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Sammanfattning 
 
Undersökning av säsongssnö i norra Sverige – ledtrådar från en 
snölagermodell samt observationer vid Abisko naturvetenskapliga station 
Anna Staffansdotter 
 
Förhållanden i atmosfären bestämmer vilken sorts snö som fälls ut som nederbörd, 
men de snöskikt som bildas i säsongspackad snö fortsätter även att utvecklas genom 
hela vintern. Snölagrens egenskaper förändras beroende på temperaturvariationer, 
termodynamisk växelverkan med markytan, belastning från ovanliggande snö, regn, 
med mera. Med accelererande klimatförändringar – särskilt i Arktis – är det viktigt att 
förstå hur snö och klimat interagerar. I detta projekt analyseras en serie 
observationer av snöskikt och snöegenskaper, insamlade under mer än 50 år vid 
Abisko naturvetenskapliga station, jämte en snöpackmodell som ger information om 
ytterligare egenskaper hos snön. Snödata presenteras både för enskilda säsonger 
och i långa tidsserier för att fånga upp detaljer såväl som utvecklingen över tid. Där 
det är möjligt görs jämförelser mellan modelldata och observationer. De fysikaliska 
processer som ger upphov till förändringar i snön diskuteras och eventuella trender i 
dataserierna utvärderas. Resultaten visar att snödjup stämmer väl överens mellan 
modell och observationer. Modellerad snödensitet styrks vid jämförelse med tidiga 
observationer av densitet som gjorts i Abisko. Snöpackmodellens utdata illustrerar 
snöns temperaturändringar, perkolation av smältvatten och förtätning 
(densitetsökning) hos snöskikten. Observationsdata visar förändringar i snöns täthet 
(hårdhet), snökornens fasthet, kornstorlek samt snöns torrhet. Trendstudier pekar 
mot att snölagrens täthet ökat och att snöns kornstorlek minskat sedan mätningarna 
startade. 
 
Nyckelord: Snöegenskaper, snöskiktutveckling, snöpackmodell, klimatförändringar, 
Abisko naturvetenskapliga station 
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Abstract 
 
Investigating Seasonal Snow in Northern Sweden – a Multi-Layer Snow Pack 
Model and Observations from Abisko Scientific Research Station Provide 
Clues 
Anna Staffansdotter 
 
Meteorological parameters determine the physical properties of snow precipitating 
from the atmosphere, but snow layers also continue to develop within the snowpack 
after the precipitation event. New characteristics form depending on temperature 
fluctuations, interaction with the soil, overburden compression, rain-on-snow events 
and more. As climate change is evidenced across the globe and particularly in the 
Arctic, understanding the relationship between snow and climate is important. In this 
project, a set of observed data of snow layer characteristics, collected every two 
weeks each winter over a 50+ year period at Abisko Scientific Research Station, 
northern Sweden, is co-studied with a multi-layer snow pack model which is able to 
reproduce additional snow properties. Data is presented in long time series as well as 
in high resolution to capture both trends and details. Comparison between modelled 
and observed data is made where possible. Physical processes are discussed and 
potential trends in the data are evaluated. Results show good agreement for snow 
pack depth between model and observations, while modelled snow density is largely 
confirmed by comparison with other records of density measured at Abisko. Modelled 
outputs illustrate snow pack temperature fluctuations, percolation of melt water and 
densification of snow layers within the profiles; observed data show variations in 
snow layer hardness, grain compactness, grain size and dryness. Long-term trends 
indicate an increase in snow layer hardness and a decrease in snow grain size since 
the beginning of the record. 
 
Key words: Snow characteristics, snow layer development, snow pack modelling, 
climate change, Abisko Scientific Research Station 
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1. Introduction 
 
In subarctic Scandinavia, seasonal snow is deposited across the landscape for 
several months every year. Snow is a fascinating material that affects us directly as it 
exists at the boundary between Earth and the atmosphere. Various aspects of snow 
and the snow season are important to study, including the internal processes of the 
snow cover. Individual layers in the snow pack can vary greatly between each other, 
between locations and between different points in time (Colbeck, 1991). 
Understanding the stratification of snow covers is necessary to correctly address 
many of the problems related to snow. 

For example, layer stratigraphy has noticeable consequences for ecology, snow 
stability and water resources. In reindeer herding, the formation of icy bottom layers 
makes it difficult for reindeer to access food underneath the snow cover, while other 
types of snow can affect their mobility across pastures (e.g. Ryd, 2001; Riseth et al., 
2011). For an avalanche forecaster, it is important to detect weak layers in the snow 
pack that could trigger snow slides and cause potential damage to people and 
property (e.g. Monti, Schweizer & Fierz, 2014). A hydrologist would look at the snow 
water equivalent of a snow cover, the surface runoff, or the infiltration pattern of melt 
water through layers (Encyclopedia of Snow, Ice and Glaciers, S. Boon & K. Burles, 
"Snow Hydrology"; P. W. Nienow & F. Campbell, "Stratigraphy of Snowpacks"). A 
physicist might instead find it interesting to trace the meteorological conditions in 
which different snow crystals were formed, in order to understand more about the 
atmosphere and Earth’s climate. Yet others may be concerned with snow clearance, 
community planning, hydropower, agriculture or forestry and need to consider snow 
depth, volume, or length of the snow season as part of their work. In other words, 
understanding seasonal snow and its characteristics can be relevant for a wide range 
of topics such as climate change adaptation, resource planning and hazard 
management. 

Global warming underlies all aspects; today, climate is changing fast and is 
measured most rapidly in the Arctic (e.g. Kohler et al., 2006; Johansson et al., 2011; 
IPCC, 2013; Van Pelt, Pohjola & Reijmer, 2016). Effects of climate change on 
ecology, glaciers and groundwater have by now become apparent in many parts of 
the world and not least in Arctic environments (ACIA, 2005). Since we are already 
committed to at least some amount of warming due to the CO2 already emitted and 
the inertia of the climate system (IPCC, 2013), even in the best scenario it is 
important to prepare for the changes that cannot be avoided. In an article from 2011, 
Callaghan et al. emphasise in their concluding remark the need to "invest time and 
resources in intercomparison and blending of the various types of information from 
existing and projected snow datasets within a context of social relevance". 

The purpose of this study is to better understand layer development and evolution 
of seasonal snow in subarctic northern Sweden. This is done through analysing 
observational data of snow depth, layer boundaries and a collection of physical 
characteristics of snow, all measured at the same site, as well as using a multi-layer 
snow pack model to simulate additional important features of snow climate. The goal 
will be to inform a discussion about snow physics and stratigraphy, especially in the 
face of changing climate conditions. The observations that are analysed originate 
from an extensive set of data collected every two weeks at Abisko Scientific 
Research Station in northern Sweden over a period of 50+ years. The model is run 
on the basis of meteorological data measured at the same location, covering a total 
of 21 years. 
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2. Theory 
 
Snow is sometimes described as a 'mixture of ice, air and water' (e.g. Colbeck et al., 
1990). It can contain water simultaneously in solid, liquid and gas form; a feature 
which may be attributed to the unique ability of water to occur in all three phases over 
the temperature ranges that prevail in the atmosphere and on Earth's surface 
(DeWalle and Rango, 2008; Fierz et al., 2009). 
 
2.1 Physics of snow formation 
The Japanese physicist Ukichiro Nakaya was the first to create artificial snow crystals 
in the laboratory, obtaining his very first specimen by chance in March 1936 after 
many failed attempts (Nakaya, 1954, p. 151). Previous studies of frost and snow had 
led him to the conclusion that the only difference between these two types of crystals 
is the nucleus. Whether growing artificially or naturally, snow crystals always begin as 
ice crystals forming around a nucleus, which may be for example an aerosol particle, 
a mineral dust, a soot particle, or simply a frozen cloud droplet (Lohmann, Lüönd & 
Mahrt, 2016). This ice embryo develops into a fully grown snow crystal by diffusion 
and deposition of water vapor onto the crystal, caused by a vapor saturation gradient 
at the surface. The growth rate depends on the magnitude of the gradient and growth 
will continue provided that supersaturation is sustained. Snowflakes can also grow by 
aggregation, when two or more falling snow crystals collide and stick together to form 
larger structures, a process mainly observed at temperatures above –10°C 
(Lohmann, Lüönd & Mahrt, 2016).  

Figure 1 Crystal 
habits, from top left: 

a needle, b hollow 
column, c stellar 

dendrite, d capped 
column, e hexagonal 

plate, f hexagonal 
prism, g stellar plate, 

h fernlike stellar 
dendrite and i twelve-

branched crystal. 
Photographer: 

Kenneth Libbrecht 
(SnowCrystals.com). 

Used with 
permission. 

a b c 

g h i 

f e d 
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The shape of a growing crystal is called the habit. Many different habits exist – 
some of these are shown in figure 1. The basic geometrical structure for all habits is 
hexagonal, owing to the crystal lattice of ice and ultimately to the hydrogen bonding 
of water molecules into tetrahedral arrangements (Lohmann, Lüönd & Mahrt, 2016). 
Which crystal habit is developed depends on temperature and supersaturation, 
among other parameters (Nakaya, 1954; Lohmann, Lüönd & Mahrt, 2016). Figure 2 
is a diagrammatic description of the formation of different crystal habits, at constant 
atmospheric pressure of 1 bar, with respect to ambient temperature and ice 
saturation ratio. Which type of crystal morphology is most dominant varies with 
temperature – for reasons still unexplained – whereas the complexity of the structure 
that is formed largely depends on the degree of supersaturation (Encyclopedia of 
Snow, Ice and Glaciers, K. G. Libbrecht, "Snow Crystal  Structure"). 

 
2.2 Classifications of deposited snow 
Once deposited on the ground, snowflakes immediately start to undergo changes in 
their physical characteristics (Fierz et al., 2009). Snow crystals, especially those with 
more advanced crystal habits, are inherently unstable because of their relatively large 
surface area as compared to volume; therefore they will eventually decompose into 
smaller grains (DeWalle and Rango, 2008). This process is called snow 
metamorphism and is determined by physical parameters such as temperature and 
pressure in the surrounding environment (Encyclopedia of Snow, Ice and Glaciers, A. 
K. Singh, "Snow Metamorphism"). 
 Colbeck et al. (1990) and later Fierz et al. (2009) list the most important physical 
properties commonly used by scientists to distinguish one type of deposited snow 
from another. These include density, grain shape, grain size, liquid water content, 
impurities, strength, hardness and temperature. Relying on only one of these 
measures is usually not enough; instead classifying a snow type according to 
international standards typically requires that several different parameters are taken 
into consideration (Fierz et al., 2009). Other observations of a snow profile are also 

Figure 2 The 
Nakaya or snow 
crystal morphology 
diagram. 
Reproduced with 
kind permission of 
Kenneth Libbrecht 
(SnowCrystals.com). 
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important, for example layer thickness, total depth of the snow cover, inclination of a 
layer, slope aspect, surface roughness, penetrability, snow water equivalent and age 
(Colbeck et al., 1990; Fierz et al., 2009). A typical observation chart for a snow cover 
profile additionally makes note of location, time and date of the observation and 
current weather. 

Different terminologies and classification systems for deposited snow are used in 
other contexts. For example, the Sámi snow terminology, building on generations of 
accumulated knowledge and observations, includes concepts and words which are 
both similar to, and different from, the scientific descriptions (Eira et al., 2013). 
Collaboration between scientists and traditional knowledge holders is often 
favourable to both (ACIA, 2005; Riseth et al., 2011). 
 
2.3 Snow pack stratigraphy and thermodynamics 
Colbeck et al. (1990) define three different types of ice formation in deposited snow: 
horizontal ice layers, vertical channels and basal ice. A horizontal crust layer can 
form at the surface of the snow cover due to redistribution and compaction by wind; 
or by radiation from the sun and increased surface temperature which causes melt, 
followed by subsequent refreeze when the temperature drops. Surface melt depends 
on the surface energy balance, and how much energy is left over for melting at zero 
degree surface temperature. As new snow settles on top of the snow pack, crusts are 
buried with time; several crust horizons can thus occur within a single profile. 

Crust layers are typically strong, have high density and well-developed bonds 
between individual grains. Because of the influence of wind, wind crusts normally 
also have small grains and are rather impermeable; their small pores will, however, 
cause them to easily absorb melt water (Colbeck, 1991). Apart from reworking by 
wind, which effectively breaks up snow crystals, dry snow layers are also compacted 
because of the gravitational pull and compression by overlying layers. Vapor diffusion 
causes rounding of crystals and sintering, whereby new bonds develop between 
crystals (DeWalle & Rango, 2008). 

When meltwater from the surface percolates downward through a snow pack and 
enters an environment with colder temperature, it will give off heat to the surrounding 
snow. Water is an effective transporter of energy from the atmosphere into the 
subsurface snow pack. Eventually, the water may undergo a phase change into its 
solid state. In this process, latent heat is released, which further raises the 
temperature of the snow. During melt-freeze cycles, large snow grains will 
successively outnumber small ones. This is because smaller grains melt at lower 
temperatures and therefore will be the first to dissolve when the temperature of a 
snow layer rises. As the snow subsequently refreezes large grains remain, usually 
highly aggregated (DeWalle & Rango, 2008, p. 49). 

An ice or high-density snow layer can become disintegrated during the course of a 
season, for dry snow especially if large temperature gradients occur in the snow pack 
which generates a flow of water vapor along the gradient (Colbeck, 1991). Depth 
hoar may form instead of the dense layer by this process. Depth hoar is large crystals 
that grow into distinctly faceted shapes. These layers are often found in cold weather 
close to the ground of dry snow packs, where the temperature and vapor pressure is 
relatively high. They can also form just below an ice or crust layer where rising vapor 
is prevented from further travel and is instead deposited, contributing to growth of 
hoar crystals (Colbeck, 1991).  Depth hoar is associated with weakening of bonds 
and deformation of buried snow layers, which may eventually collapse and produce 
snow slides. 



 

5 
 

3. Site description 
 
The village Abisko/Ábeskovvu is situated on the southern side of Lake Torneträsk 
about 100 km northwest of the town of Kiruna in northern Sweden, close to the 
border of Norway. A map of the area is presented in appendix 1. This small alpine 
settlement in the Scandinavian Mountain Range is a popular tourist destination 
known for its national parks, wildlife, hiking trails and ski slopes. There is a unique 
flora in the whole area with many known localities of rare species, many of them 
thriving from the calcareous soil. Abisko National Park comprises 77 km2 of land and 
has been protected since 1909 as a conservation area for science and recreation 
(Öberg, 2012). The delta at the outlet of Abiskojokk into Torneträsk is especially 
protected during part of the year for its rich birdlife. Northwest of the lake is the 26 
km2 large and somewhat less accessible Vadvetjåkka National Park, created in 1920 
and home to Sweden's northernmost glacier (Öberg, 2012). The discharge of Lake 
Torneträsk into Torneälven (river) drains 3 346 km2 of land, of which 15% is covered 
by lakes, and the flow rate is typically largest in July (SMHI, 1995). As shown in the 
map, the area has many locations with palsa – peatland hills with perennially frozen 
soil at the core. Palsa mires are unique ecosystems sensitive to climate change and 
are threatened in Sweden today. Abisko is located in reindeer pasture land, within 
the borders of Gabna Sámi village. The vegetation offers fine grazing opportunities 
for reindeer while the topography provides natural meeting spots, and Abisko is 
valued as an important area for reindeer herding (Sametinget, 2016a, 2016b, 2017). 

Snow is an important seasonal feature and interacts in many ways with the 
ecology, for example by providing shelter for small animals and vegetation during the 
cold season and by storing large quantities of water, which are released during the 
melt period in spring. The relationship between snow cover and ecology is an 
ongoing area of research in Abisko and is discussed in more detail below. Other than 
that, skiing and other popular winter outdoor sports depend on snow depth and the 
length of the snow season. Abisko and nearby terrain is also affected by avalanche 
hazards in wintertime (Naturvårdsverket, 2016). This includes not only ski fields but 
also important communications, such as the E10 road, used frequently by private 
motorists as well as by trucks for the transport of goods, and the railway, a crucial link 
for the iron ore mine in Kiruna to access global trade routes through the port of 
Narvik. In efforts to mitigate the danger, avalanche observers regularly investigate 
the strength and stability of snow layers and perform avalanche blastings when 
necessary. One important reason why measures are taken to actively protect Abisko 
from avalanche hazards is because it is well-visited in wintertime, which increases 
the probability of people being at risk (Naturvårdsverket, 2016). The road and railway 
are sometimes closed when the weather is especially difficult or when avalanche 
control blastings are underway. The approximate locations of five major avalanche 
incidents that occurred between 2000 and 2006, three of which were deadly, are 
indicated on the map in appendix 1. 
 
3.1 Sampling area and climate 
The history of Abisko Scientific Research Station (ASRS) dates back to the beginning 
of the 20th century and meteorological observations began already in 1913 (Swedish 
Polar Research Secretariat, 2012). The station is located at 68°21'N, 18°49'E and at 
an altitude of ca 385 m above sea level. Meteorological parameters such as 
temperature, solar radiation and relative humidity are measured hourly by an 
automatic weather station located at an elevation on the ASRS grounds. Precipitation 
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is measured once daily. For monitoring 
the snow cover, several sampling 
locations around the station are 
employed throughout the season; the 
reader is referred to the study by 
Kohler et al. (2006) for a more detailed 
description of these. 

The Köppen climate classification 
for the Abisko area has variably been 
described as Dfc1 (Peel, Finlayson & 
McMahon, 2007) and ET2 (Kottek et 
al., 2006), both of which may be true 
for different local settings around 
Abisko. According to data from the 
Swedish Meteorological and 
Hydrological Institute (SMHI), the 
annual mean temperature measured at 
ASRS for the period 1961 to 1990 was 

–0.8°C. Accumulated annual precipitation was 303.7 mm per year for the same 
period. See figure 3 for the climate at ASRS during the reference period 1961–1990, 
based on SMHI data. Monthly mean precipitation for the summer (AMJJAS) and 
winter (ONDJFM) months was 28.2 mm and 22.5 mm, respectively. Using this 
weather data in accordance with the Köppen flow chart results in a Dfc climate. 
Figure 3 shows, however, that only one month of the year is warmer than the 
threshold value of 10°C, which is July with an average temperature of only 11°C. 
Thus it is possible that for a nearby locale at a different altitude or in a different 
topographic setting, the small-scale climate classifies as ET rather than Dfc. Valleys 
or depressions in the landscape and permanent snowfields and glaciers at higher 
elevations may be such areas. In conclusion, the Abisko region is interpreted here as 
having a subarctic cold temperate climate, while the alpine setting in some areas 
promotes a polar tundra climate on the micro- to mesoscale. The prevailing wind 
direction during the winter months (DJF) is south-westerly (Wastenson, Raab & 
Vedin, 2004, p. 59). Because of its geographical position in rain shadow, shielded 
from moist Atlantic weather by the mountains in the west, Abisko has the lowest 
mean annual precipitation in the country. July and August are the wettest months and 
April and May are the driest (figure 3). The snow season commonly stretches from 
October to May – with some variation between the years – and the maximum snow 
depth generally occurs in March according to a study by Kohler et al. (2006).  
 
3.2 Observed and projected environmental change 
The global climate is quickly undergoing massive changes due to anthropogenic 
release of carbon into the atmosphere (IPCC, 2013). Currently the fastest warming is 
measured in the Arctic, to which Abisko belongs. Many consequences of climate 
change are already being observed across the high latitudes, such as record low sea 
ice extent in Arctic seas, thawing permafrost and receding glaciers (ACIA, 2005). 
Furthermore, changes in climate induce changes in the biotic environment with 
measureable effects on plants and animals (Callaghan et al., 2010). 

                                                 
1 Cold temperate climate with mild summers and long winters 
2 Polar tundra 

Figure 3 Average climate at Abisko Scientific 
Research Station during the period 1961–
1990. Data sourced from SMHI Opendata: 
http://opendata-catalog.smhi.se/explore/. 
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3.2.1 Snow and climate 
In a study on snow data from Abisko, Kohler et al. (2006) found an increase in mean 
snow depth over the past century by ca 4–5% of the seasonal winter mean per 
decade, which has been linked to increased winter precipitation. The largest and 
most significant increase was found for the winter months December, January and 
February. At the same time, the length of the season showed no apparent trend, 
which the authors suggest could be the combined effect of larger volumes of snow 
and warmer spring temperatures, causing more rapid melt (Kohler et al., 2006). 
Later, Callaghan et al. (2010) reported a decrease in snow depth in the late 20th and 
early 21st century. For the 21st century, it is expected that maximum snow 
accumulation will increase across large parts of the Arctic, while at the same time the 
snow cover duration will decrease, especially in the Scandinavian mountains 
(Callaghan et al., 2011). As climate warms further on the long-term, however, both 
snow volumes and length of the snow season may eventually decrease (Kohler et al., 
2006). Moreover, higher temperatures cause more precipitation to fall as rain, which 
will have consequences for the thermal regime and internal structure of the snow 
pack. A study on characteristics of Abisko snow, looking at the same dataset which is 
studied here, found that there has been an increase in frequency and cumulative 
thickness of very hard snow layers in recent decades, especially in the lower parts of 
the snow pack (Johansson et al., 2011). Rain-on-snow events and basal ice 
formation has profound effects on the reindeer herding economy (ACIA, 2005), 
vegetation (Callaghan et al., 2010), and permafrost evolution (Westermann et al., 
2011). These events and their spatial distribution will increase in the Arctic in the 
coming decades (Callaghan et al., 2011). 
 
3.2.2 Soil and water 
The intensification of climate change in the Arctic region with respect to lower 
latitudes is often called the Arctic amplification or the polar amplification. It arises 
primarily because of a temperature feedback effect by which more of the incoming 
heat is radiated back out from the tropics than from the poles, due mainly to the 
Planck feedback and the lapse-rate feedback (Pithan and Mauritsen, 2014). This 
means that the colder high-latitudes warm quicker than the warmer low-latitudes. The 
second most important component of Arctic amplification is the surface albedo 
feedback (Pithan and Mauritsen, 2014), which is caused by reduced extent of 
snowfields, receding glaciers and disappearance of ice from seas and lakes. Darker 
surfaces with low albedo, such as soil, vegetation and open water, absorb more heat 
compared with high-albedo surfaces like ice and snow. In the Abisko area, it has 
been observed that in between 1915 and 2007, the duration of the ice cover on Lake 
Torneträsk decreased by 40 days – an effect of later freeze up and earlier break up 
(Callaghan et al., 2010). Increasing soil temperatures, thawing permafrost and 
thickening of the active layer are also feedback effects on the climate system in the 
Torneträsk area. These are shown to result from warmer air temperatures, but also 
from increased snow depth since the snow cover has insulating properties on the soil 
(Johansson, 2009). When frozen organic soils begin to melt and decay on a large 
scale, they contribute with significant additional amounts of carbon to the climate 
system. Degradation of permafrost and palsa is likely to continue with increased 
temperature and precipitation. In particular thick snow covers and early snowfall in 
autumn, which preserves the heat still in the ground before it has time to escape, 
promotes a warm subnivean climate. Ice layers in the snow pack also affect soil 
temperatures as they redirect drainage pathways of meltwater (Johansson, 2009). 
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3.2.3 Plants 
Subfreezing temperatures, the arrival of the first snow that persists on the ground, the 
length of the snow season and unseasonal winter weather events influence the 
health and survival of vegetation in high latitude environments. Snow has an 
insulating effect on plants and soils. A delayed arrival of an insulating snow cover, 
warm spells exposing the ground to cold air in the middle of winter as well as ice 
layer formation can damage plants (Bokhorst et al., 2012). Still, long-term snow 
removal experiments conducted in forested areas in northern Sweden have shown 
that damage to some plants caused by frost cycles may not be as extensive as 
extrapolation of short-term experiments would indicate, and that some species may 
even be able to adapt to altered environmental conditions (Blume-Werry et al., 2016). 
Nevertheless, Arctic warming is observed at such increasing speed that only very few 
hardy species are likely to be able to cope with extreme change. Current ecosystems 
are also likely to experience competition from vegetation which is better-adapted to a 
warmer climate (ACIA, 2005), pushing vegetation boundaries polewards and towards 
higher elevation. For example, Hallinger, Manthey & Wilmking (2010) studied growth 
and distribution of a shrub species across alpine tundra in the Abisko area to find out 
whether shrub expansion in subarctic and subalpine tundra environments can be 
attributed to climate forcings. They found evidence of a recent colonisation of higher, 
previously shrub-free elevations and suggest that this is to do with changed climate 
conditions, which alter the alpine tundra environment in favour of shrub vegetation. 
The authors propose, that since a thicker snow cover creates a comfortable 
microclimate for vegetation under the snow during winter, shrub expansion in Abisko 
may be related to increased snow depth as shown by Kohler et al. (2006). They note, 
however, that comparison with observations made at the ASRS, which is located 
near the bottom of the valley, does not take into consideration differences in 
topography and exposure to precipitation and winds. 
 
3.2.4 Animals 
The winter snow cover is also important for small rodents such as lemmings and 
mice, which survive the harsh winter conditions due to the shelter they are provided 
by the snow (Reid et al., 2012). Snow temperatures are highest near the base of the 
snow pack, where a comfortable microclimate develops of temperatures close to zero 
degrees. Unusually warm air temperatures and ice layers developing in the snow, 
however, have caused lemming population growth to fail in some parts of the Arctic 
(ACIA, 2005). The fauna living above the snow cover is affected too, since it is often 
dependent on the food beneath. For example, reindeer need access to lichen 
underneath the snow cover in winter. A loosely packed, dry snow layer is favourable 
from a foraging perspective. In contrast, dense layers in the snowpack, such as 
buried crusts or basal ice, could lock the vegetation such that reindeer cannot reach it 
(Eira et al., 2013; Ryd, 2001). Hard and dense snow or a very deep snow cover can 
also make it more difficult for the animal to dig through the snow, which causes it to 
lose more energy. Ice layers can occur naturally, for example through melt and 
refreeze during the winter season or after rain-on-snow events; or as a result of 
grazing and trampling, if the flock has stayed in an area for some length of time 
(Riseth et al., 2011). If it cannot reach grazing lands under the snow, the reindeer will 
forage in other areas or may resort to eating lichen from trees (Ryd, 2001). In these 
cases, hard crust layers on top of the snowpack, if strong enough to carry the weight 
of the animal, could facilitate its journey and support it when reaching for food in the 
trees (Ryd, 2001). 
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Table 1 Classification index 
for the observed parameters 
at ASRS (adapted from 
Johansson et al., 2011). 
 
R     Snow layer hardness 
1 large cavities   
2 very soft fist 

3 soft 4 fingers 

4 medium 1 finger 

5 hard pencil 

6 very hard knife blade 

E     Grain size 
1 nuts > 8.0 mm 

2 peas 5.0–8.0 mm 

3 rice 2.0–5.0 mm 

4 semolina 1.0–2.0 mm 

5 flour < 1.0 mm 

6 flakes 0.5–1.5 mm 

C     Grain compactness (metamorphosis) 
1 very loose   
2 loose   
3 rather compact   
4 compact   
5 very compact   
6 ice hard/ice   
D     Snow layer dryness (wetness) 
1 dry   

2 normal   

3 moist packing snow 

4 wet   

 

4. Methods 
 
The scope of this study is limited to analysing the seasonal evolution of seven snow 
characteristics derived in part from a set of observed data (snow layer hardness, 
grain compactness, grain size and dryness) and in part from a snow model (snow 
temperature, snow density and liquid water content). Definitions of physical 
properties follow the international classification system as outlined in its latest version 
by Fierz et al. (2009), unless otherwise indicated. 
 
4.1 Model 
A coupled Energy Balance-Firn Model (EBFM) 
adapted for Arctic conditions is used to give 
additional information about a set of snow profiles 
sampled by hand at ASRS. The model combines 
surface and subsurface energy processes and 
simulates the seasonal evolution of snow density, 
temperature and water content within the snow pack. 
See Van Pelt et al. (2012) for a detailed description 
of the model, which was developed to study mass 
balance and refreezing of Arctic glaciers. 

The model calculates surface melt and captures 
the behaviour of water percolating down through the 
layers of snow and, in the case of perennial snow, 
firn. It also covers thermal processes in the soil 
underneath the snow pack and computes heat fluxes 
between snow and ground according to the soil 
model in Westermann et al. (2011). Thereby it is well 
equipped to simulate the effects of rain-on-snow, 
melt and refreeze from top to base through the snow 
pack and the resulting development of dense layers 
in the stratigraphy. Besides its use in studies of long-
term snow pack evolution on top of glaciers in 
Svalbard (e.g. Van Pelt et al., 2012, 2014; 
Christianson et al., 2015; Van Pelt & Kohler, 2015; 
Van Pelt, Pohjola & Reijmer 2016), it has 
successfully identified ice layers in seasonal snow in 
previous tests (Kohler & Van Pelt, manuscript in 
preparation). 

Model input data used for this study includes 
meteorological observations of temperature, 
precipitation, relative humidity, incoming shortwave 
radiation and incoming longwave radiation, all 
measured at hourly intervals at ASRS except 
precipitation, which is measured once per day. The 
modelled timeline stretches from July 1984 to July 
2005 since all the necessary meteorological data 
existed for this period. It is run with a 3 hour 
temporal resolution. 
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4.2 Observational data 
The observational record stretches from November 1961 to present and has been 
digitized up until and including April 2014. Observations were made throughout the 
snow season at time intervals of roughly two weeks. The dataset is largely unbroken 
throughout, with the only major gaps in the 1965/66 season, which seems to be 
missing a substantial amount of data3, and the 1966/67 season, which is missing 
completely. About 30 different people have contributed with observations over the 
years, all using the same approach and the same observational protocol of which an 
example is presented in appendix 2. 

Indexes for the observed snow characteristics are summarised in table 1. Snow 
layer hardness (R) is measured on a scale from 1 to 6 based on resistance of the 
snow layer to the force applied by different objects which are being pressed against 
the wall of the profile (Johansson & Ingvander, 2015). This method, also known as 
the hand hardness test, was first introduced by De Quervain in 1950 and is described 
in Fierz et al. (2009). Note that here, class 6 (‘very hard’) also includes observations 
of pure ice layers, and that an additional classification is used for layers with large 
cavities. Grain size (E), apart from snowflakes, is described by help of the size of raw 
food objects (nuts, peas, rice, semolina and flour) to ensure consistency. Metrically, 
the ASRS grain size index is similar to the international classification presented in 
Fierz et al. (2009) but describes more classes on the higher end of the scale and 
fewer on the lower end. Grain compactness (C) is a description of the degree of 
metamorphosis where higher numbers indicate increasing compaction of the grain. 
Snow layer dryness (or wetness) is measured in four classes from ‘dry’ to ‘wet’ where 
dry snow would have poor bonding between individual grains whereas moist or wet 
snow would stick together when squeezed (‘packing snow’). The dryness index has 
similarities with the liquid water content described in Fierz et al. (2009) but uses 
fewer classes here and is more subjective. 

Further information about a specific snow layer is given in some instances. 
Observations of granular snow, fresh snow, meltwater and ice crystals are sparsely 
recorded in the dataset and are not covered in this study (these values are treated as 
NaN's, showing up as blank spaces in the snow profile plots). Crust or ice layers are 
frequently observed and are taken into consideration in the data analysis. Following 
the approach described in Johansson et al. (2011), observations of ‘ice’ or ‘crust’ 
layers are considered equal to snow layer hardness class 6 ('very hard') and to grain 
compactness class 6 ('ice hard'). The dataset is therefore adjusted such that for 
every layer classified as an ice crust layer, if no other information is given, snow layer 
hardness and grain compactness are assumed to be 6 while dryness and grain size 
are set to NaN. Any other outlying values, mainly caused by the additional 
classifications, are otherwise removed for all the four parameters as follows: grain 
size >6 or 0, layer hardness >6 or 0, grain compactness >6 or 0 and layer dryness >4 
or 0, before arranging the data to match the structure of the model output. 

                                                 
3 On a national average, the 1965/66 season was the winter with the largest mean snow accumulation 
of all years on record in Sweden from 1904/05 to 2013/2014, according to a report by Wern (2015). 
Although the snow cover varies greatly across the country and the report does not include data from 
ASRS, it does present observations from locations relatively close to Abisko showing that the number 
of days with snow-covered ground was 219 in Kiruna and 229 in Riksgränsen and that maximum snow 
depth for the season was measured at 100 cm and 101 cm for the same sites, respectively (Wern, 
2015). Snow depth data presented in Kohler et al. (2006) reveal that snow was observed on the 
ground at ASRS from October to May that year but it seems that snow depth was lower than average 
for the site. 
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From observed hardness and grain size of each snow layer, a derivation of snow 
density is also obtained using the equation proposed by Johansson and Ingvander 
(2015): 

 
ρsnow = kR ∙ Ei + mR 

 
where ρsnow is the snow layer density, Ei is the grain size index (table 1) and kR and 
mR are regression coefficients which are computed for each class of snow layer 
hardness (see Johansson & Ingvander, 2015). 
 
4.3 Discretization 
To allow for easier comparison, the observational data is projected onto the same 
vertical grid as the model using the nearest neighbour interpolation method (MATLAB 
R2017a). Snow depth is structured vertically at a 1 cm spatial resolution, while time is 
arranged horizontally in 3-hour time steps for the model output and in monthly steps 
for the observations. One or two observations are usually made per calendar month, 
as long as there is snow on the ground to observe. Assuming that the stratification of 
two snow columns which are sampled at a two week time difference does not differ 
more than for two columns sampled a few meters apart, other than the possible 
addition of fresh snow in between the observations, the data is averaged into monthly 
representative columns whenever more than one observation exists for a calendar 
month. Long-term linear trends are computed using the robustfit command. 
 
5. Results 
 
There is good agreement for snow pack 
depth between model and observations. 
Snow density compares well to early 
measurements of density made at ASRS but 
not to the density calculated from equation 
1. Statistically significant trends towards 
increasing snow layer hardness and 
decreasing grain size are found. 
 
5.1 Snow depth 
Comparison between observed and 
modelled snow depth for each month of 
snow in the overlapping period returns a 
correlation coefficient of 0.86 (figure 4). 
Snow depth curves for the whole of the 
observational record with a visual comparison 
between the observations and the model 
are also presented (figure 5). The maximum 
snow depth for the length of both records 
occurs in the season 92/93 (1.17 m in the 
observational record and 1.32 m in the 
modelled data). The model tends to 
emphasize the extremes, i.e. large values 
become larger and low values lower. 

 
Figure 4 Correlation between 
modelled and observed average 
monthly snow depth (1984–2005). 
Only months where snow depth is 
>0 m in both datasets are included. 
n=133. 

(1) 
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Figure 5 Snow depth 
curves for modelled (above) 
and observed (below) snow 
pack depth. Overlapping 
period is shaded. 

Figure 6 Intra-seasonal snow pack depth 
evolution. The snow season typically begins 
in September (according to model) or 
October (according to observations) and 
ends in May. Snow depth peaks in March. 

Figure 7 Intra-seasonal snow density 
evolution as calculated by the model for the 
period 1984–2005. Snow density is highest 
towards the end of the season. The slope of 
the fitted line is 0.57019 kg m-3 d-1. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Intra-seasonal depth evolution shows that snow depth peaks in March (figure 6). 

The average depth for March is 0.58 m for the whole record and 0.62 m for the period 
1984–2005, which overlaps in time with the model. Monthly mean depths compare 
relatively well with those presented in Kohler et al. (2006, figure 5), except for 
October and May, which both stand out in this dataset with thicker snow covers. The 
model produces a smoother depth curve and generally matches the corresponding 
observed data, with the largest differences in October (slight underestimation by 
model) and April (slight overestimation by model). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2 Snow density, temperature and water content 
Modelled intra-seasonal density evolution is averaged per calendar month (figure 7). 
Some density observations from the very beginning of ASRS history, covering 15 
seasons between 1914 and 1929, are presented in Kohler et al. (2006, figure 4) and 
may be used for comparison. Average densification of the snow pack through the 
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Figure 8 Correlation between modelled 
snow density and snow density calculated 
from snow layer hardness and grain size. 
A total of 132 monthly averaged values of 
snow density are compared. 

Figure 9 20 bin histogram of the data shown in the 
scatter plot to the left. Modelled density has a 
positive skew and centres at ca 200 kg m-3 whereas 
density derived from observations is nearly 
normally distributed around 300–350 kg m-3. n=132. 

season is estimated by the slope of the linear fit, which is 0.68 kg m-3 d-1 in Kohler et 
al. (2006) and 0.57 kg m-3 d-1 in figure 7 presented here. Density is also similar in 
range for the two fitted lines and only slightly higher in magnitude in this data. 
 Snow density stratification, snow temperature and liquid water content of seasonal 
snow packs are illustrated in appendix 3. The development of dense layers varies 
between seasons and often coincides with melting and percolation of water from the 
surface; the more often there is surface melt, especially early in the season, the more 
layered becomes the snowpack. High water content in turn corresponds to extreme 
snow temperatures around zero degrees at the surface. Snow temperature is 
otherwise generally higher near the base. It is also seen that for thicker snow packs, 
the snow layers appear to become more compacted through the season. 
 
5.3 Density derived from observations 
Snow density estimations from observed snow hardness and grain size (equation 1) 
are plotted against modelled snow density for the overlapping period 1984–2005 
(figure 8). A total of 132 months with snow data from both outputs exist in this period. 
Modelled snow density occurs most frequently around ca 200 kg m-3. Snow density 
derived from observations is almost always higher than the corresponding modelled 
value. A histogram analysis of the same data shows that modelled snow density is 
positively skewed whereas the density derived from observations has a close to 
normal distribution clustered around 300–350 kg m-3 (figure 9). These results may be 
compared with snow data from the Swiss Alps presented in Jonas, Marty & 
Magnusson (2009, figure 2), which distributes normally and peaks at ca 250 kg m-3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.4 Snow layer hardness, grain compactness, grain size and dryness 
Snow stacks of observational data for the entire record are shown in appendix 4. 
Monthly columns are presented; bear in mind that these may be averaged from two 
or occasionally even three snow profiles sampled in that month. Grain compactness 
and snow layer hardness both seem to differ greatly between individual layers and 
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seasons. These two parameters often (but not always) go hand in hand. An example 
of when they are strongly associated is when ice layers or very hard and compact 
layers are defined. Grain size is perhaps the parameter with the most consistent 
spatial and temporal pattern within seasons. Larger grains are found lower in the 
snow pack and towards the end of the season, whereas smaller grains dominate 
higher in the profile and earlier in the season. Note that the grain size index grading 
is somewhat contra-intuitive in that particle size decreases with increasing number on 
the scale. Snow layer dryness is generally classified as dry or normal throughout the 
record. Within seasons, however, dryness often tends to increase rather abruptly to 
moist and/or wet at the very end of the snow period, much like the liquid water 
content in appendix 3c. 
 Small trends can be distinguished over the 52-year observational period towards 
increasing snow layer hardness (figure 10d) and decreasing grain size (figure 10f), 
both significant at a 90% confidence level. When analysed not including class 6 
(‘flakes’), the trend towards decreasing grain size stays the same, although this time 
with a lower p value (figure 10g). Data for the other observed variables imply trends 
towards increased compactness and wetter snow but these results are inconclusive. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 10 Long-term, annual 
averages of a snow density,  
b snow temperature, c liquid 
water content, d snow layer 
hardness, e grain compactness, 
f grain size, g grain size except 
flakes, h snow dryness. RMSE 
and p value of each fitted line is 
shown in the graph. Overlapping 
period between model and 
observations is shaded. 
Triangles indicate maxima and 
minima (only in a, b and c). 

a 

b 

c 

d 

e 

f 
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Figure 11 1991/92 season: 
a snow temperature, b liquid water 
content, c snow density, d snow layer 
hardness, e grain compactness, f grain 
size, g snow layer dryness. Ticks on 
the x axis are placed mid-month. White 
spaces in plots f and g indicate missing 
data (often corresponding to crust 
layers). 

a 

b c 

d e 

f g 
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Figure 12 2001/02 season: 
(a–f as in previous figure). Note the 
difference in snow depth between the 
two seasons (y axis). The timing of the 
onset and termination of the snow 
season also varies (x axis). Ticks on 
the x axis are placed mid-month. White 
spaces in plots f and g indicate missing 
data (often defined as crust layers). 
 

a 

b c 

d e 

f g 
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5.5 Case studies 
Two seasons, 1991/92 (figure 11) and 2001/02 (figure 12), are examined more 
closely. These represent two different examples of seasonal snow pack evolution. 
 
5.5.1 1991/92 season 
A couple of thin dense layers are formed early in the season and are subsequently 
buried under new layers of snow. Melting occurs primarily at the end of the snow 
period. Some melting takes place around mid-season but percolating water does not 
reach the deeper layers of the snow pack; instead it is absorbed into an upper layer 
where snow density then becomes enhanced – note that this absorbing layer was 
earlier fine-grained and dry. A crust layer also appears at the top of the snow pack 
before spring melt rapidly reduces the snow depth in May. Temperature-wise, the 
snow pack appears stable throughout the season apart from a cold snap in early 
January and a warm period in February. Variability of snow layer hardness and grain 
compactness is large, but a couple of ice layers (dark) can be traced within the snow 
pack at depths roughly corresponding to the high-density layers. Snow particle size 
generally increases with depth and wetness is greatest at the closure of the season. 
Modelled maximum snow depth is larger than observed maximum snow depth. 
 
5.5.2 2001/02 season 
Model output indicates that the amount of liquid water was enhanced during three 
major melt events; in November/December, in January and during the melt period in 
spring. Each occasion coincides with high snow temperatures and water always 
percolates down to the base. Denser snow forms in the bottom half of the snow pack 
following the melt and refreeze cycles early in the season and a very dense layer is 
developed closest to the ground. The January melt event coincides with observed 
high snow layer hardness and observed high grain compactness. Otherwise, 
hardness and compactness vary throughout the season, especially in the lower half 
of the snow pack. Grain size shows a clear increase with depth and time whereas 
dryness variability is high. Observed maximum snow depth is larger than modelled 
maximum snow depth. 
 
6. Discussion 
 
The discussion section is divided into two parts, first a discussion of the results and 
then an assessment of the possible uncertainties of the study. 
 
6.1 Results 
Correlation of snow pack depth between model and observations shows promising 
results both inter-annually and intra-seasonally. Modelled intra-seasonal snow 
density compares well with data measured in the beginning of the 20th century of 
seasonal density evolution (see Kohler et al., 2006, figure 4), which indicates that the 
model also accurately estimates the density of the snow pack. On the other hand, 
mean monthly snow pack densities, as calculated from the observed variables 
(equation 1), do not match the corresponding modelled densities very well. The 
difference is large and suggests that the model could be underestimating snow 
density and the number of dense layers in the Abisko snow pack, or that the method 
to calculate density from hardness and grain size is producing values that are too 
high. Naturally, there could also be a combination of these errors. When compared 
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with the bulk density from the Swiss Alps (Jonas, Marty & Magnusson, 2009, figure 
2), the peak of the Swiss distribution falls somewhere in the middle of the two 
distributions in figure 9. The modelled snow density distribution in figure 9 is clearly 
skewed unlike the near-normal distribution derived from equation 1 and the normally 
distributed data in Jonas, Marty & Magnusson (2009). The absence of modelled 
snow profiles with average densities of less than 180 kg m-3 is a result of the model 
setup which assumes the starting point for snow density to be at this value. Both the 
modelled snow density and the density derived through equation 1 are, however, 
estimated values. Obtaining updated first-hand density measurements from Abisko 
might be helpful to assess the reliability of both these estimations.  

As shown in the long-term trend analysis, there is some indication of a tendency 
towards increased snow layer hardness in the second half of the century, a property 
of snow that is often related to high density. Although the snow hardness trend is 
small and only weakly significant, this sort of development has been widely observed 
in the Arctic, especially as the formation of basal ice is becoming more common. 
Increased frequency as well as increased seasonal cumulative thickness of very hard 
snow layers was also found in a previous analysis performed on this Abisko dataset 
by Johansson et al. (2011). It was shown that very hard snow layers are becoming 
more abundant in the lower parts of the snow pack, with more than double the ratio 
found in the lowest 10% of the profiles in the time period 1993–2009 compared with 
previous years (Johansson et al., 2011). Increasing occurrence of hard snow layers 
is explained by warming temperatures in the Arctic and more frequent rainfall events 
in the winter season which are causing water to infiltrate the snow pack and refreeze 
at the base, forming very hard or even pure ice layers. A visual example of such a 
process can be seen in the high-resolution model outputs in figure 12 where, after 
each heavy melt event, snow densifies due to refreezing of the waterlogged snow. 
These repeated melt, percolation and refreeze cycles also effectively increase the 
temperature of the entire snow pack towards melting point by bringing down heat 
from the air above. Further, the observed variables suggest recurring melt-freeze 
events result not only in high layer hardness, but also in high grain compactness or 
level of metamorphosis. This is intuitive: increased snow temperature and a wet 
environment should cause snow grains to decompose quicker, which then enhances 
compaction and sintering of the snow. New snow may also contribute to compaction 
of underlying layers by its added weight, which is more clearly shown by the 
successive compression of layers in the thicker snow pack in figure 11. 

The apparent development towards smaller grains in the long-term trend analysis 
can have many different explanations. It may be related to everything from surface 
processes like wind break-up and development of crusts, to melt-freeze events 
affecting both the surface and the subsurface, to processes at the base of the snow 
pack such as vapor gradients and the formation of depth hoar. It could also be an 
effect of some change in precipitation – or it is misleading and needs a more precise 
analysis of size than can be obtained with the technique used at ASRS. The 
classification system presented in Fierz et al. (2009), for  example, uses a more fine-
tuned index for the smaller sizes. A hypothesis was that a connection between 
observed smaller grain size and increased precipitation is due to the fact that the 
class ‘flakes’, varying between 0.5 and 1.5 mm in size, here is given the highest 
number of the index and thus is responsible for a trend towards a higher-numbered 
classification of grain size in general. When performing the same analysis on grain 
size but with the class ‘flakes’ excluded, however, the trend remained positive 
towards smaller grains and the confidence level rose slightly. It is important to 
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remember that these are only annual mean values, which reveal no details of the 
conditions of particular layers either in time (during the season) or in space (within 
the snow pack). Such more specific information, including possible trends, might be 
more useful than average snow pack values for ecology or avalanche research, for 
instance, in which stratigraphy of layers is of great significance. The inter-annual 
trend in grain size might still inspire some general discussion. For example, 
Johansson and Ingvander (2015) argue that density for a hard snow layer increases 
with decreasing grain size, whereas density for a soft snow layer decreases with 
decreasing grain size. Thus, if grain size on average is decreasing as the trend 
suggests, this could indicate greater differences in density between hard and soft 
snow layers. Combined with the trend towards harder snow layers, it might suggest 
that average snow density in Abisko is increasing. Then again, to specify which 
layers in the snow pack are changing the most and to clarify how they change, more 
work could be done that focus on inter-annual trends and layer stratigraphy. See, for 
example, the study on Abisko snow characteristics by Johansson et al. (2011). 
 
6.2 Uncertainties 
Direct comparison of individual layers between model and observations is difficult 
since the snow cover is locally sensitive in its response to small-scale topography, 
wind erosion, wind deposition, local micro-climates, vegetation and other factors 
which are not measured here. Although the observational data used in this study are 
actual measurements of snow in its natural state, this type of hands-on method is 
also intrusive. That is, when a snow profile is sampled it is at the same time 
'consumed' and every new observation of the snow pack that is made becomes an 
entirely new profile, which can never build directly on another observed snow pack in 
the dataset. Two profiles at a distance from each other of only a few metres can 
therefore differ significantly. The point-wise character of the observations increases 
uncertainty in direct comparison with model output and explains why there is such a 
large variability of the observed variables in the figures 11 and 12. The snow 
properties which were simulated by the model (snow density, snow temperature and 
liquid water content) are also different from the properties which are actually 
observed (snow layer hardness, grain compactness, grain size and dryness). The 
two data sources are thus regarded as complementary to each other. Correlation 
between individual variables is made only for snow pack depth, for which modelled 
and observed values are in good accord in the overlapping period. The correlation of 
mean snow profile density, which showed little agreement, is complicated since 
density is either way not directly measured but only estimated from other variables. 

As for the trend analyses, the inter-annual variability of many of the parameters 
make trends difficult to resolve. In addition, the modelled time period of 20 years, 
limited by the availability of baseline data, is shorter than what is generally 
recommended for reliable analysis of climate trends (nor are any of the trend lines for 
the modelled parameters at all significant). For visualisation of snow pack evolution 
on the short-term, however, the model offers to this study invaluable and detailed 
reconstruction of physical processes. It is based on meteorological data measured on 
the timescale of hours. The observations, on the other hand, are lower in temporal 
resolution and there may be details of variability in the time between individual 
sampling points which are lost to history. Extreme events, which often have important 
consequences for ecology, may also be weakened due to the discretization process 
of averaging observational data into monthly profiles. That said, the observational 
dataset is unique of its kind. It covers a large span of time and is largely unbroken 
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throughout, which are important advantages allowing for analysis of long-term trends. 
The sampling procedure, interval and grading index for the different variables are 
unchanged since the beginning of the record. A drawback of long, manually sampled 
records can be that many different observers have been involved over the years, 
whose perceptions about some of the criteria which lack tangible reference points 
may differ slightly (the dryness index, for example, has a skewed distribution), or may 
have become collectively biased over time (all the fitted lines in figure 10 are trending 
towards higher numbers). This dataset was, however, previously tested for 
consistency (Cecilia Johansson, personal communication, unpublished data) and has 
been corrected accordingly where possible.  
 
7. Conclusions 
 
The modelled and measured snow pack depths are in good agreement, indicating 
that the model calculates snow depth well. Historical snow density data measured in 
Abisko suggest that the model simulates snow density well. Yet, modelled density 
and density calculated from hardness and grain size correlate poorly. Introducing 
new density measurements to the regular observations made in Abisko could provide 
ground truth data for both outputs. Nevertheless, it is clear from the model that an 
unstable snow pack climate with snow temperatures fluctuating around zero degrees 
promotes melt and downward percolation of water, which in turn gives rise to 
densification of snow layers upon refreeze. Corresponding hard and compact snow 
(often ice) layers can be distinguished in the observational data. There is some 
confidence in the long-term trends that average snow layer hardness is increasing 
and average grain size is decreasing. More frequent occurrence of very hard snow 
layers, especially basal ice, are already observed in the Arctic and have adverse 
consequences for the reindeer herding economy, animals in the subnivean space 
(and their predators), vegetation and permafrost. It is the result of warmer winter 
temperatures, melt-freeze and rain-on-snow-events. In a climate that is facing 
substantial further changes, it is important to learn more about the stratification of the 
snow pack and its role in Arctic environments and elsewhere. 
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