areas (km2) 
from Atlas73 and Landsat02, GLIMS (Global Land Ice Measurements from Space) 
glacier ID, glacier names and drainage basins, all matched with the glaciers mapped in 
Landsat08 (pers. comm. Andrew Mercer, Stockholm University, Dec., 2013). The 
glaciers outlines from Lansat08 are the same as in the Randolph Glacier Inventory with 
some minor adjustments of glacier drainage divides (Pfeffer et al. 2014). 

4.3. Topographic and geomorphological map and 
photos 

Digital glacier outlines from the topographic map GSD-Översiktskartan was used for 
the identification of glaciers. The map is available at the Swedish Land Survey online 
database delivered with the Swedish reference system SWEREF 99 TM Swedish with at 
a scale of 1:250 000 (www.lantmateriet.se). The map is mainly based on orthophotos 
and was continuously updated between 1960s and 2012 although not all glaciers have 
been updated (pers. comm. Per Holmlund, Stockholm University, Jan., 2014). The 
glacier areas from this map was therefore not used for the area calculations or as a 
reference for 2008 glacier area extents but rather for identification of glacier units. This 
map will be referred to as the Topomap hereafter. 
 
A geomorphological map, Geomorfologiska kartbladen, was used to visually identify 
LIA end moraines and lateral moraines. The map covers the whole mountain range from 
1974 to 1962 with a scale of 1:125 000 based on aerial photos (Hoppe 1983). 
 
Ground-based photos and photos taken from a helicopter of 161 glaciers from the 1980s 
until now with glacier names and a few corresponding maps 
(www.bolin.su.se/data/svenskaglaciarer/images.php) served as a complement to the 
orthophotos. Photos from 1910 (Enquist 1910) and 1922 (Odencrants 1922; photos on 
file in the archives of the Department of Physical Geography, Stockholm University) 
over glaciers in the Kebnekaise area supported the delineation of the LIA glacier extent. 
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5. Methods 

Previous studies that mapped the LIA extent have mapped the outermost moraine 
representing the maximum LIA glacier extent (Vanuzzo & Pelfini 1999; Solomina et al. 
2004; Paul & Kääb 2005; Baumann et al. 2009; Citterio et al. 2009; Kutuzov & 
Shahgedanova 2009; Svoboda & Paul 2009; Glasser et al. 2011; Osipov & Osipova 
2014). In Sweden, however, the outermost moraine represents older ages than LIA 
maximum (Karlén 1973; Karlén & Denton 1975). This study has therefore mapped the 
innermost end moraine representing the end of LIA glacial extent (Karlén 1973; Karlén 
& Denton 1975). The high resolution orthophotos enables to distinguish the innermost 
moraine from the other moraines. 
 
The method comprises five main steps: 1) manual identifying and mapping of the 
glacier extents for LIA and 2008 according to mapping criteria, 2) creating inventory 
data by calculating area, volume, aspect, slope, elevation and hypsometry, 3) match and 
compare the area change to previous inventories and finally, 4) creating an uncertainty 
analysis. The inventory data were delineated and calculated mainly with the GIS-
software ArcGIS 10.1 from ESRI and the method was mainly based on Paul et al. 
(2010) for GLIMS. As the aim of this study is to study glacier changes since the last 
glacier advance during LIA, the definition of the end of LIA was determined as the 
innermost moraine representing 1916 according to lichenometric dating of moraine 
complexes (Karlén 1973; Karlén & Denton 1975), climate data (Bjune et al. 2009; 
Loader et al. 2013) and historical records and photos (Westman 1899a, b, 1910; 
Svenonius 1910; Equist 1916, 1918; Odencrants 1922; Ahlmann & Tryselius 1929). 
The glacier area extent mapped with orthophotos from 2008 will be referred to as the 
2008 glaciers and the end of LIA glacier area extent will be referred to as the LIA 
glaciers. 

5.1. Identifying glaciers for 2008 and LIA 

Glaciers for 2008 and LIA were identified in ArcGIS primarily with orthophotos, 
glacier outlines from the inventories from Landsat02 and Landsat08 and glacier outlines 
from the topographic map. The geomorphological map, previous Swedish glacier 
inventories with analogue maps from 1877 to 1908 (Hamberg 1910b), 1958 (Schytt 
1959), 1958 to 1961 (Vilborg 1962) and 1952 to 1971 (Atlas73; (Østrem et al. 1973), 
historical photos (Enquist 1910, Odenkrants 1922) and more recent photos 
(www.bolin.su.se/data/svenskaglaciarer/images.php) served as a complement to verify 
the identification of glaciers for 2008 and LIA.  Previous Swedish inventories that used 
aerial photos or satellite images had different mapping criteria and quality of data. 
Discrepancies of what areas were included in these inventories therefore exist. There is 
furthermore a possibility that some small glaciers that existed by the end of LIA could 
have disappeared or could no longer be classified as a glacier in the previous inventories 
and were therefor excluded. This study therefore assumed a possibility of erroneous 
inclusion and exclusion of glacier areas in previous inventories due to the quality of the 
data that were used and that a glacier could have existed during the end of LIA but not 
when previous inventories were done. 
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Inclusion and exclusion of glaciers for 2008 depend partly on whether they were 
mapped in the previous studies or not. Landsat08 was considered the most reliable of 
the previous inventories for validation of the 2008 mapping as Landsat08 is based on 
satellite images from the same year as the orthophotos. Thus all glaciers that were 
mapped in Landsat08 were also mapped in this study except if they were considered not 
being a glacier any longer due to either a size smaller than 0.01 km2, a shape not 
corresponding to a glacier shape or lack of visible crevasses. At least one previous 
inventory; Landsat08, Atlas73 or the Topomap, had mapped the surfaces that were 
included in the 2008 mapping. 
 
Seasonal snowfields or any area of uncertainty should be excluded in an inventory,  
whereas perennial snow and ice should be included (Paul et al. 2009). Small mountain 
and cirque glaciers (<1 km2) can be difficult to distinguish from seasonal and perennial 
snowfields although multitemporal satellite images with favorable snow conditions 
would help. Snowfields are therefore prone to enlarge the error in inventories (Paul & 
Andreassen 2009). Due to the snow cover in the orthophotos it is thus possible that 
perennial and seasonal snow and ice fields were included. The main aim of this 
inventory is however to assess the area and associated volume change since LIA. Non-
glacier surfaces such as perennial snow or ice fields were therefore preferable to include 
rather than to exclude glacier ice of 2008 as a precaution of rather underestimating than 
overestimating the area change. If the surface was doubtful to still be a glacier in 2008 
but difficult to assess often due to snow covered surfaces, the surface was still included 
in the 2008 inventory to avoid overestimating the area change. These uncertain surfaces 
were marked as perennial snow or ice (PSI, Table A.1). If a LIA area still had a surface 
in 2008 that were more likely to be a PSI than a glacier due to its size, shape or lack of 
movement but difficult to assess often due to snow cover, the area was still included in 
the 2008 inventory and marked as PSI (Fig. 8). A PSI would still have to be mapped in 
at least one of the previous inventories Landsat08, Atlas73 or the Topomap to be 
included in the 2008 inventory. This rule reduced an overestimation of area change but 
could have resulted in an underestimation instead. The inclusion and exclusion of 
glaciers were therefore to some degree subjective. If an area was classified as possible 
seasonal snowfield due to its size or shape, the area was excluded from the inventory 
according to GLIMS criteria (Paul et al. 2009). 
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Fig. 8. Examples of PSI, a) glacier ID 199 (Fig A.2.4) and b) ID 44 (Fig A.2.2), included in the 2008 
inventory. 

 
Areas where no glacier existed in 2008 and where previous inventories have not 
mapped the area, but where an end or lateral moraine was mapped in the 
geomorphological map, clear fresh glacial geomorphological traces were visible in the 
orthophotos and where the topology was considered to be favorable for a glacier to have 
existed, a LIA glacier extent was mapped. 
 
Areas with a size smaller than 0.01 km2 were excluded from the inventory. Previous 
glacier inventories have excluded areas smaller than 0.01 km2 as perennial snow patches 
are difficult to distinguish from small glaciers and glacierets and as glaciers are less 
likely to exist below that limit (Andreassen et al. 2008; Baumann et al. 2009; Paul & 
Andreassen 2009). The lower area limit is also set for glacier inventories with satellite 
images with a resolution of 10 to 30 m (Terra ASTER, SPOT HRV, Landsat 
TM/ETM+) as areas smaller than 0.01 km2 are difficult to distinguish with that 
resolution (Paul et al. 2009). The size limit could lead to an inclusion of perennial or 
seasonal snow or ice fields but an even more restricted area limit could on the other 
hand lead to an exclusion of glaciated areas, which would also have altered the results 
(Baumann et al. 2009). Manual identification of glacier areas tends to exclude the 
smallest glaciers, which may overlook substantial area changes. The smallest glaciers 
are therefore important to include in an inventory as they can exhibit the largest relative 
changes (Paul et al. 2004; Zemp et al. 2008). No areas had to be excluded due to the 
0.01 km2 size limit but could possibly have caused an inclusion of seasonal or perennial 
snow or ice fields. 
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Seventeen surfaces that were mapped for 2008 were not mapped by Landsat02 and 
Landsat08. These surfaces were included for 2008 due to their possibility of being a 
glacier or PSI  as a LIA extent was mapped and to minimize an overestimation of area 
change. Nine surfaces were mapped in Landsat02 and Landsat08 that were not mapped 
in 2008. For six of these nine surfaces a LIA surface was mapped but not the 2008 
surface as the glacier had disappeared or was no longer assumed to be a glacier due to 
its size, irregular shape or lack of visible crevasses. The other three of the nine surfaces 
were not considered to be a glacier or to have existed during LIA. 
 
The glaciers in the Topomap were only used to identify glacier units due to the 
difficulty of knowing when the Topomap areas were mapped (between 1960s–2012). 
Fourteen surfaces that were mapped for 2008 were not mapped in the Topomap. These 
14 surfaces had a LIA surface that was mapped in this study with an ice or snow 
covered area still visible in the 2008 orthophoto. The 2008 surfaces were therefore 
mapped. Seventeen glaciers were mapped in the Topomap but not in 2008. Twelve of 
them were mapped in this study only with a LIA area, three of them were situated in 
Norway and two were not considered to be a glacier or to have existed during LIA. 
 
Only surfaces that were mapped in Atlas73, Landsat02 and Landsat08 were used for the 
temporal area change calculation. Some glaciers that were mapped as one unit in 
Atlas73 were mapped as several units in the other inventories.  
 
Some glacier areas in Atlas73 also have a substantially smaller area compared to the 
Landsat02, Landsat08 and the 2008 area. Eleven glaciers had an area increase of more 
than 50% between 1950s/1960s (Atlas73) and 2002, which is questionable. For these 
glaciers the area for LIA, Landsat02, Landsat08 and 2008 mapping corresponds better 
with each other. Although some glaciers had a positive mass balance in the 1980s/1990s 
(Holmlund et al. 1996b) these substantial area increases were thought mainly to be due 
to different mapping technique and quality of data where the Atlas73 data was 
considered more uncertain compared to the Landsat inventories. Some glacier areas in 
Atlas73 were therefore considered uncertain and individual glacier change was 
disregarded between Atlas73 and the other studies and only the total area of all glaciers 
were used in the area change assessment. 

5.2. Defining the 2008 glacier area extent 

The definition of a glacier was based on the GLIMS glacier definition (GLIMS 2010). 
This definition is outlined to suite remote sensing inventory of glaciers and could 
therefore lead to inclusion of seasonal or perennial snowfields. However, the possible 
inclusion of seasonal snow or ice fields was inevitable despite the GLIMS definition as 
the glacier surfaces were often snow covered in the 2008 orthophotos making it 
sometimes difficult to assess whether the surface was a glacier or not. The orthophotos 
together with a visual comparison with Landsat08 was mainly used to identify the 2008 
glacier area extent. The ground-based photos and photos taken from a helicopter from 
around 1980s until now were also used to verify the glacier extent, especially for snow 
covered areas. 
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Polygons for the glacier area extents were manually digitized in ArcGIS with the local 
geographical coordinate system SWEREF 99 TM, which is important in order for the 
area to be correctly calculated (Paul et al. 2009). The glaciers were digitized primarily 
with the 2008 orthophotos as a base layer. For 13 glaciers images from 2008 were 
unavailable and orthophotos from 2010 had to be used. Orthophotos from both 2008 
and 2010 were available for four glaciers where the area extent difference was visually 
compared between the two years. The difference was considered small and the 
discrepancy of the digitization with 2010 orthophotos for 13 glaciers was therefore 
considered to be negligible for the purpose of the study. 
 
A hypsographic grid was calculated in ArcGIS from the DEM with 50 m bins limited by 
the DEM resolution. The hypsometric grid together with a 3D function in Google Earth 
and the Topomap were used as a complement to the orthophotos for the interpretation of 
glacier area extent. One shape-file was created with the LIA glacier extent polygons and 
one for the 2008 glacier extent polygons that were later used for further analysis. 
 
Ice and snow above the bergschrunds that was connected to the glacier was included in 
the glacier area as per GLIMS glacier definition (GLIMS 2010). The snow and ice 
above the bergschrund contributes with mass to the glacier through avalanching and 
creep flow (GLIMS 2010) and should therefore be included to the glacier area. The 
mapping was also more consistent if the area extent included ice and snow above the 
bergschrund as some bergschrunds are difficult to detect due to snow cover on the 
orthophotos. Furthermore, the inclusion of ice and snow above the bergschrund helps 
the comparison with previous and future inventories, especially if they were or will be 
done with images where the bergschrunds are difficult to detect due to spatial resolution 
limits, snow cover or automatic mapping. 
 
Landsat02 and Landsat08 only mapped glaciers situated on the Swedish side whenever 
a glacier was situated both in Sweden and in Norway (eight glaciers), whereas Atlas73 
had not specified what was included in the total glacierized area of 314 km2. GLIMS 
guidelines do not specify how glaciers on national borders should be mapped. 
Therefore, for the 2008 delineation, most glaciers on the border were only mapped for 
their Swedish area extent, for example Salajiegna (ID 104; Fig. A.2.5), whereas glaciers 
that only have a small part situated on the Swedish side and the main part on the 
Norwegian side are excluded to avoid an overestimation of the Swedish glacier area. 
Some glaciers mainly situated on the Swedish side with a minor part of the area on the 
Norwegian side were entirely included, for example Ålmallojekna (ID 102; Fig. A.2.5). 
As one of the main objects of this study is to calculate the area change between LIA and 
2008, as long as the LIA extent is mapped in the same manner, this somewhat non 
consistent inclusion and exclusion of glaciers is still considered to be appropriate for the 
aim of this study. Also, to compare the glacier areas with the Landsat02 and Landsat08 
mapping the areas need to be mapped in the same manner. 
 
Glaciers should preferably be divided according to their drainage basins and glacier 
tongues (GLIMS 2010). Glaciers draining into several drainage basins or that had 
several glacier tongues were thus mapped as separate glaciers when Atlas73 or 
Landsat08 had already divided the glaciers according to their drainage divide or when 
the division was clear and easily done with the hypsographic curves. However, due to 
the resolution of the DEM, the accuracy of the division is limited. The drainage divides 
in Atlas73 are subjected to errors as they are based on contour lines from maps that are 



Moa Hamré 

27 
 

not created from orthophotos. This error mainly influences the ice caps (Paul & 
Andreassen 2009). The ice cap type glaciers were thus mapped as one glacier unit. 
 
All debris covered parts of a glacier were included as part of the glacier as per GLIMS 
standards (GLIMS 2010). Lateral moraine that was interpreted to be situated on glacier 
ice where movement of the moraine was possible to see was also included in the glacier 
area extent. Debris cover was a negligible problem for the definition of the 2008 glacier 
area extent as Swedish glaciers are in general debris free. Cast shadow and 
distinguishing lakes from ice was a non-existing problem, which could otherwise be an 
issue when mapping with automatic classification with satellite images (Kääb et al. 
2002; Raup et al. 2007a). 

5.3. Defining the end of LIA glacier area extent 

The end of LIA extent was mainly identified and delineated with the orthophotos from 
2008. Historical photos (Enquist 1910; Odencrants 1922, photos on file in the archives 
of the Department of Physical Geography, Stockholm University) were used to visually 
verify the LIA extent. Detailed maps from the proglacial area and moraine complexes of 
glaciers in the Kebnekaise and Sarek mountains from Karlén (1973) and Karlén & 
Denton (1975) were also used for the LIA extent delineation. 
 
The main challenge for the LIA extent delineation was vague or lack of glacial 
geomorphological traces of the LIA extent. Snow cover was a minor problem for the 
LIA extent as the area outside of the glaciers was often snow free. Cast shadow created 
problems mainly when the probable LIA extent was partly in a shadowed area for a few 
glaciers. 
 
Most glaciers had a fresh and sparsely vegetated or non-vegetated proglacial area with 
sequences of end moraines. The crest of the innermost moraine was mapped as the 
glacial end of LIA (Karlén 1973) assuming that the glacial end of LIA was uniform at 
around 1916 to simplify the mapping. Baumann et al. (2009) also assumes a uniform 
glacier end of LIA for a glacier inventory in Jotunheimen, Norway. Several glaciers had 
fluted moraines between the present day glacier front and the innermost end moraine 
indicating a modern proglacial area with continuous retreat (Glasser & Hambrey 2001). 
Some glaciers had only vague or no observable end moraines, possibly due to 
paraglacial reworking (Ballantyne 2002), creating an uncertainty of the delineation. 
 
A few glaciers had an overridden and smoothened innermost end moraine as for 
Isfallsglaciären (ID 4, Fig. A.2.2) in the Kebnekaise Mountains where fluted moraines 
are visible on the overridden end moraine (Karlén 1973). The second innermost end 
moraine that lacked indications of being overridden was then mapped as the LIA extent. 
Overridden moraines were identified with historical photos as for Rabots glacier (ID 2, 
Fig. A.2.2, Enquist photograph 43/368) and with the orthophotos as for 
Vaktpostglaciären (ID 7, Fig. A.2.2) and Isfallsglaciären in the Kebnekaise Mountains. 
The overridden moraines were however difficult to distinguish from non-overridden 
moraines if no fluted surfaces were visible. This uncertainty creates a possible 
underestimation of the LIA extent if an overridden moraine was interpreted as the LIA 
extent. 
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The glacier accumulation areas were often situated in a niche form and headwall cliffs 
defined thus the accumulation area extent well. Most of the area and volume change has 
occurred at the glacier snout and the area change in the accumulation area was therefore 
expected to be minor. If no clear trimlines were observed in the accumulation area, the 
LIA glacier extent was thus mapped as per the 2008 extent in the orthophotos. This rule 
minimized the risk of overestimating the glacier area change. 
 
The lateral LIA extent was delineated with lateral moraines, trimlines and freshly 
exposed ground. Trimlines are an important LIA indicator (Wolken et al. 2005) and 
used in previous studies for mapping the LIA extent (Csatho et al. 2005; Svoboda & 
Paul 2009; Glasser et al. 2011). Trimlines were, however, often absent or difficult to 
distinguish from mountain weathering in the study area and were only identified for 
some LIA extents. Fresh bare surfaces possible due to persistent snowfields (Koerner 
1980) could furthermore create difficulties in determining the LIA extent when 
surrounding mountain walls did not defined the glacier extent well. 

5.4. Creating inventory data 

GLIMS recommends the following parameters as a minimum for a glacier inventory: 
glacier ID, coordinates, date, surface area, length, minimum, maximum, mean and 
median elevation, as well as mean aspect and slope (Paul et al. 2009). For this study a 
glacier ID and name if available were assigned to the glaciers and area, elevation, slope 
and aspect were calculated for each individual glacier in ArcGIS. 

5.4.1. Glacier ID and name 

All 247 glaciers that were mapped in Landsat08 had already a drainage basin assigned 
to them and a GLIMS ID, which consists of the glaciers coordinates. The GLIMS ID for 
Storglaciären for example is G018569E67903N. Glaciers with no GLIMS ID were 
assigned their coordinates (Table A.1). All glaciers were assigned a specific ID between 
1 and 294 based on the order glaciers were mapped. Glacier ID (.1) indicated the 2008 
polygons and glacier ID (.2) indicated the LIA polygons. A glacier that has separated 
into several ice masses should be considered as separate glaciers with separate glacier 
ID, but for practical analyzing reasons they can still be considered as one glacier unit 
(GLIMS 2010). To compare changes from LIA to 2008 for glaciers that have separated 
into several units, the main ice mass was thus provided with a ‘parent ice mass’ ID (for 
example 111.1) and the separated units were provided with a subcategorized ID (for 
example 111.1.2; 111.1.3). If a glacier separated into two rather equally glacier units, 
one of the icemasses were still provided with the ‘parent ice mass’ ID and the other unit 
a subcategorized ID to still be able to treat the units as one glacier for analyzing 
purpose. 
 
Glacier names were assigned priory according to Landsat08 followed by glacier names 
from www.bolin.su.se/data/svenskaglaciarer/images.php, names from Atlas73 and the 
Topomap. Glaciers without a name still have their glacier ID. The glacier names are 
written according to their Swedish or Sami name. Swedish words of the glacier name 
describing the orientation of the glacier are abbreviated, for example SÖ (Sydöstra) 
Kaskasatjåkkaglaciären. The Sami words for orientation were not abbreviated as they 
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are less known. The 2008 polygons were joined with the Landsat08 polygons based on 
their spatial location in ArcGIS and GLIMS ID, glacier name and glacier drainage basin 
were therefore automatically assigned to matching polygons of this study. 

5.4.2. Area change calculation and comparison with previous inventories 

The area for each polygon was automatically calculated in ArcGIS. Glaciers that had 
divided into several glacier units were summed as one glacier area to calculate the area 
change between the inventories. The 2008 area was subtracted from the LIA area to 
obtain the area change. The areas for Atlas73 and Landsat02 were also matched with the 
2008 polygons when the Landsat08 and 20008 polygons were joined and area change 
between these years was calculated. Glaciers where the number of polygons did not 
correspond between the inventories were manually corrected. According to previous 
inventories (Paul et al. 2004), the glaciers were also divided into six area size classes for 
analyzing purpose. 

5.4.3. Volume-area scaling 

The volume-area scaling method for alpine glaciers (Bahr et al. 1997; Equation 2) was 
applied for the volume calculation where c was set to 0.033 km3-2γ and γ to 1.36 (Bahr et 
al. 1997; Huss & Farinotti 2012). The volume were calculated for each individual 
glacier and then summed together. Volume for individual glaciers were disregarded for 
analyzing purpose as the scaling method provide inaccurate volumes for individual 
glaciers and should therefore only be used for the whole glacier population 
(Schneeberger et al. 2003). 
 
An ice density of 910 kg m-3 (Paterson 1994) was assumed for the conversion of ice 
volume loss into water equivalent and the water equivalent was then divided by the total 
area of the ocean (3.6 × 108 km2, www.worldatlas.com) to obtain the glaciers 
contribution to sea level change. 

5.4.4. Topographic parameters 

The glacier aspect, slope and elevation were calculated by a semi-automatic GIS-based 
method with zonal statistics in ArcGIS. Two DEM files covering the north and the 
south of the mountain range were first joined into one DEM file in ArcGIS. A Python 
script tool was used together with the DEM and the glacier polygon shape file for LIA 
and 2008 to calculate the zonal mean aspect azimuth and the mean aspect class for each 
glacier in ArcGIS (Beyerhelm 2013). The script first creates an aspect grid where each 
cell is assigned an aspect value of 0 to 365° representing the eight cardinal directions. A 
sine and cosine grid must be created from the aspect grid as the aspect is a circular 
parameter. The arc tangent of the mean values for the sine and cosine grids was 
calculated to obtain correct mean aspect values for all cells within the polygon (Paul 
2007; Paul & Svoboda 2009). The aspect degrees were then converted into cosine 
(‘northness’) and sine (‘eastness’) values, a value from +1 to -1, in order to use the 
aspect values in linear regressions. 
 
The statistical mean slope and minimum (hmin), maximum (hmax), mean (hmean) and 
median (hmedian) elevation for each glaciers LIA and 2008 extent were calculated with 
the DEM and Zonal Statistics in ArcGIS. A slope grid from the DEM where each cell is 



Mapping glacier change in Sweden between the end of ‘Little Ice Age’ and 2008 with orthophotos and a 
Digital Elevation Model 

 

30 
 

assigned a slope value was created to calculate the mean slope. All pixel values, either 
slope values or elevation values, were summarized within the glacier polygon and 
divided by the number of cells within the polygon, which gave the mean slope and 
elevation for each glacier polygon. 
 
A point shape file was created for the hmin and hmax values to visually verify that the 
location of the points were representable for the glacier. For a few glaciers the hmax was 
located in a ravine above the main maximum glacier surface elevation in the 
accumulation area and would thus overestimate the elevation. The location of the hmax 
was then manually moved to the hmax of the main glacier surface in the accumulation 
area, which was identified by the cell values of the DEM. The hmin had to be changed 
for one glacier where the hmin was located in the center of the glacier tongue. The 
minimum location was therefore moved to the lowest point at the glacier front. The 
possible misinterpretation of the manual correction is assumed to be negligible. 
 
The hypsometry was calculated in ArcGIS by reclassifying a DEM, clipped to the shape 
of the glacier polygons for LIA and 2008, into 100 m bins. The glacier area for each 
elevation bin was calculated by multiplying the sum of pixels within each elevation bin 
with the pixel size of the DEM (50 × 50 m). 

5.5. Uncertainty analysis 

The delineation uncertainty for the LIA and 2008 glacier extent was mainly caused by 
subjective interpretation errors due to the manual mapping method. The uncertainty of 
the 2008 delineation was mainly due to snow cover on the glaciers. The uncertainty for 
the LIA delineation was mainly due to unclear or lack of visible glacial 
geomorphological traces and due to fresh bare ground from persistent snowfields, which 
can be misinterpreted as former glacier extent. 
 
The following error sources were considered for the calculation of the total uncertainty 
of the glacier surface area: 
 

(1) the pixel size of the orthophotos (1 m) 
 

(2) the RMSE of the horizontal resolution of the orthophotos (1 m)  
 

(3) the internal precision and the interpretation error of the analyst; assessed by the 
percentage STD of multiple digitization (four times per glacier) of the LIA and 
2008 area extent for seven glaciers of different size and visible extent mapped 
during separate days (Paul et al. 2013; Fig. 9).  
 

(4) the interpretation error due to snow cover and unclear LIA extent and due to 
manual delineation; assessed by the percentage STD of a minimum and 
maximum possible area extent and the most likely extent (used as the final area 
for the inventory) for 2008 and LIA digitized for 20 glaciers (Fig. 9). Large and 
small glaciers with different degree of mapping difficulties were chosen to 
represent the whole glacier population (Paul et al. 2013). The percentile 
difference between the minimum and maximum area extents compared to the 



Moa Hamré 

31 
 

most likely area extent was also calculated. This calculation provided a mean 
difference for possible minimum and maximum LIA and 2008 area extent. 

 

 
Fig. 9. Examples of multiple and minimum/maximum delineation of the LIA and 2008 glacier extent for 
a) ID 6 (Unna Räitavaggeglaciären), b) ID 17, c) ID 29 (Seittakglaciären) and d) ID 42 (Fig A.2.2). For 
the multiple delineation the LIA and 2008 extent were digitized four times for each glacier on separate 
days. 
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The horizontal uncertainty of the position of the glacier margin (δ) in meters for error 
(3) and (4) was calculated by  
 

𝛿 =
(𝐴∗𝐵)

𝐿
  (3) 

 
where A is the mean area of all glaciers and B is the percentage STD of the multiple or 
minimum and maximum digitization and L is the mean perimeter of all glaciers. The 
root of the quadratic sum of the errors (1-4) was then calculated for the total uncertainty 
of the glacier surface area for LIA and 2008. The percentage total uncertainty of the 
glacier surface area for LIA and 2008 was calculated by the total uncertainty multiplied 
by the glacier parameter divided by the mean glacier area. Finally, the root of the 
quadratic sum of the LIA and 2008 glacier surface area uncertainty was calculated for 
the uncertainty of the area change (Rabatel et al. 2011; Gardent et al. 2014). 
 
An uncertainty calculation was disregarded for the volume and volume change. The 
volume and volume change was instead considered as rough estimates with an error of 
up to 40% for the total volume estimation for LIA and 2008 and an error of up to 50% 
for the volume change estimation (Farinotti & Huss 2013). 
 
To further assess the uncertainty of the digitization a comparison between 2008 glacier 
outlines and Landsat08 outlines were first visually compared in ArcGIS. The attribute 
tables for the two shape files were then joined to calculate the area difference and mean 
percentage STD between the two inventories. 
 
Field observations of 10 glaciers in the Kebnekaise Mountains were carried out during 
the summer 2013. The area extent, lateral, frontal, and fluted moraines were visually 
compared to the delineation made in ArcGIS and to the mapping of moraine complexes 
by Karlén (1973). GPS points from moraine ridges for eight glaciers were collected 
with a Garmin GPSmap60CS with an accuracy of 2 to 10 m and used to visually verify 
the delineation of the LIA delineation. 
 
The DEM, which had a spatial resolution and a horizontal RMSE of 50 m, a vertical 
resolution of 0.1 m and a vertical RMSE of 2.5 m defined the uncertainty of the 
calculated topographic parameters. The RMSE of the orthophotos (1 m) and the vertical 
RMSE of the DEM was assumed to be negligible for the study but the horizontal 
resolution and RMSE of the DEM defined the error of the topographic calculations 
(Osipov & Osipova 2014) and was considered when the topographic results were 
discussed. 
 
A comparison of the delineation from four interpreters of three glaciers was done to 
assess the uncertainties of the manual interpretation (Paul et al. 2013). The glaciers were 
chosen with different degree of mapping difficulties to map the LIA and 2008 area 
extent with Google Earth where the orthophotos of 2008 are available. The areas were 
then calculated in ArcGIS and the mean percentage STD for the LIA and 2008 areas of 
the interpreters were calculated. However, the LIA error estimation from the interpreters 
is considered to be less representable as one interpreter did not map the innermost 
moraine and some interpreters have insufficient knowledge of glacial geomorphology. 
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These four additional uncertainty calculation (the comparison with Landsat08, the GPS 
measurements, the RMSE of the DEM and the comparison of four interpreters) were 
excluded from the total surface error estimation as only independent and uncorrelated 
errors should be included in the error propagation (Rabatel et al. 2011; Gardent et al. 
2014). 

6. Results 

6.1. Uncertainty analysis 

The main source for the interpretation error of the 2008 glacier area extent was due to 
snow cover on the glacier surface and possibly along the sides of the glacier. Surfaces 
that were classified as PSI for 2008 were 20 in total (Table A.1). The snow cover was a 
minor problem for the LIA extent delineation as the main part of the ground around the 
glacier was snow free. The largest challenge for the LIA delineation was the lack of 
clear geomorphological traces. Twenty-five percent of all glaciers had an unclear LIA 
frontal extent due to unclear or no visible end moraines, fluted moraines or lateral 
moraines. Cast shadow, debris cover and proglacial lakes were only a problem for a few 
LIA extents. 
 
The following results from the four error sources were combined into a horizontal 
uncertainty of the position of the glacier margin:  
 

(1) pixel size; 1 m. 
 

(2) RMSE of the orthophoto; 1 m. 
 

(3) the multiple mapping; resulted in a mean STD for the glacier extent for LIA of 
2% and for 2008, 1% and a horizontal uncertainty of the position of the glacier 
margin for LIA of 5 m and for 2008, 3 m. 
 

(4) the minimum and maximum digitization; resulted in a mean STD of the glacier 
extent for LIA of 6% and for 2008, 3% and a horizontal uncertainty of the 
position of the glacier margin for LIA of 15 m and for 2008, 6 m. The mean 
difference of the most probable area extent (used as the final outline for the 
inventory) for LIA compared to the possible minimum area extent was 6% and 
maximum area extent, 7%. For 2008 the possible minimum area extent was 5% 
and maximum area extent, 2%. Thus, the maximum possible area extent was 
more uncertain for the LIA extent compared to 2008. 

 
The error propagation gave a total uncertainty of the glacier surface area for LIA of 16 
m (6%) and for 2008 of 6.7 m (3%) and an area change uncertainty of 17.1 m (7%). 
 
The 2008 inventory including 265 glaciers had a 4.17 km2 larger area compared to 
Landsat08 including 247 glaciers, corresponding to a 17% area difference between the 
two inventories. The glacier Ålmallojegna (ID 102, Fig. A.2.5), which is calculated to 
have an area of 6.08 km2 in the 2008 mapping, was not mapped in Landsat08 and 
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Landsat02 on the other hand. When excluding Ålmallojegna from the 2008 mapping, 
the Landsat08 had a 0.8% larger area. When only the glacier units that were mapped 
both in 2008 and Landsat08 were compared (244 glaciers) the total Landsat08 area was 
1.9% (4.5 km2) larger compared to the 2008 total area with a correlation coefficient of 
1.00. The mean area of individual glaciers for the 2008 digitization was 4% smaller 
compared to Landsat08 (244 glaciers). 
 
The comparison of the delineation from four interpreters, including the delineation for 
this study, resulted in a mean STD of 24% for the LIA area delineations and 28% for 
the 2008 area delineations. Figure 10a illustrates the problem of snow covered glacier 
surfaces where the lateral and frontal limit of the 2008 extent was interpreted 
differently. Also, three out of the four interpreters excluded the debris covered part on 
the glacier from the glacier area. The adjoining frontal moraine ridges were also 
interpreted differently as well as to what should be included in the accumulation area 
and lateral extent by interpreting trimlines differently. Figure 10b had a relatively clear 
2008 extent except for the western outlie, which can be questioned whether this outlie 
should be included or not. The LIA frontal extent was fairly clear due to the presence of 
a moraine ridge but the lateral extent was less agreed upon among the interpreters. 
Figure 10c represents a glacier with an unclear LIA extent and the interpretations of the 
LIA extent varied thus substantially. The 2008 extent was uncertain as well due to snow 
cover and no clear topographic constraints for the glacier surface. 
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Fig. 10. Glacier delineation for LIA and 2008 for a) ID 131 (Gaskka Sarekjiegna, Fig. A.2.6), b) ID 217 
(Kuoperglaciären, Fig. A.2.5) and c) ID 177 (Jiegnaffojiegna, Fig. A.2.5) by four interpreters and the LIA 
and 2008 delineation from this study. 
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6.2. Glacier number and size distribution 

The delineation of glacier areas extents resulted in 294 glaciers during LIA and 265 
glaciers during 2008. In 2008, glaciers with a size smaller than 1.0 km2 represented 78% 
of the total number of glaciers and 30% of the total glacierized area. Most glaciers were 
identified within the size class of 0.1 to 0.5 km2 for both LIA (40%) and 2008 (48%), 
but of the total area, this size class only represented 9% during LIA and 13% during 
2008 (Fig. 11 and Table 1). The largest absolute area was within the 1.0 to 5.0 km2 size 
class contributing to 42% of the total glacierized area for both LIA and 2008, 
representing typical mountain glaciers. Of the total number of glaciers, these glaciers 
represented only 26% during LIA and 19% during 2008. Of the total number of glaciers 
58% were smaller than 0.5 km2 and covered 14% of the total glaciated area (Table 1). 
The mean area size decrease was 0.34 km2 or 27%. The five largest glaciers during the 
end of LIA were Stuorrajiegna (16.75 km2, ID 149, Fig. A.2.5), Ålmallojiegna (16.31 
km2, ID 102, Fig. A.2.5), Salajiegna (14.87 km2, ID 104, Fig. A.2.5), Pårteglaciären 
(12.11 km2, ID 106, Fig. A.2.6) and Jagasjgaskajiegna (10.60 km2, ID 103, Fig. A.2.6). 
The three largest glaciers were of ice cap type and had the largest area decrease of 30 to 
63%, whereas the other two were mountain glaciers with several tributary accumulation 
areas. In 2008 only Stuorrajiegna (10.56 km2) and Salajiegna (10.44 km2) had areas 
larger than 10 km2. 
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Fig. 11. Percentage by number of glaciers (grey bars) and glacier area (black bars) per area class for a) 
LIA and b) 2008. 

 

Table 1 . Summary of number of glaciers and glacier area change between LIA and 2008 divided into size 
classes. Relative area change per size class indicates a mean relative area change per size class. 

Size  Number  Number (%) A (km
2
) A (%) A ∆ LIA–08 Mean size (km

2
) 

Class LIA 2008 LIA 2008 LIA 2008 LIA 2008 (km
2
) (%) LIA 2008 

<0.1  10 27 3.4 10.2 0.70 1.8 0.2 0.7 -0.40 -61.9 0.08 0.07 

0.1–0.5 116 126 39.5 47.7 32.80 32.62 8.8 13.2 -15.21 -48.1 0.28 0.26 

0.5–1.0  79 53 26.9 20.0 55.42 37.47 14.8 15.2 -24.51 -44.7 0.70 0.71 

1.0–5.0 76 50 25.9 18.9 158.00 104.31 42.3 42.2 -46.44 -30.9 2.08 2.14 

5.0–10.0  8 7 2.7 2.6 56.22 49.82 15 20.2 -15.09 -27.6 7.03 7.12 

≥10.0 5 2 1.7 0.8 70.65 21.00 18.9 8.5 -25.13 -33.4 14.13 10.50 

Total 294 265 100 100 373.81 247.02 100 100 -126.79 -34 1.28 0.94 

6.3. Area change 

Between LIA and 2008 the glacier area changed from 374 ± 22 km2 to 247 ± 8 km2 
giving a total area change of 127 ± 9 km2 or 34 ± 7% (Table 1) with a mean relative 
area decrease for individual glaciers of 41 ± 7%. The absolute area change and glacier 
size strongly correlated (r

2 = 0.77; Fig. 13a) where the largest absolute area change 
occurred for glaciers in the 1.0 to 5.0 km2 size class (46.44 ± 3 km2) with an increasing 
absolute area loss with increasing size (Table 1, Fig. 12). 
 
The relative area change and glacier size for LIA and 2008 had a weak but significant 
correlation (r2 = 0.04, p = 0.0006 and r

2 = 0.09, p = 0.0001 respectively). Figure 13b 
illustrates the significant dependence on glacier size where the relative area decrease 
was largest for glaciers smaller than 0.1 km2. Glaciers smaller than 0.1 km2 had a mean 
relative area decrease of 62 ± 7%, but which only contributed to 0.3 ± 7% of the total 
area change. However, glaciers smaller than 1 km2 had a mean relative area change of 
52% (Table 1) and contributed to 32 ± 7% of the total area change. Figure 13b also 
depicts an increasing scatter with decreasing size, which demonstrates a less clear area 
change dependence on size towards smaller glaciers. 
 
Glaciers that had disappeared entirely in 2008 were 29 in total, but could be an 
underestimation. Some smaller ice surfaces that were snow covered (PSI) made it 
difficult to assess whether they still had an ice movement or not, but to avoid an 
overestimation of area loss these surfaces were still included in the inventory. The 29 
glaciers that had disappeared had a LIA area that ranged from 0.03 to 0.84 km2 and a 
mean area of 0.31 ± 0.02 km2 compared to the mean area for all glaciers during LIA of 
1.28 ± 0.1 km2. 
 
Nine glaciers had a relative area change of less than 15 ± 7% and were therefore 
reanalyzed to understand their relative low area change. The size of these glaciers 
ranged from 0.1 to 3.5 km2 with a clear link between glaciers smaller than 1 km2 being 
snow covered and thus with uncertain 2008 area extent. The glaciers with a size larger 
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than 1 km2 had a clear LIA and 2008 area extent and therefore illustrates that some 
glaciers have had a substantial lower area change compared to the average. 
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Fig. 12. Absolute glacier area change visualized by the LIA and 2008 glacier area extent for a) the 
Kebnekaise massif and most of the glaciers north of the massif and b) glaciers in Sarek and Àhkká 
massif. The area extents are about the same as in Fig. 14. 
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Fig. 13. a) Absolute and b) relative glacier area change versus the LIA glacier area. The black solid line in 
Fig. 13b indicates the average area loss within each size class. 

The mean relative area change in different mountain ranges (Fig. 14) was visually 
inspected and calculated to analyze the geographical differences. Figure 14a, including 
the Kebnekaise Mountains and most of the glaciers north of the massif (90 glaciers), 
had a mean relative area change of -41% for individual glaciers (minimum -8%, 
maximum -100%), which is the same as the mean relative area change for all Swedish 
glaciers. The glaciers in Fig. 14a had a mean LIA size of 0.95 km2 (2008: 0.62 km2). 
Counting only the 16 glaciers in the Kebnekaise Mountains, the mean relative area 
change was -35% (minimum 8%, maximum 71%) and the mean glacier size during LIA 
was 1.24 km2 and during 2008, 0.92 km2, which is close to the national mean size. 
 
For the Sarek and Àhkká Mountains and surrounding glaciers (126 glaciers) depicted in 
Fig. 14b, the mean relative area change was -32% (minimum -3%, maximum -100%) 
with a mean LIA size of 1.57 km2 (2008: 1.15 km2). A visual inspection of a west-east 
gradient in glacier area change did not indicate any differences. 
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Fig. 14. Relative area change for a) the Kebnekaise massif (within the red box) and most of the glaciers 
north of the massif and b) glaciers in Sarek and Àhkká massif and surrounding glaciers. All Swedish 
glaciers are thus not included in this figure. Glacier areas are depicted with their LIA area extent. 
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6.4. Volume change 

The total volume for all 294 glaciers during LIA was 19.35 km3 and in 2008, 11.49 km3 
giving a total volume loss of 7.86 km3 or 40.6% (37% counting only the 247 glaciers 
that were mapped in both this study and Landsat08). The total volume loss since LIA 
have contributed with 0.02 mm sea level rise. The annual volume loss was 0.09 km3 
(0.4% yr-1; 0.4% yr-1 for 247 glaciers as well). The annual volume loss has increased 
over the last period of 2002 to 2008 with a factor of almost seven compared to the 
period between 1950s/1960s and 2002 (Table 2). Salajiegna (ID 104, Fig. A.2.5) was 
excluded from the volume change estimation in Table 2. A large part of the glacier is 
situated on the Norwegian side of the border and only the Swedish side of the glacier 
was mapped and included in the inventory. Therefore, calculating the volume change 
for only the Swedish side of the glacier would result in a misleading figure. 
 

Table 2. Glacier volume per year and glacier volume change between the three time periods calculated for 
246 glaciers (excluding Salajiegna, ID 104, Fig. A.2.5) 

Year V Time V ∆ V ∆   
V ∆ yr

-1

 V ∆ yr
-1 

 

 km
3 

Period km
3
 % km

3
 % 

1916 16.3 1916–1950/1960s -3.4 -20.6 0.08 -0.5 

1950s/1960s 12.9 1950/1960s–2002 -1.4 -10.8 0.03 -0.3 

2002 11.5 2002–2008 -1.4 -12.3 0.24 -2.0 

2008 10.3 1916–2008 -6.0 -36.9 0.07 -0.4 
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6.5. Temporal area change in Sweden and other regions 
of the world 

Only the glacier units that were mapped both in 2008 and Atlas73 (1950s/1960s), 
Landsat02 and Landsat08 were compared for the temporal area change (247 glaciers). 
The total area change between LIA and 2008 for these 247 glaciers was 105 ± 7 km2 or 
31 ± 7% with an average area retreat rate of 1.14 ± 0.1 km2 yr-1 or 0.3 ± 0.02% yr-1 (Fig. 
15 and Table 3). The rate of retreat from LIA to 1950s/1960s and from 1950s/1960s to 
2002 was similar but between 2002 and 2008 the rate increased by a factor of five to an 
annual decrease of -1.6 ± 0.1%. 
 

 
Fig. 15. Total glacier area for the 247 glaciers for end of LIA (1916), 1950s/1960s (Atlas73), 2002 
(Landsat02) and 2008 (2008 area extent from this study). Error bars in black represents the total errors 
calculated for LIA (± 5.9%) and for 2008 (± 3.4%). Error bars in red represents the mean of the LIA and 
2008 error as no other error estimation for Atlas73 and Lansat02 exists. 

 
Table 3. Glacier area and area change per year and time period calculated for 247 glaciers. 

Year A Time A ∆ A ∆  
A ∆ yr

-1 

 A ∆ yr
-1

 

 km
2 

Period km
2
 %  km

2
 % 

1916 342.9 1916–1950/1960s -44.6 -13.0  -1.0 -0.30 

1950s/1960s 298.3 1950/1960s–2002 -34.6 -11.6  -0.8 -0.28 

2002 263.7 2002–2008 -25.9 -9.8  -4.3 -1.64 

2008 237.8 1916–2008 -105.1 -30.6  -1.1 -0.33 
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6.6. Topographic parameters 

The results of the topographic parameters for 2008 calculated from the DEM are 
summarized in Table 4. The regression analyses of the topographic parameters and area 
and area change are summarized in Table B.1. No overall correlation existed between 
the topographic parameters or between the topographic parameters and glacier area or 
area change. 
 
Table 4. Arithmetic mean values for slope (degrees) and elevation (m a.s.l.) (median elevation is 
presented in Table A.3.1) and the most common aspect calculated per size class for 2008. 

  Slope Aspect hmin hmax hmean 

size class (deg) 
 

(m a.s.l.) (m a.s.l.) (m a.s.l.) 

<0.1  15.8 N 1318 1447 1373 

0.1–0.5 17.5 N 1338 1575 1445 

0.5–1.0  16.8 N 1285 1664 1459 

1.0–5.0 13.3 N 1253 1730 1465 

5.0–10.0  9.6 NE 1122 1682 1395 

≥10.0 9.1 SE 989 1642 1255 

Overall 16.1 N 1301 1613 1442 

6.6.1. Slope 

The mean slope for 2008 was 16.1°, which was a minor change since LIA (16.3°). Only 
a weak correlation existed between slope (2008) and area (2008) (r2 = 0.13) although 
the slope significantly decreased with increasing glacier area (p = 0.0001). There was 
also an increasing scatter of slope values with decreasing glacier area (Fig. 16 and Table 
4). Glaciers with a slope of 10 to 15° were represented within all size classes. The 29 
glaciers that disappeared entirely had a mean slope ranging from 4 to 30° with a mean 
slope of 16° for LIA. 
 
The relative area change and the LIA slope had no correlation or significance (Fig. C.1). 
The glaciers that had a 100% area change represented furthermore a wide slope range 
depicting the increasing scatter of glaciers character with decreasing size as only 
glaciers smaller than 1 km2 had a 100% area change. Slope and aspect showed no 
correlation or significance and slope and elevation showed a low but significant 
correlation (Table B.1). 
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Fig. 16. Mean 2008 slope versus 2008 area.  

6.6.2. Aspect 

The largest relative number of glaciers and glacier area for 2008 and LIA were faced 
north, northeast and east and the lowest relative number of glaciers and glacier area 
were faced west and southwest (Fig. 17). The most common aspect for the 29 glaciers 
that disappeared entirely was north and east. The relative number of glaciers and glacier 
area within each aspect groups for 2008 and LIA had a good correlation (r2 = 0.87) 
where north and southeast-facing glaciers deviated slightly (Fig. 17). 
 

 
Fig. 17. Percentage by number of glaciers and glacier area 2008 per aspect group. 

When dividing the glaciers into size classes, most glaciers within each size class smaller 
than 5.0 km2 were faced north (Table 4). Within the size classes that were larger than 
5.0 km2 most glaciers were faced northeast and southeast. The scatter of glacier area per 
aspect (Fig. 18a) depicts, however, that glacier size was independent of aspect. 
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There was no significant correlation between aspect (‘northness’ and ‘eastness’) and 
hmean and hmax although hmean increased from east to west with 94 m and from north to 
south with 27 m (Fig. 18b). hmin significantly decreased with ‘northness’ and ‘eastness’, 
however, although with poor correlation (r2 = 0.03 p = 0.008 for both ‘northness’ and 
‘eastness’; Table B.1). Figure 18a furthermore illustrates the higher number of glaciers 
that faced north, northeast and east with a large elevation distribution compared to the 
few glaciers that faced southwest, west and northwest. 
 

 

 
Fig. 18. a) Area versus aspect for 2008 and b) hmean versus aspect for 2008. Black solid line indicates the 
hmean value per aspect group. 
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The largest mean relative area change occurred for glaciers that faced southeast (48%) 
and east (47%) without any change when excluding glacier larger than 10km2 (Fig. 
19a). North-faced glaciers had the third highest mean relative area decrease of 44% but 
overall, the large scatter in Fig. 19b (p = 0.86, r

2 = 0.00) illustrates that there was no 
significant dependence of relative area change on aspect. 
 

 
Fig. 19a) Mean relative area change per aspect group including and excluding glaciers with a size larger 
than 10 km2 during LIA and b) relative area change versus LIA aspect. 
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6.6.3. Elevation 

The mean values for the three calculated elevations per size class are presented in Table 
4 (median elevation is presented in Table C.1). The four calculated elevations and 
glaciers size showed no correlation and there was an increasing scatter of elevation with 
decreasing area. hmin significantly decreased and hmax significantly increased with 
increasing size but with a poor correlation (r2 = 0.17, p = 0.0001 and r

2 = 0.09, 
p = 0.0001 for hmin and hmax respectively) (Fig. 20). 
 

 
Fig. 20. hmin (red circles) and hmax (blue crosses) versus glacier area for 2008. A red (hmin), black (hmean) 
and blue (hmax) solid line represents mean values within each size class. 

The mean elevation for all glaciers ranged from 950 to 1747 m a.s.l. where a shift in 
elevation distribution of the three calculated elevations for LIA and 2008 are depicted in 
Fig. 21a to c (hmedian is illustrated in Fig. C.2). The mean value for hmin

 increased by 90 
m a.s.l., for hmax by 9 m a.s.l. and for hmean by 50 m a.s.l. since LIA. The change in hmin 
and hmean significantly increased with increasing LIA glacier size (Fig. 21d) (p = 0.0007 
and 0.0001 respectively) but with poor correlation (r2 = 0.04 and 0.10 respectively). For 
the 29 glaciers that disappeared entirely, (compared to the mean value for all glaciers 
for LIA) the mean value of hmin was 1169 (1211) m a.s.l., for hmax, 1377 (1604) m a.s.l. 
and for hmean, 1258 (1392) m a.s.l. 
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Fig. 21. Number of glaciers versus a) hmin, b) hmax and c) hmean for LIA and 2008 (hmedian is presented in 
Fig. C.2) and d) hmin and hmean change versus LIA area divided by glacier size class.  

The calculated hypsometry for LIA and 2008 (Fig. 22) illustrated a higher absolute area 
loss at lower elevations where the highest absolute area loss occurred between 1100 and 
1400 m a.s.l. 
 

 
Fig. 22. Glacier hypsometry divided into 100 m elevation bins for all glaciers during LIA and 2008. 
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7. Discussion 

Swedish glaciers represent only 0.03% of the world’s total glacierized area (Pfeffer et 
al. 2014). Their contribution to sea level rise from the melt since LIA was minor, only 
0.02 mm, and would probably still be even if all glacier ice melted away. Yet, 
calculating the Swedish glacier change is important for the understanding of glacier 
dynamics and their response to climate change. The aim of study is thus to find out how 
much Swedish glaciers have decreased in area and volume since LIA and how their size 
and topographic parameters changed. The results from this study are together with 
results from previous Swedish inventories used for a temporal analysis of glacier 
change in relation to climate change. A comparison with results from studies of regional 
glacier change in other alpine areas puts Swedish glacier change in a broader 
perspective. This section discusses the results with regard to these main questions. 

7.1. Uncertainty analysis 

The results of the study are subjected to errors due to the subjectivity of the manual 
mapping method. The uncertainty of the mapping was mainly due to the snow cover and 
unclear LIA extents in the orthophotos. The comparison of the delineations from the 
four interpreters (Fig. 10) illustrates that the seasonal snow cover in the orthophotos was 
the most challenging part of the identification and delineation of the 2008 glacier areas. 
Orthophotos or satellite images captured during snow free conditions would have 
increased the accuracy of the 2008 mapping substantially. Both glacier area extent 
determination and the inclusion and exclusion of surfaces would have been improved. 
High resolution images, however, do not necessarily provide a higher accuracy of the 
delineations (Paul & Andreassen 2009; Paul et al. 2013). SPOT5 images from a later 
year could, therefore, have been more optimal to use for mapping the more recent 
glacier extent with less snow cover.  
 
The total number of glaciers for 2008 was more likely to be an overestimation by about 
20 surfaces that were classified as PSI. This possible overestimation was likely due to 
that a snow covered area within a mapped LIA area was rather included as existing 
glacier than excluded whenever there was an uncertainty. This method was assumed to 
be appropriate as perennial snow and ice is recommended to be included in an inventory 
(Paul et al. 2009) reducing the possibility to overestimate the area change. Atlas73, 
Landsat02 and Landsat08 supported the identification of glacier areas although 
discrepancies existed of what surfaces were included between the previous inventories 
and the 2008 inventory. The 2008 mapping could arguably have been prone to less 
uncertainty if glaciers that were mapped only in Landsat08 were included. However 
Landsat02 and Landsat08 are mainly based on Atlas73 (pers. comm. E. Hansson, A. 
Mercer, Stockholm University, Dec., 2013), which used aerial photos that were also 
prone to snow cover and difficulties in identifying glaciers (Østrem et al. 1973). It was 
therefore assumed that there could have been glacier areas that were excluded in 
Landsat08. Also, as Landsat08, Atlas73 or Topomap have mapped all surfaces that were 
included for 2008, the number of surfaces for 2008 was assumed to be robust. However, 
the inclusion and exclusion of glacier area on the Norwegian side of the border could 
have been more consistent if glaciers were included due to their drainage area. The 
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glacier drainage divides needs thus to be calculated from a DEM in future studies to 
better compare inventories over time. The total glacier area for 2008 is also more likely 
an overestimation than an underestimation as the error estimation of minimum and 
maximum area difference to the most probable area extent for 2008 demonstrated a 
larger uncertainty for minimum area (4.9%) compared to the maximum area (2.3%). 
 
The error propagation used for the uncertainty calculation of the glacier surface area 
should only consist of independent error sources (Rabatel et al. 2011; Gardent et al. 
2014). If only snow free glacier surfaces were mapped for the multiple mapping it 
could, therefore, have optimized the uncertainty calculation (Fig. 9). The error 
propagation would have measured only the internal precision of the interpreter’s 
delineation and not the interpretation error as well, as the minimum and maximum area 
extent measured the interpretation error. The uncertainty estimation for the 2008 glacier 
surface area of ± 3% was however considered satisfactory as the error estimation for 
automatic and semiautomatic method is often between 2 and 5% for debris free glaciers 
(Paul et al. 2002; Paul & Kääb 2005; Andreassen et al. 2008; Bolch et al. 2010; Paul et 
al. 2013), up to 25% for glaciers smaller than 1 km2 and between 5 and 10% for glaciers 
larger than 5 km2 surrounded by seasonal snow (Paul & Andreassen 2009). 
 
The comparison of four interpreters’ delineations illustrated unclear or lack of 
geomorphological traces, which was the main source of error for the LIA extent 
delineation (Fig. 10). The lack of clear trimlines and the sparsely vegetated ground also 
result in a LIA extent that was difficult to distinguish and was thus a major challenge of 
this study. This challenge differs from other studies where the LIA extent was mapped 
from clearly visible trimlines and frontal moraines (Vanuzzo & Pelfini 1999; Paul & 
Kääb 2005; Citterio et al. 2009; Kutuzov & Shahgedanova 2009; Svoboda & Paul 2009; 
Glasser et al. 2011; Li & Li 2014; Osipov & Osipova 2014). Furthermore, former 
seasonal or perennial snow fields leaving fresh ground could have been mixed up with 
areas of previous glacier extent, which increases the uncertainty of the LIA extent 
delineation. Overridden end moraines could also complicate the identification of the end 
of LIA extent but was overall a minor problem. 
 
The error estimation of minimum and maximum area difference to the most probable 
area extent for LIA indicated a slightly larger uncertainty for maximum area (7.4%) 
compared to the minimum area (6.2%). These results implied that an underestimation 
was more likely than an overestimation of the LIA area, which was also preferable to 
avoid an overestimation of the area change. The geomorphological map from 1974 to 
1962 supported however the inclusion of areas where no glacier existed in 2008 but 
where a glacier during LIA could have existed and was assumed to have increased the 
likelihood of including all LIA glacier surfaces. The total uncertainty of the LIA glacier 
surface area of ±6% is also considered satisfactory as the uncertainty is within the 
uncertainty range of 2 to 10% of previous studies that have manually mapped the LIA 
extent (Vanuzzo & Pelfini 1999; Solomina et al. 2004; Paul & Kääb 2005; Baumann et 
al. 2009; Citterio et al. 2009; Kutuzov & Shahgedanova 2009; Svoboda & Paul 2009; 
Glasser et al. 2011; Osipov & Osipova 2014). 
 
The results for the topographic parameters are considered objective as they are 
automatically and statistically calculated in ArcGIS. The DEM and the orthophotos 
should, however, preferably be acquired within the same decade and with a similar 
resolution (Paul et al. 2009). As the DEM, compared to the orthophotos, has a lower 
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horizontal resolution (50 m) despite a vertical resolution on a centimeter scale, a higher 
horizontal and vertical RMSE (50 m and 2.5 m respectively) and was created 1993, i.e. 
15 years earlier, the quality of the DEM will thus affect the accuracy of the topographic 
parameters. Due to the lack of a LIA glacier surface elevation, the LIA topographic 
parameters will furthermore have an even greater error as they are based on the DEM 
from 1993. These error sources are considered when interpreting the topographic 
results. 
 
The calculated volume for Swedish glaciers was considered as uncertain due to the 
uncertainty of the volume-area scaling method which could cause an error for the 
volume calculation of up to 40% and for the volume change, up to 50% (Farinotti & 
Huss 2013). The large scatter of slope values with decreasing glacier size (Fig. 16), 
implying that glaciers of the same size can have substantially different thickness, 
suggests that a slope-dependent mean thickness relationship for volume calculation 
could provide a better volume estimate compared to the volume-area scaling (Paul & 
Svoboda 2009). 

7.2. Area and volume change in relation to size and 
topographic parameters of the glaciers 

Previous glacier inventories around the world have found a decreasing relative area 
change with increasing glacier size (Paul 2003; Paul & Svoboda 2009; Andreassen & 
Winsvold 2012). Thick larger glaciers with larger elevation distribution resulting in a 
longer response time (Haeberli 1995; Kirkbride & Winkler 2012) can explain the size 
dependent area change. Thick larger glaciers with a larger elevation distribution and 
lower relative area change was also observed for Swedish glaciers (Fig. 13b). The 
significant decrease in slope with increasing glacier size (Fig. 16) illustrates the 
increasing thickness with increasing glacier size and that larger glaciers extends down 
to lower sloping areas. Figure 20 illustrates the increasing elevation distribution with 
increasing glacier size. Judged by a visual inspection of Fig. 14, the lower relative area 
change for glaciers in the Sarek-Àhkká region (Fig. 14b) was therefore expected as 
these glaciers are in general larger compared to the glaciers in the Kebnekaise 
Mountains and north. The difference between the regions could be due to a climate 
difference, although lichenometric dating of moraine complexes in Sarek and 
Kebnekaise Mountains indicate similar response to climate perturbation (Karlén & 
Denton 1975). Still, a climate difference affecting the relative area change between 
these two regions is possible but is outside of the scope of this study. 
 
The response time could also be reduced with increasing glacier size as the glacier 
tongue of larger glaciers extends down to sufficient low elevations (Fig. 20) where the 
temperature is higher and the ablation is therefore more efficient (Bahr et al. 1998). A 
more efficient ablation at lower elevations could be illustrated by the increase in 
absolute area change and hmean and hmin by increasing glacier size since the end of LIA 
(Fig. 13a, 21d and 22). 
 
When comparing the size and area distribution of the Swedish glaciers to the Norwegian 
(Andreassen & Winsvold 2012) and Swiss (Paul 2003) glaciers, several similarities 
were identified. The largest absolute glacierized area was within the size class of 1.0 to 
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5.0 km2 in Sweden (42%) and Norway (32%) but of the total number of glaciers this 
size class represented only 13% in Sweden and 19% in Norway (Fig. 11b). In 
Switzerland the largest percentage of glacier area was within the 5.0 to 10.0 km2 size 
class (24%) representing 4% of the total number. The average Swedish glacier size in 
2008 of 0.94 km2 (Table 1) was slightly larger compared to glaciers in Norway of  0.86 
km2 between 1999 to 2006. In Switzerland the average glacier size was 0.86 km2 for 
1998/1999 and was likely even smaller in 2008. A majority of the glaciers in all three 
countries were smaller than 0.5 km2 and contributed to 14% of the total glacierized area 
both in Sweden and Norway but only to 7% in Switzerland. A glacier population where 
a majority of the glaciers are smaller than 1 km2 is common in other glacier regions as 
well (Zemp et al. 2008; Paul & Svoboda 2009; Basagic & Fountain 2011). The similar 
size and area distribution between glaciers in Sweden, Norway and Switzerland enable a 
better comparison of the glacier decrease between the regions. 
 
The size distribution with a majority of glaciers smaller than 0.5 km2 implies that most 
glaciers could react relatively rapid to climate change due to the decreasing response 
time with decreasing glacier size (Johannsson et al. 1989; Haeberli 1995; Kirkbride & 
Winkler 2012) as discussed earlier. A decreasing response time with decreasing size is 
illustrated by the increasing relative area change with decreasing glacier size that 
occurred for both Swedish glaciers (Fig. 13b) and for glaciers in several other mountain 
areas in the world such as the European Alps, (Kääb et al. 2002; Paul et al. 2007; 
Abermann et al. 2009), Baffin Island (Paul & Kääb 2005; Paul & Svoboda 2009), 
Western Canada (Bolch et al. 2010; Tennant & Menounos 2013) and Central Asia 
(Kutuzov & Shahgedanova 2009; Li & Li 2014). Although 78% of the Swedish glaciers 
were smaller than 1 km2 representing 30% of the glacierized area in 2008 (Table 1) only 
one of five glaciers where mass balance is currently monitored in Sweden is smaller 
than 1 km2 (www.bolin.su.se/data/tarfala/glaciers.php). Glaciers smaller than 1 km2 are 
important to include when studying glaciers response to climate change as they are 
strong climate indicators due to their relative short response time compared to larger 
glaciers in the same region (Paul et al. 2004; Zemp et al. 2008; Paul & Svoboda 2009). 
This study can therefore contribute to a robust picture of the Swedish glacier area 
change since the end of LIA covering all size classes. 
 
Swedish glaciers had a similar mean slope (16.1°, Table 4) compared to glaciers in 
Jotunheimen, Norway (18.3°, Baumann & Winkler 2010) but lower than in the 
European Alps (24.2°) and Southern Alps, New Zealand (28.7°, Hoelzle et al. 2007). 
These results imply that Swedish glaciers could have a lower mass balance gradient. For 
Swedish glaciers in 2008 the mean value of hmin (1301 m a.s.l., Table 4) is furthermore 
lower than for glacier in Jotunheimen, Norway (1604 m a.s.l., Baumann & Winkler 
2010), the European Alps (2620 m a.s.l.) and the New Zealand Alps (1545 m a.s.l, 
Hoelzle et al. 2007) during the 1970s/1980s. The elevation difference between Swedish 
glaciers and the other regions can be even greater as the hmin probably have increased in 
the other regions since the 1970s/1980s due to continuous glacier retreat. The 
combination of flatter and thus possibly thicker Swedish glaciers at lower elevations 
with a lower mass balance gradient confirms that Swedish glaciers are located in a more 
continental climate than glaciers in the European and New Zealand Southern Alps and 
possibly in Jotunheimen, Norway. Glaciers in Jotunheimen are situated in a transitional 
zone between maritime and continental climate (Østrem et al. 1988) and the forcing of 
mass balance in this region is similar to the forcing of Swedish glacier mass balance. 
New Zeeland glaciers are located in the most maritime climate setting compared to 
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glaciers in the European Alps, Jotunheimen, Norway (Baumann & Winkler 2010) and 
Sweden. This climate difference would give Swedish glaciers a longer response time 
(Johannesson et al. 1989; Haeberli 1995) and thus less relative area change since end of 
LIA. 

7.2.1. Scatter of smaller glaciers character 

An increasing scatter of slope (Fig. 16), elevation (Fig. 20) and relative area change 
(Fig. 13b) with decreasing glacier size was identified for Swedish glaciers as well as for 
glaciers in Jotunheimen, Norway (Andreassen et al. 2008), the European Alps (Paul et 
al. 2004) and Baffin Island, Canada (Paul & Svoboda 2009). The scatter of slope values 
with decreasing glacier size illustrates the difference in thickness for glaciers of the 
same size (Paul & Kääb 2005; Paul & Andreassen 2009; Paul & Svoboda 2009). The 
increasing scatter of elevation with decreasing glacier size and the significant but low 
correlation between elevation and slope (Table B.1) was another indication that some of 
the smaller glaciers are situated in local topographic depressions where a substantial 
amount of snow can be accumulated. This implies that glaciers of the same size within 
the same region can have a large variability of hypsometry and thickness and therefore 
respond differently to the same climate change (Paul & Kääb 2005; Paul & Andreassen 
2009; Paul & Svoboda 2009). Although glaciers smaller than 1 km2 can be good climate 
indicators, the increasing scatter of the glacier parameters with decreasing glacier size 
implies that in order to obtain robust results a large sample of small glaciers is necessary 
when studying their change. 
 
The reanalysis of glaciers that had a relative area decrease of less than 15% could 
explain the increasing scatter of relative area change with decreasing glacier size. This 
reanalysis illustrated two things; 1) the uncertainty of whether some smaller areas (<1 
km2) should be included or not as a glacier in 2008 and 2) that some glaciers (>1 km2) 
have had a small relative area change. The glaciers of the former example could be due 
to a likely overestimation of the glacier extent or of what areas should be included or 
not for 2008 due to snow cover. The 20 surfaces that were classified as PSI should 
possibly have been excluded. The glaciers of the latter example are more likely to have 
undergone substantial thinning rather than area change as for Tarfalaglaciären (ID23; 
Fig. 23 and A.2.2; Grudd 1990). Tarfalaglaciären is small and gently east-face sloping 
(2008: 0.9 km2; 13° slope; 1403-1698 m a.s.l.) and frozen to its bed (pers. comm. Per 
Holmlund, Stockholm University, Jan., 2014). Grudd (1990) compared the glacier 
response to climate change for Tarfalaglaciären with Sydöstra Kaskasatjåkkaglaciären 
(2008: 0.5 km2; 1449-1746 m a.s.l.; ID 13; Fig. A.2.2), another nearby small glacier, to 
illustrate how smaller glaciers can respond differently to the twentieth century climate 
change. Sydöstra Kaskasatjåkkaglaciären is a steeper (2008: 18° slope) south-
southwest-facing glacier with basal sliding. Both of the glaciers had from their end of 
LIA position (~1915) to 1980 lost around 45% of their volume. Sydöstra 
Kaskasatjåkkaglaciären had thinned and receded 700 m whereas Tarfalaglaciären had 
gone through substantial thinning and only receded 110 m (Fig. 23; Grudd 1990). The 
comparison between the two glaciers, illustrates the increasing scatter of area change 
and slope towards smaller glaciers where Sydöstra Kaskasatjåkkaglaciären is a typical 
small glacier that has its accumulation area up in a steep niche with an elongated tongue 
due to the steep slope. This glacier character could result in a thin glacier with a high 
mass balance gradient (Haeberli 1995; Kirkbride & Winkler 2012). For a glacier such as 
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Sydöstra Kaskasatjåkkaglaciären a temperature increase could cause a large area 
decrease, possibly amplified by the influence of solar radiation of the south-southwest 
aspect. A glacier such as Tarfalaglaciären on the other hand, situated on a lower east-
facing slope was able to grow thick and rest small. A thicker glacier could thus have a 
lower mass balance gradient with a low relative area change but a large relative volume 
change. Also, a glacier frozen to its bed, as for Tarfalaglaciären, could be expected to 
have a slower mass turnover. 
 

 
Fig. 23. Tarfalaglaciären (2006) and Sydöstra Kaskasatjåkkaglaciären (2011) with their LIA end moraines 
in Kebnekaise massif, northern Sweden. Photos: Per Holmlund. 

The increasing scatter of area change with decreasing glacier size could also be coupled 
with the shadowing effect of high headwall cliffs surrounding cirque glaciers that have 
receded up into their own basin reducing the glacier area and volume change (Basagic 
& Fountain 2011). This shadowing effect could reduce the rate of future glacier mass 
loss as glaciers are expected to continue receding up to higher elevations. The opposite 
effect on mass balance occurred for glaciers situated at lower elevation where the 
ablation is more efficient. The 29 glaciers that disappeared had a lower hmax (227 m 
lower) and hmean

 (134 m lower) during LIA compared to the mean value for all glaciers 
during LIA. This elevation difference was the most distinctive difference for these 29 
glaciers character compared to the other glaciers. This confirms that glaciers with a 
relative low hmax can be expected to have a larger area decrease in the future. 
 
As Paul & Svoboda (2009) points out, several factors could cause the increasing scatter 
of area change towards smaller glaciers; the more uncertain mapping of smaller areas 
and the possible inclusion of perennial snowfields due to snow cover, small errors of 
glacier delineation become larger towards smaller glaciers and the influence of local 
topographic depression towards smaller glaciers location giving glaciers of the same 
size different thickness and elevation. This topographical difference leads to different 
area and volume change in response to a climate change. The increasing scatter of area 
change towards smaller glaciers furthermore illustrates the importance of having a large 
sample of studied glaciers from all size classes to obtain robust results. The scatter 
towards smaller glaciers parameters could furthermore explain the lack of correlation 
between all topographic parameters, between the topographic parameters and area 
change and glacier size and between glacier area change and size. 
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7.2.2. The effect of aspect on area and volume change 

The most common aspect for glaciers in Sweden were north, north-east and east (Fig. 
17). North-facing glaciers are also the most common in other regions of the northern 
Hemisphere and could be a result of lower solar radiation on glaciers facing north (Paul 
& Kääb 2005; Evans 2006; Paul & Svoboda 2009; Basagic & Fountain 2011; Hagg et 
al. 2013). The increase in hmean from north to south (Fig. 18b) with a significant 
decrease of hmin with northness (Table B.1) could also illustrate an effect of solar 
radiation as higher radiation leads to higher ablation making the glacier front recede up 
to higher elevations (Paul & Kääb 2005; Paul & Svoboda 2009). The effect of the 
prevailing westerlies over the Scandinavian Mountains (Ångström 1974) favoring snow 
accumulation on the eastern leeside (Evans 2006) could explain the abundant number of 
east-facing glaciers (Fig. 17) and the increase in hmean (94 m) from east- to west-facing 
glaciers (Fig. 18b). The lower solar insolation in the afternoon compared to west-facing 
glaciers could possibly also explain the increase in  hmean (Evans 2006). 
 
Although most glaciers were facing north, north-east and east, several results indicated 
that the glacier elevation, size, and area change had little or no dependence on radiation 
exposure. No correlation existed between elevation and aspect nor between aspect and 
glacier size (Fig. 18a, b and Table B.1). The few glaciers that were facing south-west, 
west and north-west could probably be explained by the orientation of the mountain 
relief (Corner 2005). The influence of the relief rather than the aspect on glacier 
location, size and area change has been concluded for Norwegian glaciers (Andreassen 
et al. 2008; Paul & Andreassen 2009) where most glaciers are also facing north, 
northeast and east (Andreassen & Winsvold 2012). The mean value of hmean for the 
glaciers facing south-west, west and north-west was uncertain since they were few and 
the resolution of the DEM was coarse. This study, in accordance with others (Paul 
2003; Andreassen et al. 2008; Bolch et al. 2010), furthermore demonstrates that relative 
glacier area change is independent of aspect (Fig. 19b). The overall good correlation 
between relative number of glaciers and glacier area within each aspect group was 
another indication of the lack of an aspect dependent glacier size (Fig. 17). The slightly 
deviating correlation for north-facing glaciers, that had a lower relative area than 
number of glaciers (Fig. 17), could be due to that glaciers smaller than 1 km2 were 
mostly north-facing (Table 4). The higher percentage of glacier area than number of 
glaciers for southeast-facing glaciers could be explained by glaciers with a size larger 
than 10 km2 were more represented in that aspect group (Table 4). 
 
The calculated aspect can thus confirm that glaciers facing north and east were the most 
common once, as in other glacier regions, but the regression analysis demonstrated an 
unclear influence of solar radiation on glacier size, elevation or area change. As the 
imbricated mountain relief of the Scandinavian Mountains is westward-dipping with 
steeper eastward-facing escarpments (Corner 2005) the relief could imply that the 
glacier location, size and area change are more dependent on local topography than on 
radiation exposure. The west-east relief does not, however, explain the abundant 
number of north-facing glaciers. Furthermore, the scatter of relative area change and 
topographic parameters towards smaller glaciers could reduce the possibility to find a 
correlation between aspect and area change. 
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7.3. Temporal area and volume change compared to 
other regions 

7.3.1. Area and volume change in Sweden between the end of LIA until the 
twenty-first century compared to other glacier regions 

Between the end of LIA until the twenty-first century Swedish glaciers had a similar 
relative area and associated volume decrease compared to glaciers in Jotunheimen, 
Norway (Baumann et al. 2009), lower compared to glaciers in the European Alps (Paul 
et al. 2004; Zemp et al. 2008), and the Southern Alps, New Zealand (Hoelzle et al. 
2007), and higher compared to glaciers on Baffin Island, Canada (Paul & Kääb 2005; 
Paul & Svoboda 2009) since their LIA maximum (Table 5 and 6). These results are 
expected due to the different climate regimes of the regions (Østrem et al. 1988; 
Baumann et al. 2009). 
 
The time period for the inventories in Table 5 and 6 differs, especially for Jotunheimen, 
Norway, affects the annual rate of change and made it thus difficult to compare to other 
regions. Also, the volume change for Swedish glaciers was difficult to compare to other 
regions due to the uncertainty of the volume-area scaling (Farinotti & Huss 2013). 
 
Table 5. Glacier relative area change since LIA maximum for glacier regions worldwide. Either the 
source provided the annual area change or it was calculated in this study. The results of this study are 
included for comparison. 

Region Period Area change Source 
  (%) (% yr-1)  

Sweden 1916–1950s/1960s -13 -0.30 This study (incl. 247 glaciers) 
Sweden 1916–2008 -34 -0.37 This study (incl. 294 glaciers) 
Jotunheimen, Norway 1750–970s/1980s -27 -0.12 Baumann & Winkler 2010 
Jotunheimen, Norway 1750–2003 -35 -0.13 Baumann et al. 2009 
European Alps 1850–1975 -35 -0.28 Hoelzle et al. 2007 
European Alps 1850–2000 -50 -0.33 Zemp et al. 2008 
Swiss Alps 1850–1999 -51 -0.34 Paul et al. 2004 
Western Greenland 1920–2001 -20 -0.25 Citterio et al. 2009 
Baffin Island, Canada 1920–2000 -13 -0.16 Paul & Svoboda 2009 
Cumberland Peninsula, Canada 1920–2000 -11 -0.14 Paul & Kääb 2005 
Rocky Mountains, Canada 1919–2009 -23 -0.26 Tennant & Menounos 2013 
Sierra Nevada, USA 1903–2004 -55 -0.54 Basagic & Fountain 2011 
Southeast Siberia 1850–2006 -59 -0.37 Osipov & Osipova 2014 
Tien Shan, Central Asia 1850–2003 -19 -0.12 Kutuzov & Shahgedanova 2009 
Central Tien Shan, China 1850–2010 -42 -0.26 Li & Li 2014 
Southern Alps, New Zealand 1850–1975 -49 -0.39 Hoelzle et al. 2007 

 
Table 6. Relative glacier volume change since LIA maximum for glacier regions. The results of this study 
are included for comparison. 

Region Period Vol. change Source 
  (%) (%) yr-1  

Sweden 1916–2008 -41 -0.40 This study (incl. 294 glaciers) 
Jotunheimen, Norway 1750–1970s/1980s -42 -0.19 Baumann & Winkler 2010 
European Alps 1850–1975 -50 -0.50 Haeberli et al. 2007 
Baffin Island, Canada 1920–2000 -25 -0.31 Paul & Svoboda 2009 
Southern Alps, New Zealand 1850–1975 -61 -0.49 Hoelzle et al. 2007 
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A common trend in Europe, North America and Central Asia is glacier retreat between 
1930s and 1960s, a period of advance or stagnation in the 1970s followed by retreat 
since the 1980s/1990s at an increasing rate (Haeberli et al. 2007; Basagic & Fountain 
2011; Tennant & Menounos 2013; IPCC 2013; Osipov & Osipova 2014). The Swedish 
glaciers follow more or less the global trend of glacier area retreat although the positive 
mass balance period occurred in the 1980s to 1990s for Swedish glaciers (Holmlund 
1993; Holmlund et al. 1996b; Koblet et al. 2010). This positive mass balance period 
correlates with a positive NAO phase resulting in increased winter precipitation (Nesje 
et al. 2000; Fealy & Sweeney 2005; Rasmussen & Conway 2005; Linderholm et al. 
2007). Some glaciers advanced a few meters during that period (Holmlund 1993) and 
according to mass balance and front position records glaciers with a size smaller than 2 
km2 seemed to have reached a steady state in the 1990s after adapting to the twentieth 
century warming (Holmlund 1993; Holmlund et al. 1996b). The period of positive mass 
balance did probably not result in an increasing glacier area for most glaciers but rather 
an increasing volume due to the lag of geometric adjustment (Koblet et al. 2010). 
Larger glaciers (>3 km2), such as for example Rabots glaciär (ID 2, Fig. A.2.2), were 
still adjusting to the warming in the first half of the nineteenth century at about a 
continuous rate of retreat (Holmlund et al. 1996b; Brugger et al. 2005). The twentieth 
century fluctuations for Swedish glacier are therefore not visible in the temporal area 
and associated volume change (Fig. 15) although the point in time and the temporal 
resolution of a glacier inventory will influence the possibility to see fluctuations of the 
rate of glacier area change. The minor decrease in annual relative area and associated 
volume change between 1916 and 1950s/1960s and between 1950s/1960s and 2002 
(Table 2, 5 and 7) was more likely due to the uncertainty of the inventories. 
 
The annual rate of area change for Swedish glaciers between 1950s and 1960s and the 
beginning of the twenty-first century was the same as in Jotunheimen and Breheimen, 
Norway (Andreassen et al. 2008) but lower compared to the European Alps (Paul et al. 
2004) (Table 7). This comparison again illustrates the similarities between glaciers 
response to climate change in Jotunheimen and Sweden and the larger change in the 
European Alps. 
 
Table 7. Relative glacier area change for the period 1960s/1970s to around 2000 for glacier regions.  

Region Period Area change Source 
  (%) (%) yr-1  

Sweden 1950s/1960s–2002 -12 -0.28 This study (incl. 247 glaciers) 
Jotunheimen, Breheimen, Norway 1965–2003 -12 -0.28 Andreassen et al. 2008 
Swiss Alps 1973–1998/99 -16 -0.64 Paul et al. 2004 
European Alps 1973–1998/99 -22 -0.85 Paul et al. 2004 
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7.3.2. Accelerating area and volume change since 1990s 

The accelerating rate of area and associated volume change for the period of 2002 to 
2008 for Swedish glaciers could reflect the glaciers response to the temperature increase 
since the 1980s (Klingbjer & Moberg 2003). The mean annual temperature increase 
during the last two decades in Swedish was twice as high as for the global mean (SMHI 
2014). For the mountain area of northern Norrland the mean annual summer 
temperature between 1991 and 2008 was 0.6°C higher compared to the period of 1961 
of 1990 (Swedish Meteorological and Hydrological Institute, SMHI, 
www.smhi.se/klimatdata, Fig. 24a). Between 1991 and 2008 compared to the period of 
1961 to 1990 (Swedish Meteorological and Hydrological Institute, SMHI, 
www.smhi.se/klimatdata, Fig. 24b), the mean annual winter precipitation increased by 
19 mm. For Swedish glaciers located in areas with relatively continental climate, 
summer temperatures influences, however, the net mass balance more than winter 
precipitation (Nesje et al. 2000; Fealy & Sweeney 2005; Linderholm et al. 2007). As 
expected, this precipitation increase was therefore likely too small to have had an effect 
on the rate of area change, neither on the mass balance, which was also overall negative 
since the 1990s (www.bolin.su.se/data/tarfala/glaciers.php). Internal feedback 
mechanisms could also have amplified the increasing rate of glacier decrease. Glaciers 
that have become smaller and retreated to higher and steeper slopes will have a steeper 
mass balance gradient (Haeberli et al. 2007) and a shorter response time (Haeberli 1995; 
Kirkbride & Winkler 2012). The rate of area change between 2002 and 2008 is however 
uncertain due to the short time period and the low temporal resolution of Swedish 
glacier inventories since the end of LIA. 

 

http://www.smhi.se/klimatdata
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Fig. 24. Mean annual a) summer temperature and b) winter precipitation anomalies from the normal value 
of 8.7°C and 205 mm (for the reference period of 1961–1990) for northern Norrland mountain area based 
on daily weather station observation data. Gray area indicates the modeled temperature and precipitation 
based on climate scenario RCP 4.5. The black solid line indicates the mean of the modeled values (SMHI, 
www.smhi.se/klimatdata). 

Glaciers in other regions worldwide have also had an accelerating rate of area and 
associated volume decrease since the 1980s/1990s (Paul et al. 2004; Bauder et al. 2007; 
Haeberli et al. 2007; Abermann et al. 2009; Basagic & Fountain 2011; Tennant & 
Menounos 2013; IPCC 2013; Osipov & Osipova 2014) and since 2000 in Norway 
(Nesje 2009). After the 1980s glaciers in the European Alps have experienced an 
accelerating area and volume loss with a larger down-wasting than area and length 
change (Paul et al. 2004; Bauder et al. 2007; Abermann et al. 2009). This mass loss 
correlates with a positive NAO phase resulting in reduced winter precipitation for the 
European Alps enhancing the glacier mass loss (Nesje & Dahl 2003). 
 
If the Swedish glaciers continue to lose area at the same rate as between the period 
1950s/1960s and 2008 of 0.64% yr-1, there will be 27 ± 7% left of the LIA glacier area 
by 2100. If the 2002 to 2008 rate of area decrease continues of 1.6% yr-1, there will be 
22 ± 7% left of the glacier area by 2050 and the main part will be lost around 2070. 
Hypsometric changes can however reduce the rate of area change preventing some 
glaciers from a complete area reduction. Once the glacier tongues have melted away the 
glaciers will recede up into their own, possibly wider and over deepened, niche, at a 
sufficiently high elevation with lower temperature and reduced solar insolation due to 
surrounding high headwall cliffs (Basagic & Fountain 2011). This could reduce the rate 
of area decrease and glacier area would probably still be present after most glacier area 
is melted away. 
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Summer temperatures are, however, predicted to increase by about 2°C compared to the 
period of 1961 to 1990 by 2050 for northern Norrland (SMHI, www.smhi.se/klimatdata, 
Fig. 24a). Winter precipitation is also predicted to increase, especially in northern 
Sweden during winter (SMHI 2014). Still, the effect of a future temperature increase 
with lengthening of the ablation season will probably have a larger effect on the net 
mass balance compared to an increasing winter precipitation (Linderholm et al. 2007) as 
summer temperature influences the net mass balance of continental glaciers more than 
winter precipitation (Nesje et al. 2000; Fealy & Sweeney 2005; Linderholm et al. 2007). 
Even if the rate of area change can possibly decrease in future due to hypsometric 
change for some glaciers, the rate of volume change is likely to continue and possibly 
increase due to future temperature increase. 
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8. Conclusions 

The area, volume and topographic (slope, aspect, elevation) change was calculated for 
Swedish glaciers from the end of LIA (around 1916) to 2008 with orthophotos, a DEM, 
a topographic and geomorphological map, historical photos and previous Swedish 
glacier inventories. The main challenges of the 2008 and LIA glacier delineation were 
the snow cover on the glacier surface and the sometimes unclear or lack of a visible LIA 
extent in the orthophotos. The uncertainty analysis of the glacier extent delineation for 
LIA of 6% and for 2008 of 3% (7% for the area change) were however considered 
satisfactory. The calculated volume and volume change was, however, considered a 
rough estimate due to the uncertainty of the volume-area scaling method used of 40% 
and 50% uncertainty for volume and volume change (Farinotti & Huss 2013). 
 
The total area for the 294 glaciers since LIA until 2008 (265 glacier) decreased from 
374 ± 22 km2 to 247 ± 8 km2 (127 ± 9 km2 or 34 ± 7% decrease). The volume was 
estimated to have decreased from 19.35 to 11.49 km3 (7.86 km3 or 41% decrease). The 
largest relative area change was determined for small glaciers (<1.0 km2) contributing to 
32% of the total area decrease. An increasing scatter of area change, slope and elevation 
with decreasing glacier size illustrated a larger uncertainty of the mapping towards 
smaller glaciers. The scatter towards smaller glaciers also indicated that smaller glaciers 
were situated in local topographic depressions implying that glaciers of the same size 
can respond differently to climate change. Glaciers smaller than 1.0 km2, which are 
strong climate indicators compared to larger glaciers, represented 78% of all the glaciers 
in 2008 and 30% of the total glacierized area. A large sample of glaciers covering all 
size classes is therefore important to include when studying future Swedish glacier 
change to obtain robust results. 
 
A comparison of slope, elevation, area and associated volume change data for Swedish 
glaciers and other glaciers worldwide confirmed the continental climate regime of 
Swedish glaciers. Because Swedish glaciers experienced the same relative area and 
associated volume change compared to glaciers in Jotunheimen, southern Norway but 
lower compared to glaciers located in the European Alps and Southern Alps, New 
Zealand the comparison indicates a relatively long response time for Swedish glaciers. 
 
The annual rate of area change was about constant from 1916 to 2002 but accelerated 
five-fold from 2002 to 2008 (-1.64 ± 0.1% yr-1) compared to the 1916 to 1950s and 
1960s period (-0.3 ± 0.02% yr-1). If the 2002 to 2008 rate of area decrease continues, 
most glacier area will be lost by 2070. The rate of area change could be reduced due to 
hypsometric changes, but due to the predicted continuous temperature increase; the rate 
of volume change is more likely to continue or increase. 
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9. Recommendations for further work 

The calculation of LIA and 2008 glacier area, volume and topographic parameters can 
be used for further calculations of Swedish glaciers character and change. Although the 
visual inspection of the relative area change in a west-east gradient did not indicate any 
differences, a difference is still possible to find due to the west-east climate gradient of 
the Scandinavian Mountains (Ångström 1974). The similar size distribution for Swedish 
and Norwegian glaciers furthermore allows for an interesting comparison of glaciers 
change and their response to the different climate regimes between the two regions. 
Swedish glacier change and climate regime compared to other glacier regions around 
the world would also provide further understanding of the glaciers past, present and 
future response to climate change. 
 
Automatic derived glacier drainage basins (Bolch et al. 2010; Kienholz et al. 2013) and 
change of total annual amount of incoming solar radiation (Basagic & Fountain 2011) 
can be calculated with the data of this study and a GIS. Using the glacier polygons and a 
DEM, an automatic GIS-based method can be used for glacier length calculation for the 
otherwise time-consuming manual length calculation (Kienholz et al. 2014). With 
climatic data and glacier length, several glacier parameters can be calculated such as 
response time, reaction time, equilibrium line altitudes, accumulation area ratio, thermal 
conditions and volume calculated from slope-dependent thickness (Haeberli & Hoelzle 
1995; Paul & Svoboda 2009). A volume derived from a slope-dependent thickness 
calculation would possibly provide a less erroneous volume as the increasing scatter of 
decreasing slope values demonstrated that glaciers of same size could have a substantial 
different thickness. Furthermore, if Swedish glaciers will have a larger down-wasting 
compared to area change in the future, as expected for glaciers in the European Alps, 
the down-wasting imposes challenges when using remote sensing to calculate the 
volume change from area change (Paul et al. 2004; Paul et al. 2007a). 
 
To improve the quality of the data for the present day glacier area, a semiautomatic 
mapping with high resolution satellite images from a more recent year with snow free 
conditions taken in the end of the ablation season will provide an updated, more 
objective and less erroneous glacier change estimation. High resolution satellite images 
displayed in a certain band combination could possibly facilitate the identification of the 
non-vegetated former LIA extent (Baumann et al. 2009), which would also improve the 
accuracy of the LIA delineation. The topographic parameters would furthermore be 
more accurate with a more recent DEM of higher resolution. More frequently updated 
inventories are also required in the future due to the increasing rate of area and volume 
change (Paul et al. 2007).  
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Appendix A 

A.1. Individual glacier data 

 
Table A.1. The following data are provided for each individual glacier: specific glacier ID for this study 
(ID 2008), GLIMS ID or coordinates when no GLIMS ID existed from Landsat08, glacier name, LIA and 
2008 glacier area (A), absolute and relative area change (A ∆), slope, aspect, minimum, maximum, mean 
and median elevation (topographic parameters for 2008) and if the surface was possibly Perennial Snow 
or Ice (PSI). 
 

ID  
2008 

GLIMS ID  
or coordinates Glacier name 

A  
LIA  

A 
2008  A ∆ A ∆ Slope 

As- 
pect 

Min. 
elev. 

Max. 
elev. 

Mean 
elev. 

Medi-
an 

elev. PSI 

  
  

Km2 Km2 Km2 % ° 
 

 m a.s.l. 
               

1.1 G018569E67903N Storglaciären 3.74 3.08 -0.65 -17 11 EA 1104 1725 1438 1415 
 

2.1 G018496E67910N Rabots glaciär 4.30 3.56 -0.74 -17 16 WE 1186 2076 1457 1415 
 

3.1 G018534E67896N Björlings glaciär 1.54 1.41 -0.13 -8 10 SO 1513 1799 1637 1631 
 

4.1 G018564E67915N Isfallsglaciären 1.81 1.24 -0.56 -31 16 EA 1180 1638 1473 1517 
 

5.1 G018563E67924N Kebnepakteglaciären 1.06 0.74 -0.32 -30 19 NE 1166 1683 1433 1445 
 

6.1 G018434E67976N Unna Räitavaggeglaciären 2.33 1.64 -0.69 -29 13 NO 1321 1776 1483 1474 
 

7.1 G018408E67987N Vaktpostglaciären 1.34 0.97 -0.37 -28 19 NO 1288 1777 1472 1455 
 

8.1 G018557E67946N N Kaskasapakteglaciären 1.95 1.41 -0.54 -28 20 NO 1106 1877 1401 1417 
 

9.1 G018399E67969N Stour Räitaglaciären 2.05 1.66 -0.39 -19 12 NW 1341 1787 1497 1486 
 

10.1 G018461E67970N Ö Kaskasavaggeglaciären 0.62 0.35 -0.27 -44 16 SE 1412 1660 1520 1512 
 

11.1. G018452E67964N 
Mellersta 
Kaskasavaggeglaciären 0.94 0.48 -0.46 -49 19 SE 1484 1708 1590 1583 

 
12.1.1 G018432E67960N V Kaskasavaggeglaciären 0.65 0.35 -0.30 -46 17 SO 1539 1722 1616 1614 

 
13.1 G018603E67938N SÖ Kaskasatjåkkaglaciären 0.91 0.46 -0.45 -50 18 SO 1449 1746 1590 1586 

 
14.1.1 G018541E67940N Enquists glaciär 0.70 0.21 -0.49 -71 16 SE 1525 1677 1588 1584 

 
15.1.1 G018325E68360N Kårsajökeln 3.53 1.55 -1.98 -56 15 NE 1076 1505 1268 1247 

 
16.1 G018500E68004N Räitaglaciären 1.18 0.94 -0.24 -21 12 EA 1385 1665 1511 1507 

 
17.1 G018452E67937N 

 
0.33 0.19 -0.14 -43 18 NO 1271 1487 1367 1361 

 
18.1 G018179E67933N Sealggaglaciären 2.45 1.52 -0.93 -38 10 EA 1048 1695 1319 1327 

 
19.1 G018512E67971N Ö Pyramidglaciären 0.91 0.50 -0.40 -44 15 NO 1218 1531 1359 1358 

 
20.1 G018476E67969N V Pyramidglaciären 0.54 0.00 -0.54 -100 

       
21.1 G018608E67947N N Kaskasatjåkkaglaciären 0.63 0.51 -0.12 -20 19 NO 1368 1741 1553 1556 

 
22.1 G018563E67935N SÖ Kaskasapakteglaciären 0.15 0.10 -0.05 -31 28 SO 1460 1777 1626 1636 

 
23.1 G018648E67934N Tarfalaglaciären 1.11 0.89 -0.22 -20 13 EA 1403 1698 1490 1472 

 
24.1 G018519E67886N Kittelglaciären 0.21 0.07 -0.14 -67 14 SO 1215 1381 1278 1273 PSI 

25.1 G018574E68151N Goduglaciären 2.74 2.26 -0.48 -18 16 NO 1276 1753 1468 1454 
 

26.1 G018454E68050N Ö Bossusglaciären 1.15 0.86 -0.29 -26 23 NO 1180 1931 1481 1481 
 

27.1 G018351E68048N Riehppiglaciären 1.57 1.18 -0.40 -25 14 NW 1387 1836 1527 1505 
 

28.1 G018384E68049N V Bossusglaciären 2.04 1.34 -0.70 -34 18 NE 1314 1779 1515 1502 
 

29.1 G018473E68039N Seittakglaciären 1.07 0.71 -0.36 -34 19 NE 1328 1765 1607 1632 
 

30.1 G017693E67415N Mihkajiegna 8.62 6.41 -2.21 -26 13 SW 1063 1904 1406 1418 
 

31.1 G018490E67994N S Räitatjåkkaglaciären 0.33 0.21 -0.12 -37 13 EA 1377 1531 1432 1425 
 

32.1 G018439E68002N V Räitatjåkkaglaciären 0.41 0.29 -0.12 -28 21 NO 1210 1606 1407 1421 
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33.1 G018311E67990N 
 

0.34 0.18 -0.16 -48 12 NE 1230 1341 1278 1274 
 

34.1 G018312E68004N Tjäktjapakteglaciären 0.60 0.39 -0.21 -35 14 EA 1192 1508 1360 1369 
 

35.1 G018337E68019N Ö Repiglaciären 1.43 0.77 -0.66 -46 12 EA 1215 1604 1365 1370 
 

36.1 G018564E67972N Nipalsglaciären 1.53 0.87 -0.66 -43 16 NE 1198 1783 1506 1518 
 

37.1 G018523E67924N Passglaciarän 0.77 0.42 -0.35 -46 18 NO 1376 1751 1489 1485 
 

38.1 G018579E67937N SV Kaskasatjåkkaglaciären 0.15 0.09 -0.05 -35 30 SW 1621 1867 1769 1789 
 

39.1 G018317E68042N 
 

0.43 0.29 -0.14 -33 20 NW 1365 1687 1499 1481 
 

40.1 G018361E68037N 
 

0.55 0.37 -0.18 -33 16 SE 1243 1546 1412 1432 
 

41.1 68°2'0.36"N 18°20'6.42"E 
 

0.14 0.07 -0.07 -53 27 SW 1291 1586 1429 1432 PSI 

42.1 G018426E68038N 
 

0.21 0.12 -0.09 -43 15 SW 1375 1526 1437 1433 
 

43.1 G018460E68062N Påssustjåkkaglaciären 0.29 0.22 -0.08 -26 28 NE 1127 1548 1309 1295 
 

44.1 G018420E68073N 
 

0.25 0.08 -0.16 -66 10 NW 1376 1443 1407 1409 PSI 

45.1 G018546E67836N 
 

0.51 0.00 -0.51 -100 
       

46.1 G012461E62903N Helagsglaciären 0.72 0.40 -0.32 -44 19 NE 1390 1621 1518 1516 
 

47.1 G018055E68083N Riukojietna 6.38 3.58 -2.80 -44 7 EA 1139 1459 1358 1363 
 

48.1 G018621E68062N Vassatjårroglaciären 0.31 0.14 -0.17 -54 22 NO 1298 1522 1379 1370 
 

49.1 G018570E67887N Kebnetjåkkaglaciären 0.51 0.28 -0.23 -46 19 SO 1253 1523 1408 1411 
 

50.1 G018341E68041N 
 

0.50 0.30 -0.20 -40 12 WE 1528 1668 1580 1576 
 

51.1 67°38'32.93"N 18°12'11.33"E 
 

0.03 0.00 -0.03 -100 
       

52.1 G018172E67863N 
 

0.35 0.24 -0.12 -33 11 SE 1311 1470 1410 1411 
 

53.1 G018166E68145N Gallanvarri 0.75 0.34 -0.41 -55 16 NE 1160 1356 1246 1243 
 

54.1 68°32'36.07"N 18°19'42.86"E Beaivvejietnja 1.56 0.93 -0.63 -41 10 EA 1033 1264 1107 1093 
 

55.1 G017908E67299N 
 

0.32 0.23 -0.08 -26 19 EA 1267 1534 1414 1421 
 

56.1 G018177E67945N 
 

1.53 0.88 -0.65 -42 14 EA 1162 1473 1349 1363 
 

57.1.1 G017682E67156N Kalanjiekna 0.52 0.16 -0.36 -70 12 NE 1303 1399 1350 1349 PSI 

58.1 G016813E67775N 
 

0.38 0.30 -0.08 -22 8 SE 1358 1440 1392 1388 
 

59.1 67°42'52.40"N 17°2'48.99"E 
 

0.11 0.00 -0.11 -100 
       

60.1 G018668E68119N Ö Mårmatjåkkaglaciären 0.84 0.65 -0.19 -23 21 NW 1440 1790 1556 1535 
 

61.1 G018652E68127N V Mårmatjåkkaglaciären 0.49 0.31 -0.17 -35 12 NO 1324 1622 1399 1385 
 

62.1 G018623E68137N Ö Kåtoktjåkkaglaciären 1.06 0.82 -0.24 -23 19 SW 1385 1910 1555 1537 
 

63.1 G018653E68133N 
 

0.68 0.06 -0.62 -91 10 NO 1268 1357 1306 1304 PSI 

64.1 G018686E68081N Moarhmmaglaciären 4.09 3.53 -0.56 -14 9 EA 1339 1794 1526 1530 
 

65.1 G018681E68101N Moarhmmabaktiglaciären 1.92 1.41 -0.51 -27 8 NE 1303 1616 1419 1416 
 

66.1 G018606E68111N 
 

0.44 0.19 -0.25 -58 19 NO 1407 1663 1505 1491 
 

67.1 G018686E68114N Mårmatjåkka D 0.18 0.14 -0.04 -23 10 EA 1616 1700 1670 1677 
 

68.1 G018630E68152N N Kåtoktjåkkaglciären 0.43 0.22 -0.21 -49 35 NW 1446 1868 1641 1648 
 

69.1 68°5'13.73"N 18°36'7.74"E 
 

0.12 0.00 -0.12 -100 
       

70.1 68°6'28.74"N 18°40'36.93"E Mårmatjåkka C 0.10 0.06 -0.04 -39 13 SE 1472 1557 1515 1517 PSI 

71.1 G018702E68128N Skadnjalahkuglaciären 0.28 0.20 -0.08 -28 15 NE 1474 1652 1576 1576 
 

72.1 G018675E68216N Adnjetjårro 0.34 0.27 -0.07 -21 15 NO 1344 1646 1441 1411 
 

73.1 G018691E68212N 
 

0.33 0.25 -0.08 -24 13 NO 1416 1567 1475 1469 
 

74.1 G018696E68207N 
 

0.21 0.12 -0.09 -43 15 NW 1522 1649 1594 1600 
 

75.1 G018801E68214N Gaskariepphijökeln 0.44 0.32 -0.12 -27 21 NO 1369 1716 1499 1488 
 

76.1 G018774E68220N S Ballinriehppijökeln 0.70 0.54 -0.16 -23 16 NO 1332 1695 1459 1441 
 

77.1 G018758E68228N N Ballinriehppijökeln 0.50 0.34 -0.16 -32 13 NE 1286 1467 1363 1352 
 

78.1 68°15'38.56"N 18°42'52.70"E 
 

0.11 0.00 -0.11 -100 
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79.1 G018308E68350N 
 

0.59 0.28 -0.31 -53 21 SO 1226 1496 1336 1324 
 

80.1 G018284E68343N Vuoiddasjökeln 0.63 0.25 -0.38 -60 11 EA 1135 1264 1183 1180 
 

81.1 68°25'7.22"N 19°25'34.33"E 
 

0.28 0.00 -0.28 -100 
       

82.1.1 G018412E67686N 
 

0.53 0.13 -0.40 -76 11 SE 1318 1383 1353 1354 
 

83.1 G018469E67616N 
 

0.74 0.35 -0.38 -52 13 NE 1201 1391 1284 1272 
 

84.1.1 G017931E67686N 
 

0.79 0.27 -0.52 -66 17 NE 1321 1466 1387 1385 
 

85.1 G017917E67798N N Atjektjåkkaglaciären 2.51 1.50 -1.01 -40 15 NE 1141 1504 1341 1345 
 

86.1.1 G017917E67785N S Atjektjåkkaglaciären 1.56 0.81 -0.75 -48 13 EA 1224 1404 1304 1291 
 

87.1 G017500E67900N Ö Alitåive 0.32 0.13 -0.19 -59 18 EA 1333 1500 1399 1386 
 

88.1 G017470E67909N V Alitåive 1.13 0.67 -0.47 -41 20 NE 1167 1436 1324 1336 
 

89.1 G017713E67722N 
 

0.37 0.29 -0.08 -21 15 NW 1362 1589 1450 1432 
 

90.1 G017737E67716N 
 

0.81 0.46 -0.35 -43 19 NW 1225 1524 1393 1395 
 

91.1 G017811E67722N 
 

0.39 0.24 -0.15 -39 22 NO 1260 1638 1434 1423 
 

92.1 G017791E67715N Kallaktjåkkåglaciären 3.30 1.66 -1.65 -50 13 SO 1404 1707 1579 1583 
 

93.1 G017833E67719N 
 

0.14 0.09 -0.04 -32 19 NO 1336 1506 1449 1470 
 

94.1 G017831E67709N N Kallaktjåkkå 0.89 0.48 -0.41 -46 11 SE 1221 1437 1319 1317 
 

95.1 67°42'22.42"N 17°49'50.41"E S Kallaktjåkkå 0.54 0.33 -0.21 -39 18 NO 1240 1530 1350 1335 
 

96.1 G017858E67695N 
 

0.74 0.37 -0.37 -50 13 NO 1225 1447 1313 1316 
 

97.1 G017875E67686N Svalåijve 0.66 0.36 -0.30 -46 10 EA 1269 1441 1317 1301 
 

98.1 G017914E67695N 
 

0.24 0.19 -0.05 -21 19 NE 1457 1695 1576 1574 
 

99.1 66°2'31.74"N 15°49'47.53"E 
 

0.22 0.16 -0.06 -28 16 EA 1206 1365 1282 1281 PSI 

100.1 G012204E63020N Sylglaciären 0.44 0.26 -0.18 -41 20 NE 1391 1650 1553 1561 
 

101.1 G015247E65898N N Syterglaciären 0.85 0.64 -0.21 -24 13 NO 1282 1563 1379 1372 
 

102.1.1 G017593E67304N Ålmallojiegna 16.31 6.08 -10.23 -63 8 SE 1123 1396 1252 1253 
 

103.1 67°18'9.00"N 17°37'40.07"E Jagasjgaskajiegna 10.60 8.49 -2.11 -20 6 NE 1059 1596 1444 1463 
 

104.1 G016401E67130N Salajiegna 14.87 10.44 -4.43 -30 8 SO 907 1664 1163 1139 
 

105.1 G017322E67187N Tsatsaglaciären 0.26 0.17 -0.10 -37 14 SE 1395 1545 1446 1435 
 

106.1 G017655E67172N Pårteglaciären 12.11 9.95 -2.16 -18 9 EA 1126 1839 1444 1444 
 

107.1.1 G017421E67250N Oarjep Luotthojiegna 2.16 1.42 -0.75 -34 12 SE 1400 1584 1468 1467 
 

108.1 G017393E67258N Nuortap Luotthojiegna 3.26 2.79 -0.48 -15 12 NE 1126 1741 1481 1490 
 

109.1 G017444E67302N Ridajiegna 3.37 2.46 -0.91 -27 13 SO 1189 1697 1383 1356 
 

110.1 G017510E67301N S Ahkajiegna 5.11 3.13 -1.98 -39 12 EA 1078 1862 1350 1349 
 

111.1.1 G017611E67333N Oarjep Oalgasjjiegna 7.80 6.01 -1.79 -23 10 SE 1290 1517 1399 1397 
 

112.1 G017589E67344N N Oalgasjjiegna 1.03 0.85 -0.19 -18 11 NO 1441 1696 1550 1554 
 

113.1 G017575E67350N Skårvaglaciären 1.17 0.93 -0.24 -20 17 NO 1171 1610 1368 1349 
 

114.1 G017520E67316N N Ahkajiegna 3.67 2.71 -0.96 -26 12 NE 1139 1619 1369 1373 
 

115.1 66°34'58.48"N 15°38'31.57"E 
 

0.83 0.00 -0.83 -100 
       

116.1 G017490E67393N Sjielmajiegna 2.50 1.85 -0.65 -26 12 SO 1187 1618 1392 1398 
 

117.1 G017443E67410N Oarjep Ruohtesjiegna 7.24 5.03 -2.21 -31 9 NE 1076 1619 1334 1341 
 

118.1.1 G017595E67452N Såltaglaciären 2.04 1.06 -0.97 -48 21 SO 1409 1686 1537 1508 
 

119.1 G017655E67449N Vardasjiegna 5.99 4.50 -1.49 -25 10 NO 1272 1792 1524 1538 
 

120.1 G017714E67400N Matuglaciären 0.65 0.47 -0.17 -27 13 SW 1429 1681 1534 1531 
 

121.1 G017748E67392N Tjågnarisjiegna 3.07 2.37 -0.70 -23 14 SW 1246 1723 1434 1415 
 

122.1 G017930E67277N Alep Basstajiegna 1.10 0.79 -0.30 -28 16 SW 1356 1648 1488 1490 
 

123.1 G017922E67292N Alep Basstajiegna 3.32 2.41 -0.92 -28 13 NO 1154 1637 1395 1403 
 

124.1 G017885E67295N Ö sabbeglaciären 1.30 0.93 -0.36 -28 21 NW 1214 1764 1412 1398 
 

125.1 G017846E67301N V sabbeglaciären 0.33 0.23 -0.10 -30 12 NO 1350 1497 1406 1405 
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126.1 G017964E67291N Lulep Basstajiegna 2.10 1.63 -0.46 -22 21 NO 1232 1730 1455 1451 
 

127.1 G017965E67335N Ruopsokjiegna 4.35 3.19 -1.16 -27 14 NO 1218 1732 1504 1512 
 

128.1 G017780E67412N Oarjep Sarekjiegna 5.54 4.62 -0.92 -17 12 NE 1168 1912 1528 1558 
 

129.1 G017944E67346N Ahparjiegna 3.01 2.24 -0.77 -26 15 NO 1187 1866 1503 1510 
 

130.1 G017809E67402N Vuojnesjiegna 3.12 2.75 -0.36 -12 11 EA 1257 1829 1568 1584 
 

131.1 G017750E67429N Gaskka Sarekjiegna 3.10 2.49 -0.61 -20 12 EA 1312 1867 1577 1579 
 

132.1 G017703E67440N Alep Sarekjiegna 4.67 3.49 -1.18 -25 11 NO 1386 1979 1575 1578 
 

133.1 G017620E67454N Kassaglaciären 1.64 1.38 -0.26 -16 14 NE 1456 1840 1639 1645 
 

134.1 G017655E67472N Kassakamglaciären 0.19 0.17 -0.02 -10 15 NE 1169 1299 1225 1221 
 

135.1 G017968E67447N Skanaglaciären 0.89 0.73 -0.16 -18 11 SE 1343 1572 1426 1417 
 

136.1 G018268E67574N Nierasglaciären 1.70 1.22 -0.48 -28 6 SE 1396 1573 1495 1495 
 

137.1 G017468E67583N Hyllglaciären 2.04 1.32 -0.73 -36 17 NW 1392 1972 1598 1583 
 

138.1 G017431E67577N Hambergs jökel 2.98 2.29 -0.69 -23 13 NO 1152 1705 1457 1482 
 

139.1 G017571E67471N Suottasjjiegna 9.54 7.85 -1.69 -18 11 NE 1117 1900 1486 1491 
 

140.1 G017592E67485N N Suottasjekna 0.34 0.27 -0.07 -20 20 NE 1220 1457 1318 1320 
 

141.1 67°21'37.17"N 17°25'53.13"E Vattendelarglaciären 2.60 1.98 -0.62 -24 15 NO 1044 1565 1300 1302 
 

142.1 G017481E67315N Sadelglaciären 0.77 0.62 -0.15 -19 18 NW 1373 1808 1563 1555 
 

143.1 G016444E67154N Norra Sulitelmaglaciären 1.19 0.86 -0.33 -27 19 NO 1187 1699 1391 1378 
 

144.1 G017382E67210N Nedre Tjäkkok 0.46 0.12 -0.34 -74 12 EA 1235 1330 1269 1267 
 

145.1 G017346E67217N Ö Tsäkkokglaciären 0.73 0.53 -0.20 -28 12 EA 1325 1674 1527 1546 
 

146.1 G017379E67241N Svenonius glaciär 4.01 3.11 -0.89 -22 11 SE 1260 1815 1479 1484 
 

147.1 G017606E67193N V Lullihatjåkkåglaciären 0.33 0.22 -0.11 -33 20 NO 1436 1720 1556 1544 
 

148.1 G017583E67186N Balgatjiegna 3.36 2.48 -0.88 -26 14 NW 1347 1808 1485 1463 
 

149.1 G016471E67135N Stuorrajiegna 16.75 10.56 -6.19 -37 10 SE 1070 1620 1347 1335 
 

150.1 G015270E65853N Tärnaglaciären 0.44 0.16 -0.28 -64 21 SE 1225 1476 1369 1374 
 

151.1 G015278E65897N Ö Syterglaciären 0.50 0.31 -0.19 -38 15 EA 1201 1354 1262 1259 
 

152.1 G015235E65928N Måskonåiveglaciären 0.90 0.36 -0.55 -61 12 EA 1252 1486 1365 1361 
 

153.1 65°56'3.38"N 15°10'45.03"E 
 

0.13 0.00 -0.13 -100 
       

154.1 G015189E65931N Ö Skrapetjåkkeglaciären 0.44 0.22 -0.21 -49 20 NE 1333 1551 1447 1444 
 

155.1 G015258E65848N Murtsertjåkkeglaciären 0.20 0.10 -0.10 -48 17 SO 1327 1536 1455 1454 
 

156.1 G012237E63000N Tempelglaciären 0.11 0.10 -0.02 -15 21 NE 1406 1564 1484 1482 PSI 

157.1 67°54'8.79"N 18°31'14.33"E Toppglaciären 0.05 0.05 0 0 
       

158.1 G018480E68045N Siehtagasglaciären 0.81 0.67 -0.14 -17 20 SE 1371 1850 1656 1643 
 

159.1 G018428E68052N Ö Bossusglaciären 1.71 0.99 -0.72 -42 11 NO 1351 1694 1457 1456 
 

160.1 68°22'44.63"N 18°25'30.31"E Koublavaggeglaciären 0.27 0.08 -0.19 -70 9 EA 1175 1241 1193 1185 PSI 

161.1 G018324E68374N Vassejietnja 1.07 0.65 -0.42 -39 16 NE 1234 1586 1476 1512 
 

162.1 G018238E68357N Vuoiddasnidda 0.70 0.52 -0.18 -26 24 NE 1214 1557 1425 1431 
 

163.1 G018524E68381N Ekmanglaciären 0.65 0.24 -0.41 -63 6 EA 1232 1298 1257 1255 
 

164.1 G017724E67382N S Tjågnorisglaciären 0.30 0.20 -0.10 -33 20 SE 1228 1523 1312 1302 
 

165.1 G017902E67344N Bierikjiegna 2.07 1.77 -0.30 -14 13 NW 1246 1702 1454 1458 
 

166.1 G017916E67333N S Äparglaciären 0.60 0.41 -0.19 -31 22 SW 1415 1746 1561 1559 
 

167.1 G017893E67335N Nilasglaciären 0.29 0.21 -0.08 -27 21 SW 1374 1644 1520 1520 
 

168.1 G017964E67320N Ruopsokpakteglaciären 0.81 0.62 -0.19 -23 22 SO 1275 1738 1463 1451 
 

169.1 G017984E67325N S Ruopsokglaciären 0.80 0.56 -0.23 -29 19 SE 1309 1729 1505 1493 
 

170.1 G018002E67330N Ö Ruopsokglaciären 0.77 0.61 -0.16 -20 16 EA 1340 1759 1566 1564 
 

171.1 G018059E67293N 
 

0.13 0.05 -0.08 -62 5 NO 1259 1320 1271 1261 
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172.1 G018075E67279N Takarglaciären 0.54 0.38 -0.16 -30 13 NE 1196 1425 1313 1320 
 

173.1 G017789E67385N Sarvajiegna 1.76 1.50 -0.27 -15 15 SE 1138 1732 1479 1503 
 

174.1 G018491E68050N 
Sielmatjåkka nedre 
toppglaciär 0.19 0.15 -0.04 -21 24 EA 1348 1631 1538 1549 

 
175.1 G017494E67327N Akkatjåkkå 0.32 0.27 -0.05 -16 28 EA 1589 1900 1772 1783 

 
176.1 G017470E67572N Borgglaciären 0.55 0.44 -0.10 -18 22 SO 1255 1716 1461 1482 

 
177.1 G016697E67187N Jiegnaffojiegna 2.34 0.55 -1.80 -77 15 SE 1297 1552 1401 1398 

 
178.1 G017315E67508N Kisurisglaciären 0.81 0.61 -0.19 -24 17 NO 1175 1576 1348 1343 

 
179.1 G017317E67365N Lanjekjiegna 1.77 1.20 -0.57 -32 15 WE 1299 1743 1477 1468 

 
180.1 G017510E67331N Nedre Akkatjåkkå 0.16 0.11 -0.04 -28 25 NE 1231 1490 1382 1394 

 
181.1 G017520E67476N Nijakjiegna 1.97 1.52 -0.45 -23 15 NW 1371 1803 1555 1558 

 
182.1 G018277E67542N Nierasjekna 0.70 0.45 -0.25 -35 13 SE 1259 1558 1462 1480 

 
183.1 G017415E67351N Vattendelarglaciären 1.55 1.07 -0.47 -31 10 NO 1372 1543 1446 1440 

 
184.1 67°48'45.19"N 18°6'2.72"E Patatjåkkaglaciären 0.15 0.00 -0.15 -100 

       
185.1 G016914E67217N Sivvátjåkkoglaciären 0.29 0.13 -0.15 -53 22 NO 1263 1472 1355 1356 

 
186.1 G017340E67228N V Tsäkkokglaciären 0.53 0.42 -0.11 -21 15 NE 1299 1566 1397 1390 

 
187.1 G017504E67292N 

 
0.18 0.13 -0.04 -25 30 EA 1357 1617 1508 1512 

 
188.1 G017480E67285N 

 
0.48 0.33 -0.14 -30 18 SO 1441 1705 1563 1563 

 
189.1 G017489E67323N 

 
0.23 0.11 -0.11 -50 17 SO 1743 1877 1808 1803 

 
190.1 G017885E67351N 

 
0.31 0.16 -0.15 -49 24 NO 1221 1536 1359 1348 

 
191.1 G017806E67392N 

 
0.18 0.14 -0.04 -22 17 NE 1587 1809 1655 1642 

 
192.1 G018267E67557N 

 
0.17 0.07 -0.10 -57 12 SE 1333 1452 1357 1338 

 
193.1 G016813E67775N 

 
0.69 0.35 -0.34 -49 19 NE 1258 1481 1391 1387 

 
194.1 G017575E67328N 

 
0.31 0.25 -0.06 -18 10 EA 1465 1564 1516 1515 

 
195.1 G018300E67543N Ö Nierasglaciären 0.13 0.07 -0.06 -46 8 EA 1217 1289 1232 1220 

 
196.1 G018633E68098N 

 
0.16 0.12 -0.04 -27 15 NW 1490 1626 1556 1562 

 
197.1 67°45'57.03"N 16°39'21.83"E 

 
0.28 0.00 -0.28 -100 

       
198.1 68°23'5.67"N 18°17'49.08"E Karkerepglaciären 0.32 0.00 -0.32 -100 

       
199.1 67°41'35.52"N 17°3'16.28"E 

 
0.35 0.10 -0.25 -72 14 NO 1264 1346 1306 1307 PSI 

200.1 G017840E67703N 
 

0.24 0.00 -0.24 -100 
       

201.1 67°43'26.18"N 17°47'48.80"E 
 

0.15 0.00 -0.15 -100 
       

202.1 G017421E67424N Alep Ruohtesjiegna 1.66 1.12 -0.54 -33 10 NW 1326 1551 1423 1414 
 

203.1 65°54'43.13"N 14°53'3.11"E 
 

0.10 0.00 -0.10 -100 
       

204.1 G017405E67577N Flygareglaciären 0.88 0.56 -0.31 -36 21 NO 1341 1806 1624 1655 
 

205.1 G017386E67576N Vastglaciären 0.91 0.67 -0.24 -26 21 NW 1170 1716 1487 1523 
 

206.1 G017399E67569N Rakkasglaciären 0.53 0.39 -0.14 -26 21 SO 1249 1666 1413 1405 
 

207.1 G017486E67573N 
 

0.55 0.26 -0.29 -53 21 SE 1349 1749 1517 1516 
 

208.1 G017500E67581N Akkaglaciären 0.84 0.65 -0.20 -23 17 EA 1305 1824 1573 1590 
 

209.1 G017511E67588N 
 

0.49 0.30 -0.19 -39 11 EA 1548 1707 1596 1586 
 

210.1 G017507E67592N 
 

0.14 0.13 0.00 -3 16 NO 1520 1671 1574 1558 
 

211.1 G017485E67489N 
 

0.24 0.19 -0.05 -21 16 SO 1363 1546 1442 1440 
 

212.1 G017544E67488N 
 

0.67 0.50 -0.17 -25 19 NO 1327 1710 1471 1448 
 

213.1 G017647E67429N 
 

0.41 0.23 -0.18 -43 22 WE 1420 1696 1543 1530 
 

214.1 G017790E67369N S Sarvaglaciären 0.36 0.29 -0.08 -21 16 NO 1461 1679 1531 1515 
 

215.1 G018010E67338N 
 

0.17 0.13 -0.04 -22 17 SO 1551 1701 1605 1598 
 

216.1 67°25'47.64"N 17°26'24.32"E Alep Routesjekna 1.36 0.75 -0.62 -45 12 NE 1170 1498 1314 1320 
 

217.1 G017435E67392N Kuoperglaciären 1.01 0.69 -0.32 -32 13 SO 1161 1457 1282 1277 
 

218.1 G017488E67406N V Kaskasatjåkkaglaciären 0.60 0.43 -0.17 -28 17 NE 1260 1607 1456 1484 
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219.1 G017520E67403N Ö Kaskasatjåkkaglaciären 1.20 0.66 -0.54 -45 23 NO 1284 1695 1466 1463 
 

220.1 G017529E67421N Paisaglaciären 0.65 0.43 -0.22 -34 13 NE 1373 1597 1480 1480 
 

221.1 G017538E67396N V Skarjaglaciären 0.77 0.53 -0.24 -31 10 SO 1518 1699 1610 1609 
 

222.1 G017582E67390N Ö Skarjaglaciären 0.34 0.24 -0.11 -31 15 EA 1168 1364 1247 1243 
 

223.1 G017902E67277N Svirjaglaciären 0.56 0.23 -0.33 -58 19 SO 1338 1600 1434 1435 
 

224.1.1 G017958E67278N Alep Vassjajiegna 2.47 1.48 -0.99 -40 14 SO 1320 1593 1442 1441 
 

225.1 G017984E67273N 
 

0.26 0.19 -0.07 -28 20 SW 1437 1687 1570 1575 
 

226.1.1 G018012E67277N Lulep Vassjajekna 1.33 0.93 -0.40 -30 15 NO 1445 1669 1560 1568 
 

227.1 G017330E67369N 
 

0.38 0.30 -0.08 -22 24 NO 1238 1602 1420 1424 
 

228.1 G017362E67361N S Lanjekna 0.94 0.76 -0.19 -20 18 SO 1334 1658 1475 1473 
 

229.1 G017392E67362N Ö Lanjektjåkkaglaciären 0.56 0.36 -0.20 -36 29 NW 1179 1621 1424 1442 
 

230.1 G017458E67357N Kuoperskaiteglaciären 0.54 0.40 -0.14 -26 22 NO 1212 1612 1383 1367 
 

231.1 G017631E67345N Nuortap Oalgasjjiegna 1.28 1.07 -0.21 -17 15 NO 1173 1552 1367 1358 
 

232.1 G017430E67315N 
 

0.51 0.20 -0.31 -61 21 NE 1458 1668 1567 1575 
 

233.1 G017413E67313N 
 

1.07 0.74 -0.33 -31 15 WE 1321 1698 1449 1436 
 

234.1 G017275E67297N Sarvesglaciären 0.76 0.46 -0.31 -40 17 NO 1273 1597 1432 1429 
 

235.1 G017312E67298N Kalmeglaciären 1.00 0.67 -0.33 -33 19 NO 1235 1680 1423 1418 
 

236.1 G017341E67292N Skaiteglaciären 1.27 0.82 -0.46 -36 15 NE 1268 1635 1450 1450 
 

237.1 G017353E67262N 
 

0.53 0.28 -0.25 -47 22 NW 1283 1731 1468 1459 
 

238.1 G017783E67253N 
 

0.24 0.14 -0.10 -42 23 NO 1194 1371 1268 1265 
 

239.1 G017807E67245N 
 

0.25 0.16 -0.08 -33 31 NO 1108 1430 1226 1200 
 

240.1 G017827E67222N 
 

0.72 0.58 -0.15 -20 21 NO 1171 1566 1378 1390 
 

241.1 G017797E67216N 
 

0.43 0.29 -0.14 -32 22 SO 1467 1803 1590 1572 
 

242.1 G017781E67226N Stuolojiegna 1.53 1.15 -0.38 -25 19 NW 1206 1816 1399 1380 
 

243.1 G017752E67228N 
 

0.46 0.32 -0.14 -30 9 NW 1567 1721 1632 1633 
 

244.1 G017831E67209N 
 

0.11 0.07 -0.04 -34 24 NO 1576 1760 1642 1629 
 

245.1 G017835E67202N 
 

0.16 0.10 -0.06 -39 19 SW 1477 1699 1542 1526 
 

246.1 G017735E67203N 
 

0.09 0.05 -0.04 -43 16 EA 1482 1589 1533 1533 
 

247.1 G017685E67187N 
 

0.34 0.25 -0.08 -24 17 NE 1280 1565 1364 1358 
 

248.1.1 G017636E67199N 
 

0.93 0.62 -0.31 -33 24 NO 1382 1818 1561 1534 
 

249.1 G017575E67171N S Saitarglaciären 0.37 0.23 -0.14 -38 26 SW 1476 1859 1625 1609 
 

250.1.1 G017546E67176N V Saitarglaciären 0.91 0.53 -0.38 -41 24 NW 1477 1771 1595 1584 
 

251.1 G017218E67158N 
 

0.43 0.30 -0.13 -31 14 NE 1202 1424 1288 1284 
 

252.1 67°9'21.17"N 16°28'25.70"E 
 

0.07 0.05 -0.02 -30 21 NO 1201 1377 1294 1294 PSI 

253.1 G017491E67310N 
 

0.31 0.23 -0.08 -26 24 SO 1516 1786 1668 1669 
 

254.1 68°3'52.04"N 17°12'9.79"E 
 

1.04 0.07 -0.97 -93 10 SE 985 1085 1022 1019 
 

255.1 68°1'58.45"N 17°40'48.04"E 
 

0.46 0.00 -0.46 -100 
       

256.1 68°1'12.02"N 17°42'48.44"E 
 

0.54 0.19 -0.35 -65 15 NE 1194 1368 1277 1278 PSI 

257.1 67°9'53.72"N 17°13'57.04"E 
 

0.08 0.00 -0.08 -100 
       

258.1 68°7'15.56"N 18°5'0.52"E 
 

0.42 0.26 -0.16 -39 14 NO 1256 1445 1353 1357 PSI 

259.1 G018153E68104N 
 

0.41 0.09 -0.33 -79 31 EA 1221 1446 1297 1283 
 

260.1 G018206E68118N Gunganiehkki 0.74 0.50 -0.24 -32 17 SE 1119 1455 1345 1351 
 

261.1 68°33'44.92"N 18°27'9.12"E Cunujökeln 0.84 0.00 -0.84 -100 
       

262.1 66°36'16.50"N 15°49'7.16"E 
 

0.24 0.00 -0.24 -100 
       

263.1 G012226E62999N 
 

0.09 0.08 -0.01 -12 23 SO 1382 1568 1470 1469 
 

264.1 68°23'27.83"N 18°15'33.18"E 
 

0.23 0.13 -0.10 -42 23 NE 1113 1341 1202 1187 PSI 
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265.1 G018850E68202N 
 

0.25 0.11 -0.14 -57 10 NO 1397 1518 1425 1410 PSI 

266.1 G018827E68208N Guhkesriehppijökeln 0.74 0.57 -0.17 -23 11 NE 1319 1615 1453 1453 
 

267.1 G018871E68197N 
 

0.25 0.17 -0.08 -32 21 NO 1357 1645 1495 1497 
 

268.1 G018841E68192N 
 

0.09 0.07 -0.02 -23 11 SO 1385 1456 1410 1405 PSI 

269.1 G018704E68065N 
 

0.83 0.40 -0.43 -51 19 SE 1331 1595 1425 1423 
 

270.1 G017730E67441N Sarekpakte 0.45 0.29 -0.16 -35 11 NO 1498 1781 1597 1598 
 

271.1 67°17'7.64"N 17°38'37.15"E 
 

0.18 0.00 -0.18 -100 
       

272.1 G017069E66991N Stajggajiegna 0.35 0.25 -0.11 -30 13 EA 1395 1530 1445 1436 
 

273.1 66°58'49.35"N 16°11'54.70"E 
 

0.39 0.14 -0.24 -63 22 EA 1449 1667 1553 1543 PSI 

274.1 66°51'34.78"N 16°0'27.76"E 
 

0.45 0.04 -0.40 -91 13 NE 1153 1216 1178 1172 PSI 

275.1 66°34'40.39"N 15°53'38.34"E 
 

0.19 0.00 -0.19 -100 
       

276.1 67°27'18.86"N 17°33'21.44"E 
 

0.27 0.13 -0.14 -52 21 SO 1403 1620 1514 1519 
 

277.1 66°29'8.71"N 15°53'56.46"E 
 

0.67 0.00 -0.67 -100 
       

278.1 66°18'9.60"N 15°54'5.02"E 
 

0.08 0.00 -0.08 -100 
       

279.1 66°18'47.30"N 15°52'16.48"E 
 

0.09 0.05 -0.05 -49 15 NE 1234 1319 1272 1274 
 

280.1 G015698E66093N 
 

0.62 0.40 -0.21 -34 17 EA 1324 1542 1438 1438 
 

281.1 65°3'37.36"N 14°15'23.43"E 
 

0.07 0.00 -0.07 -100 
       

282.1 67°23'41.41"N 17°50'20.32"E 
 

0.11 0.04 -0.06 -59 24 SW 1366 1522 1435 1425 PSI 

283.1 G016999E67352N 
 

1.09 0.35 -0.73 -68 11 SE 1199 1403 1266 1263 
 

284.1 G016893E67227N 
 

0.12 0.05 -0.07 -58 12 NO 1228 1312 1266 1260 
 

285.1 G018718E68205N 
 

0.21 0.14 -0.06 -32 19 NE 1358 1583 1483 1484 
 

286.1 G018269E67585N 
 

0.34 0.16 -0.18 -53 10 NO 1272 1415 1364 1370 
 

287.1 G018263E67565N 
 

0.31 0.27 -0.05 -15 11 EA 1385 1571 1468 1464 
 

288.1 G015165E65934N 
 

0.35 0.13 -0.21 -62 18 NO 1295 1505 1378 1374 
 

289.1 G018617E68054N 
 

0.12 0.03 -0.09 -76 1 SO 1347 1357 1348 1347 PSI 

290.1 67°56'45.38"N 17°15'6.21"E 
 

0.83 0.00 -0.83 -100 
       

291.1 66°31'36.32"N 15°53'23.00"E 
 

0.17 0.00 -0.17 -100 
       

292.1 67°27'1.27"N 17°23'17.62"E 
 

0.71 0.00 -0.71 -100 
       

293.1 67°27'30.55"N 17°20'22.22"E 
 

0.30 0.00 -0.30 -100 
       

294.1 68°5'46.37"N 18°53'42.14"E 
 

0.38 0.00 -0.38 -100 
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A.2. Maps of glacier location and glacier ID for 2008 

 
Fig. A.2.1. Map of glacier extent and glacier ID for 2008. Glaciers that have separated into several units 
are indicated by their ‘parent ice mass’ ID for the main ice mass, for example ID 111, and the separated 
units are indicated by a subcategorized ID, for example ID 111.2, 111.3. 
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Fig. A.2.2. Map of glacier extent and glacier ID for 2008. Glaciers that have separated into several units 
are indicated by their ‘parent ice mass’ ID for the main ice mass, for example ID 111, and the separated 
units are indicated by a subcategorized ID, for example ID 111.2, 111.3. 
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Fig. A.2.3. Map of glacier extent and glacier ID for 2008. Glaciers that have separated into several units 
are indicated by their ‘parent ice mass’ ID for the main ice mass, for example ID 111, and the separated 
units are indicated by a subcategorized ID, for example ID 111.2, 111.3. 
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Fig. A.2.4. Map of glacier extent and glacier ID for 2008. Glaciers that have separated into several units 
are indicated by their ‘parent ice mass’ ID for the main ice mass, for example ID 111, and the separated 
units are indicated by a subcategorized ID, for example ID 111.2, 111.3. 
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Fig. A.2.5. Map of glacier extent and glacier ID for 2008. Glaciers that have separated into several units 
are indicated by their ‘parent ice mass’ ID for the main ice mass, for example ID 111, and the separated 
units are indicated by a subcategorized ID, for example ID 111.2, 111.3. 
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Fig. A.2.6. Map of glacier extent and glacier ID for 2008. Glaciers that have separated into several units 
are indicated by their ‘parent ice mass’ ID for the main ice mass, for example ID 111, and the separated 
units are indicated by a subcategorized ID, for example ID 111.2, 111.3. 
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Appendix B. Regression analysis 

Table B.1. Summary of regression analysis of glacier parameters for all glacier during LIA and 2008. 
Model values significant at p <0.05 are marked in bold. 
 
        

Independent variable  Area 2008 Area LIA Area change % 
Aspect cosine 

2008  
Aspect sine 

2008  Slope 2008 

 
r2 p r2 p r2 p r2 p r2 p r2 p 

             

Min. elev. 08 0,17 <0,001 

    
0,03 0,008 0,03 0,008 0,03 0,007 

Max. elev. 08 0,09 <0,001 
    

3,06 0,462 2,26 0,981 0,06 <0,001 

Mean elev. 08 0,00 0,383 
    

0,01 0,094 0,01 0,102 0,07 <0,001 

Median elev. 08 0,00 0,446 
    

0,01 0,104 0,01 0,114 0,07 <0,001 

Slope 08 0,13 <0,001 

    
0,00 0,341 0,00 0,334 

  Aspect cosine 08 0,00 0,321 
          Min. elev. LIA 

  
0,21 <0,001 0,00 0,362 

      Max elev. LIA 
  

0,07 <0,001 0,22 <0,001 

      Mean elev. LIA 
  

0,01 0,093 0,24 <0,001 

      Median elev. LIA 
  

0,00 0,293 0,19 <0,001 

      Slope LIA 
  

0,10 <0,001 0,00 0,353 
      Aspect cosine LIA 

  
0,01 0,122 0,00 0,857 

      Area LIA 
    

0,04 <0,001 
      Area 08 

    
0,09 <0,001 

      Min. elev. change 
  

0,10 <0,001 

        Mean elev. change 
  

0,04 <0,001 
        Median elev. change 

  
0,01 0,140 
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Appendix C. Complementary results of glacier 
parameters 

 
Fig. C.1. Relative area change versus slope for LIA illustrating no correlation. 

 
Fig. C.2. Number of glaciers versus median elevation for 2008. The mean value for the hmedian increased 
by 48 m to 1440 m a.s.l. since end of LIA. For the 29 glaciers that disappeared entirely the mean value of 
hmedian (compared to the mean value for all glaciers for LIA) 1252 m a.s.l (1392 m a.s.l.). 
 
Table C.1. Mean value of median elevation per size class. 
 

  hmedian 

size class (m a.s.l.) 

<0.1  1370 

0.1 - 0.5 1442 

0.5 - 1.0  1458 

1.0 - 5.0 1463 

5.0 - 10.0  1401 

≥10.0 1237 

Overall 1440 
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