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Current climate warming has a disproportionally large impact on 
Arctic glaciers and ice caps. In this thesis, I examined 
stratigraphic changes observed in the top ~15 m of two Arctic 
ice caps: one located at Svalbard (Lomonosovfonna) and the 
eastern Canadian Arctic Archipelago (Penny). The objective 
was to find out if and how the increasing regional temperatures 
have impacted the stratigraphy and densification rates of these 
ice caps, and particularly since the 1990s when Arctic warming 
accelerated. This was accomplished by analyzing and 
comparing recent (2000s) and earlier (1990s) ice-core density 
and stratigraphic measurements from these two ice caps, and 
also regional temperature data from Svalbard and the eastern 
Canadian Arctic over the period 1995-2013. Data over the 
amount and thickness of ice layers in the ice cores are also 
used and compared with the density development. A decrease 
in elevation for the formation of infiltration ice layers at 
Lomonsovfonna is concluded as well as a strong increase in 
temperature where the winter temperatures increase the most. 
In the ice cores it´s also seen that each core has certain spatial 
variability when it comes to the distribution of infiltration ice. 
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Sammanfattning 
Dagens klimatförändringar har en stor påverkan på glaciärerna i Arktis. I den här 
uppsatsen ligger två arktiska glaciärer (iskappor) i fokus. Lomonsovfonna och Penny 
ice cap. Förändringar i stratigrafin i de översta 15 m av dessa två har undersökts och 
jämförelser med temperaturdata från dessa två platser har gjorts. Målet har varit att 
försöka se om och hur de ökande temperaturerna i Arktis som är en följd av 
klimatförändringen påverkar stratigrafin och densifikationen hos dessa två iskappor. 
Speciellt under det senaste decenniet när uppvärmningen av Arktis har accelererat. 
Detta har gjorts genom att analysera och jämföra densitet och stratigrafiska 
mätningar från isborrkärnor tagna från respektive isfält under perioden 1995-2013. 
Dessutom har regionala temperaturer tagits från allmänna databaser för respektive 
region. Analyser mellan tjockleken på islager jämfört med densitets utveckling har 
gjorts. Slutsatser som har dragits är att nivån för bildningen av infiltrerande islager i 
Lomonsovfonna har sjunkit drastiskt det senaste decenniet pga dramatiskt ökande 
temperaturer i regionen. Det visas också att temperaturökningen är som starkast på 
vintern. Dessutom syns det att isborrkärnor har en viss spatial variation när det 
kommer till distributionen av infiltrations is. 
 
Abstract 
Current climate warming has a disproportionally large impact on Arctic glaciers and 
ice caps. In this thesis, I examined stratigraphic changes observed in the top ~15 m 
of two Arctic ice caps: one located at Svalbard (Lomonosovfonna) and the eastern 
Canadian Arctic Archipelago (Penny). The objective was to find out if and how the 
increasing regional temperatures have impacted the stratigraphy and densification 
rates of these ice caps, and particularly since the 1990s when Arctic warming 
accelerated. This was accomplished by analyzing and comparing recent (2000s) and 
earlier (1990s) ice-core density and stratigraphic measurements from these two ice 
caps, and also regional temperature data from Svalbard and the eastern Canadian 
Arctic over the period 1995-2013. Data over the amount and thickness of ice layers in 
the ice cores are also used and compared with the density development. A decrease 
in elevation for the formation of infiltration ice layers at Lomonsovfonna is concluded 
as well as a strong increase in temperature where the winter temperatures increase 
the most. In the ice cores it´s also seen that each core has certain spatial variability 
when it comes to the distribution of infiltration ice. 
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1. Introduction and study goals 
 
The Arctic region is presently experiencing a rapid warming. Sharp et al. (2011) 
concluded that the mean summer temperature over the northeastern part of the 
Canadian Arctic Archipelago has been higher since 2005 then at any other time over 
the last 60 years. Nordli et al. (2014) showed from temperature measurements at 
Svalbard’s Longyearbyen airport, which go back to 1898, that the recent years were 
among the warmest in the record, and the years 2005-07 the absolute warmest.  

This thesis examines how these increasing temperatures have impacted 
two Arctic ice caps, the Lomonosovfonna icefield, located on Spitsbergen in Svalbard 
(N 78o51´, E 17o25´), and Penny ice cap, located on Baffin Island in the Canadian 
Arctic Archipelago (N 67o16´, W 65o85´). The partial melting of seasonal snow on 
glaciers can lead to higher firn densities because of the refreezing of meltwater. An 
expected outcome of the rising temperatures in the Arctic is increasing glacier melt 
rates. Therefore, steeper density gradients with depth on Lomonosovfonna icefield 
and on Penny Ice Cap should be expected.  

Research in this area is very important in order to make proper prediction 
over sea level rise. When sea level rise predictions are made today, they are usually 
made with help from satellite data, which measures the elevation of the glacier or ice 
cap. When the elevation drops this is measured as melted run off water, which 
contributes to the sea level. When melting occurs on the accumulation zone of a 
glacier this leads to percolation of melted water. This melted water infiltrates the 
upper layers of the glacier and refreezes as an infiltration ice layer. This ice layer has 
a drastically higher density than it´s surrounding snow and firn and also is more 
compact taking up less space. This leads to an elevation drop for the accumulation 
zone of a glacier but no melted water has run offed into the sea level. A prediction on 
contribution of sea level rise with the use of elevation can in this case be very wrong. 
In order to make a proper prediction in how much glaciers and ice caps contributes 
more detailed research is needed in the upper layers of glaciers and ice caps. 

In this work, the stratigraphy of ice cores retrieved from Lomonosovfonna 
and Penny Ice Cap are compared with each other to see how these ice caps have 
responded to the increasing regional temperatures in the Arctic, and to determine 
how the responses are linked to different local climate conditions. In addition, 
regional temperature records, and positive degree-days (PDD) totals calculated from 
these records, are used to interpret the observed changes on the Lomonosovfonna 
icefield and Penny ice cap. 
 
2. Theoretical background 
 
Ice cores studies are a very important field of research in glaciology. Using ice cores 
it is possible to reconstruct regional to global variations in climate and other 
environmental conditions from glacier ice. Ice cores also provide insights on how the 
glaciers respond to local climate variations. An important part of this type of research 
is dating ice cores. Like trees, ice cores can consist of annual, countable layers. 
Usually these layers become more indistinct with depth, as ice compression 
increases. A visual way of identifying annual layers (when possible) in shallow cores 
is by changes in the coarseness of firn and ice grains. Summer layers consist often 
of coarser snow grains than winter layers (Sjögren et al., 2007). Other properties of 
firn and ice that can vary over a year are impurities like nitrate, hydrogen peroxide, 
dust micro-particles, the ratio of stable water isotopes (oxygen, hydrogen), and the 
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electrical conductivity of ice, which can be used as a proxy for its acidity (Cuffey and 
Paterson, 2010).  
 It is important to mention that firn and ice cores can be very fragile. In 
general one ice core is subdivided into several sub-cores when retrieved. Each sub 
core is then measured for specific properties of interest. 
 
2.1 Mass balance and dynamics of glaciers 
Glaciers (and ice caps) respond dynamically to local climate conditions. For a glacier 
to exist in the first place, mean air temperatures have to be sufficiently low and there 
has to be adequate precipitation in solid form (accumulation). By definition, a glacier 
must also have dynamic flow. Because glaciers accumulate at higher altitudes and 
ablate at lower altitudes, their surface slopes downwards, and the plastic flow of ice  
arises because of gravity. A glacier is therefore any large mass of moving ice that 
forms on land by the recrystallization of perennial snow. A simplified description is 
that glaciers consist of two important zones: an upper accumulation zone where a 
new mass of snow is added annually through precipitation, and a lower ablation zone 
where ice mass is lost through melting and run off. The two ice masses studied in 
this work, Lomonosovfonna and Penny, are both ice caps. Ice caps, like mountain 
glaciers, have an accumulation zone and an ablation zone, but because they are 
larger and thicker than mountain glaciers their pattern of ice flow is usually radial, 
from the center of accumulation towards the margins of the ice cap (Fig. 1). Between 
the accumulation zone and the ablation zone of a glacier or ice cap is the equilibrium 
line, which exists at a specific altitude (the equilibrium line altitude: ELA). The ELA 
determines how much of the glacier's mass undergoes net accumulation or loss, over 
a year. If the equilibrium line steadily moves to a higher altitude than the previous 
year, this indicates that the glacier is retreating. Conversely, if the equilibrium line is 
steadily moving to a lower altitude this means the glacier is growing. On high-latitude 
glaciers, the ELA is largely dependent on summer temperature and melt rates, but in 
some cases, such as in Norway, glaciers may be advancing due to higher 
temperatures leading to a higher amounts of solid precipitation, hence increasing 
accumulation (Chinn et al., 2005). 

 
Figure 1: A very simplified figure of a glacier to the left and an ice cap to the right. 
  
2.2 Densification of snow into glacier ice 
Density is mass divided with volume, and can be thought of as how well a material is 
compressed. The compression of a material gives it a higher density. In glaciology 
the difference between snow and ice is reflected in the change in density. The 
density of ice is a lot higher than the density for new fallen snow. New snow falling in 
calm conditions generally has a density between 50 and 70 kg/m3 while the density of 
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glacier ice lies between 830 and 923 kg/m3 (Cuffey and Paterson, 2010). Typically, 
the higher the density of ice, the lower the content of air trapped inside it (Sjögren et 
al., 2007). 

The process by which snow transforms to glacier ice can take from a 
year to a several decades or centuries. This depends in part on how quickly snow 
accumulates, at what rate the newly accumulated snow settles and gets compressed. 
In a region with a large annual snow accumulation, the increase in buried snow 
density should be relatively quick. Conversely in a region with little annual 
accumulation, it should take comparatively longer to increase the density. Firn is the 
intermediate state that snow passes through as it transforms to glacier ice. Firn 
usually has densities between 400 and 830 kg/m3 (Cuffey and Paterson, 2010). The 
difference between firn and ice is not just the density, but also the permeability: 
glacier ice is impermeable, while firn is not. Water equivalent is a measurement often 
used to express snow or ice accumulation rates in glaciology. It can be thought of as 
the depth of water (per unit surface area) that would result if the accumulated snow 
or ice was melted.   

Seasonal melting can also have a big impact on the increase of density 
of snow with depth on glaciers. When snow melts the water percolates down into the 
glacier to refreeze deeper down into ice. The process of transformation from low-
density snow to high-density firn or ice in such a case can be very rapid. This implies 
that on a glacier with a lot of summer surface melting, percolation and refreezing, 
there should be relatively quick increase of snow and firn density with depth.  
 
2.3 Infiltration ice layers 
When melting occurs on the surface of a glacier in the accumulation zone, some of 
the meltwater will percolate down into the upper firn layers. At a certain depth, the 
meltwater will refreeze into ice, and thus form a layer of ''infiltration ice'' inside the firn. 
These layers are different from those formed by dry compaction of the firn in that they 
have no or very few air bubbles inside them (Cuffey and Paterson, 2010). The 
number and thickness of infiltration layers inside the firn can therefore serve as a 
good indicator of the amount of summer surface melting. More and/or thicker 
infiltration ice layers in the firn should indicate more seasonal surface melting. 
 Percolating meltwater through the snow can in some cases completely 
obliterate seasonal chemical variations in the glacier firn. Percolating water will move 
downwards in the snow/firn, causing diffusion of stable O and H isotopes and elution 
of major ions. Pohjola et al. (2002) showed that for the Lomonosovfonna icefield in 
Svalbard, the most mobile ions were the anions associated with strong acids (SO4

2- 
and NO3

-). It was found that approximately almost 50% of these anions were 
redistributed by meltwater in the firn layers, thereby making it very difficult to 
determine the year in which these ions were deposited in snow on the glacier. 
 
2.4 Albedo 
The albedo expresses how much a surface reflects incoming radiation from the Sun. 
In glaciology, albedo is one of the most important factors when it comes to melting of 
glaciers and ice caps. A glacier or ice cap with high surface albedo reflects most of 
the incoming solar energy and thereby surface melting is limited. Albedo is measured 
from 0 to 1, where 1 implies that all radiation is reflected, and 0 implies that all of it is 
absorbed. Snow has a higher albedo than ice. The albedo of freshly fallen snow can 
lie between 0.8 and 0.9, while the albedo of snow-free glacier ice is usually between 
0.3 and 0.46 (Cuffey and Paterson, 2010).  
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3. Description of the study sites 
 
The two polar ice caps studied in this thesis, Lomonsovfonna and Penny, are located 
at very different latitudes (78o and 67oN, respectively), which makes their comparison 
particularly interesting (Fig. 2). Some details on these two sites are summarized in 
Table 1. 

 
Figure 2: L=Lomonsovfonna and P=Penny Ice Cap. 
 
! Lomonosovfonna! Penny,ice,cap,

!
Latitude!and!longitude! N!78°51’,!E!17°25’! N!67°16’,!W!65°85’!!
Annual!accumulation!(m!w.e.)a! 0,41!to!0,51! ! 0,40!±!0,05!
Mean!summer!(JJA)!temp.!(°C)b! ~0! ! K4!
Mean!winter!(DFF)!temp.!(°C)b! !!>K29!?!!!!!!!!!!!!!!!!!!!!!! K29!
Period!of!24!hrs!sunlight! 23/4!to!20/8! 10/6!to!2/7!
Period!without!sunlight! 22/10!to!18/2! ! 10/12!to!1/1!
!

Table 1: General conditions for the Ice Caps.  
 
3.1 Lomonosovfonna, Svalbard 
 
The Svalbard archipelago is a group of islands lying east of Greenland and north of 
Scandinavia. Svalbard lies just at the southerly edge of the Arctic Ocean's seasonal 
ice cover. It is also at located one of the overturning sectors of the North Atlantic 
thermohaline circulation (Kekonen, 2005), which brings up water from the subtropics 
towards the Arctic. When the warm water from the south reaches the Arctic it 
releases a lot of heat, which moderates the climate in the northeastern Atlantic sector 
and gives unusually mild mean winter temperatures for these Arctic latitudes 
(Beaudon et al., 2011).  
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Figures 3: Map over Svalbard showing Lomonsovfonna. © Norwegian Polar Institute, used 
in conformity with the NPI license. 

 
Figure 4: The global thermohaline circulation. Latent heat is released into the air as warm 
subtropical ocean water carried by the Gulf Stream reach the northeastern part of the Atlantic, 
which explains the relatively mild climate if Svalbard comapred to the eastern Canadian 
Arctic. Image credit: Global Resource Information Database, Arendal, Norway (used with 
permission).   
 
 The extent of sea ice on the seas surrounding Svalbard determines, to 
large extent, if the archipelago experiences colder or warmer weather. The interplay 
between cold Arctic air masses from the north, and the heat that the thermohaline 
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circulation supplies gives Svalbard a highly variable climate. Air temperatures across 
the archipelago can vary from 15o C in the summer to -40o C in the winter.  
 Glaciers and ice fields cover 60 % of Svalbard. Lomonosvfonna is the 
highest icefield (Pohjola et al., 2002), and is located in central Spitsbergen. The net 
accumulation rate for the summit of the icefield has been estimated at 0.41 m/year 
(water equivalent) for the later part of the 20th century (Pohjola et al., 2002). 
 The glacier cover in Svalbard has experienced a decreasing trend since 
the end of the Little Ice Age (a cold period in Europe lasting between approximately 
the early 14th century until the middle of the 19th century), which in Svalbard was 
around 1920. Between 1920 and 1930 the mean surface temperature increased 
rapidly across the region. Later from the 1940s to the 60s, Svalbard experienced a 
few colder decades. In the beginning of the 1980s temperatures started to rise again, 
and are today still increasing. During the last 30 years, the glacierized area in 
Svalbard has decreased by about 7 %. That is an average of about -80 km2/year over 
the past 30 years (Nuth et al., 2013). 
 
3.2 Penny ice cap, Baffin Island 
 
The Canadian Arctic archipelago (CAA) holds the largest amount of land ice outside 
Greenland at polar latitudes in the Northern Hemisphere. Penny ice cap lies on 
southern Baffin Island, which is located in the eastern part of the CAA at about 67oN. 
Baffin Island is one of the largest islands in the world. Penny ice cap covers an area 
of more than 6400 km2 on the island, and has an altitude range of about 1980 m from 
the tidewater terminus of Coronation Glacier to the summit of the ice cap (Zdanowicz 
et al., 2012). Snow that accumulates on the upper part of the ice cap in the winter 
melts partly or completely in the summer. The present-day mean accumulation rate 
for Penny ice cap is 0.40 m/year (water equivalent; Zdanowicz et al., 2014). The 
surface-melting rate has been so high in the last decade that at the summit of the ice 
cap 70 to 100% of the annual accumulation is melted and refrozen as infiltration ice 
within the firn (Zdanowicz et al., 2012).  

The climate of the Penny ice cap sector is cooled by the Baffin Bay 
Current, which brings cold water down from the High Arctic. Because of the proximity 
of Baffin Bay, the relative humidity on the ice cap frequently exceeds 90% 
(Zdanowicz et al., 2012). 
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Figure 5: Map of southern Baffin Island, Canada. The red dot shows the location of Penny 
ice cap on Cumberland Peninsula. Place names indicate sites from which weather records 
are available. Image source: European Climate Assessment and Data project, Royal 
Netherlands Meteorological Institute, De Bilt (user-generated map). 
 
 3.3 Previous studies 
Much earlier research work has been conducted on these two Lomonosovfonna 
icefield and on Penny ice cap. On Lomonosovfonna, between 1974 and 1987, 
scientists from the former Soviet Union retrieved seven glacier ice cores. From their 
analysis they found that climate variations in Svalbard are apparently lagging behind 
those in Europe. They also found that climatic fluctuations recorded in ice cores from 
Svalbard agree well with earlier results from ice cores retrieved in Greenland 
(Isaksson et al., 2001). From 1987 to 1996, Japanese glaciologists also drilled ice 
cores on Svalbard (Watanabe, 1996). In later years, further ice core research was 
conducted by research teams led from Sweden, Norway or Finland (Isaksson et al., 
2001; Pohjola et al., 2002) Among other results, an M.Sc. thesis was produced, 
which focused on the the spatial distribution of melt layers in firn on Lomonosovfonna 
icefield (Håkansson, 2001).  
 On Penny ice cap, field studies have been conducted since 1953, as 
summarized in Zdanowicz et al. (2012). The first research expedition was organized 
by the Arctic Institute of North America (AINA), and investigated the density, firn 
stratigraphy, summer melt and surface mass balance of the ice cap. Ice cores have 
been recovered from Penny ice cap at 1953, 1979, 1995, 1996, 2010 and 2011. The 
cores from 1995 were retrieved near the summit of the ice cap, as were the cores in 
2010 and 2011.  
 In this thesis, stratigraphic descriptions of several firn and ice cores 
recovered on the summit of Lomonosovfonna and Penny ice cap are used in order to 
see if there is any connection between the increasing temperature and the 
development of the density and ice layers in the stratigraphy. 
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4. Methods and datasets 
 
4.1 Firn core stratigraphy 
 
For the Lomonosovfonna icefied, ice-core records from 1997, 2008, 2009, 2011 and 
2013 were used. For Penny ice cap, the data come from cores drilled in 1995 and 
2010 at the summit of the ice cap. Three separate cores were drilled in 1995, and are 
designated 1995.2, 1995.3 and 1995.4. The depths of the various cores were not 
equal. In this thesis, as already mentioned, the focus is only on changes in the top 
~15 m of the two ice caps, but a few of the cores used were unfortunately shorter. 
Table 2 gives the locations and elevations for each of the coring site on the 
Lomonosovfonna icefield and on Penny ice cap 
 

Ice Cap Date  
retrieved 

Core Elevation  
(m.a.s.l) 

Location Drilled  
depth (m) 

Lomonosovfonna 05/1997 LF-97     1250 78˚51’N  17˚25’E      121,6 
Lomonosovfonna 03/2008 LF-08     1250 78˚51’N  17˚24’E      10,4 
Lomonosovfonna 03/2009 LF-09     1202 78˚49’N  17˚26’E       36,3 
Lomonosovfonna 04/2011 LF-11     1202 78˚49’N  17˚26’E        7,5 
Lomonosovfonna 04/2013 LF-13     1191 78° 49'N 17°26'E      11,34 
Penny Ice cap 04/1995 P1995.2     1810 67°15'N,  65°20'W       334 
Penny Ice cap 04/1995 P1995.3     1810 67°15'N,  65°20'W       334 
Penny Ice cap 04/1995 P1995.4     1810 67°15'N,  65°20'W       334 
Penny Ice cap 04/2010 P2010     1810 67°15'N,  65°20'W        23 
Table 2: Core details for all cores. 
 
One firn core from Lomonosovfonna icefield (core LF-13) was examined directly as 
part of this thesis. The procedure is described below. The stratigraphic data from 
other cores previously drilled on Lomonosovfonna icefield and on Penny Ice Cap 
were obtained by similar methods.  

The firn core LF-13 was retrieved from the summit of Lomonosovfonna 
icefield on the 18th of April 2013 (N 78o 49’; E 17o 26’). The elevation at the borehole 
was 1191 m a.s.l, and the drilling depth was 11,34 m. The core was later shipped to 
and stored frozen at the Norwegian Polar Institute (NPI) in Tromsø, Norway. In late 
February 2014, the core was moved into a cold laboratory maintained at a constant 
temperature of -14oC. In the cold lab, the core segments were cut and sampled for 
chemical analyses, and as this was being done, each piece was weighed and 
measured for length and diameter. Photos were taken of each core segment before 
cutting, with and without flash. The stratigraphy of each core section was also drafted 
on millimeter paper and described.  

The stratigraphic data consist in measurements of snow, firn or ice 
density, and also identify the position and thickness of infiltration ice layers. For a few 
of the earlier cores, some density values were missing where core sections had been 
damaged during drilling. The density values for these sections were therefore lineraly 
interpolated from neighboring measurements. For the cores LF-97 and LF-08, mean 
density values were calculated over intervals of 30 cm to make the data more 
comparable to that of other cores from Lomonosovfonna icefield. An averaging 
interval of 30 cm was chosen because this was the length of the smallest core 
section for which density was available in the other cores. 
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 For the Penny ice cap cores drilled in 1995, the density was measured 
for each meter of core. For the 2010 core, the measurements were made for each 
half-meter. Hence, data from the 2010 core were recalculated so that mean values 
were for each meter, in order to make them more directly comparable to the 1995 
cores. To compare density variations between cores from Lomonosovfonna icefield 
and Penny ice cap, the data from the Lomonosovfonna cores were also recalculated 
as mean values for each meter. 
 
4.2. Meteorological data 
In order to characterize regional climates, and to compare changes in the ice-core 
stratigraphy with changes in regional climate, meterological data were obtained from 
the European Climate Assessment Dataset (ECAD) and from the online weather data 
archive maintained by the Canadian Meterological Service (Environment Canada, 
2014). 
 Air temperature data from Longyearbyen airport in Svalbard (N 78o,15, E 
15o,28, elevation 28 m.a.s) were obtained from ECAD. For the Baffin Island region 
where Penny ice cap is located, archived air temperature data were retrieved from 
three weather stations, Pangnirtung, Qiktarjuaq and Clyde River, located on the 
coast of Cumberland Peninsula (Fig. 5). Both Svalbard airport and the two Canadian 
weather stations are located at or close to sea level. Unfortunately there are no 
continuous temperature measurement data from the ice cap summits over long 
periods of time. The temperature data obtained from sea-level stations were used in 
this thesis to evaluate general temperature trends in each study region (Svalbard, 
southern Baffin Island), and the assumption is made is that the summits of the ice 
caps should experience the same trends, but with slightly lower temperatures. 

The meterological data obtained were provided as daily mean values. 
For this thesis, they were recalculated to monthly means. Seasonal mean values 
were then calculated for the summer (June, July and August) and winter (December, 
January and February) for each year over the period 1995-2013. In Figures 11-13, 
these data are presented as anomalies relative to the long-term mean temperatures 
for summer or winter over 1995-2013. For the Baffin Island region, some weather 
stations had missing data in certain years. There were, however, enough data to 
obtain a good overall picture over the regional temperature variations for the sector 
around Penny ice cap. 
 Positive Degree Day (PDD) sums were also calculated from the 
meterological data. These are the sums of all daily mean positive temperatures in a 
given season or year. For the weather data from the Penny ice cap sector, PDD 
sums had already been calculated (Zdanowicz et al., 2012), but the PDD sums for 
Svalbard had to be calculated. Because surface melting on glaciers only occur when 
temperatures are close to, or above 0oC, PDD sums can provide a useful indicator of 
the total warmth in a season available to promote melting on a glacier.  
 
5. Results  
 
5.1. Firn density changes  
At the summit of Lomonosovfonna icefield, the firn density shows large variations 
with depth and between different years, particularly below 4 m depth (Fig. 6). Of the 
various firn-core profiles, the one from the LF-08 core (2008) shows the most rapid 
increase in density with depth, but as this core is relatively shallow (reaching only to 
11 m), it is impossible to know how the firn density varied deeper down in that year. 
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The LF-97 core taken in 1997 had the most rapid density increase with depth after 
the core taken at 2008, so the density gradient did not increase monotonically at this 
site since the late 1990s.  
 The firn cores taken from Penny ice cap also show a large spread of 
values between minimum and maximum firn densities with depth (Fig. 6). The firn 
core drilled in 2010 has slightly higher mean densities, especially near the surface, 
than the cores taken in 1995. However, as shown by the three parallel cores taken in 
1995, the density variations in the firn layers can be very irregular from place to place. 
Considering how these three cores differ over a short lateral distance, the apparent 
higher mean density in the 2010 core could be explained by this heterogeneity. If it 
had been drilled half a meter beside its actual location, the density profile might have 
looked different and possibly closer to that in the 1995 cores.  
 Comparing the core LF-97 taken in 1997 from Lomonosovfonna with the 
cores taken from Penny ice cap in 1995 (P95.2., P95.3 and P95.4) shows that in the 
mid- to late 1990s, the density of firn on Lomonosovfonna increased more rapidly 
with depth than at Penny ice cap summit. This cannot be explained by differences in 
snow accumulation rate at the two sites because they are nearly identical (Table 1). 
Fig. 7 shows the comparison between densities in the firn core taken on Penny ice 
cap in 2010 and the ones taken on Lomonosovfonna in 2009 and 2011 (just a year 
earlier or later than on Penny ice cap). The comparison shows that the firn density in 
these years was higher near the surface on Penny ice cap compared to 
Lomonosovfonna, but the increase in density deeper down remained larger on 
Lomonosovfonna, leading to a higher maximum density for the LF-09 core below 12 
m depth when compared to the same depth in the 2010 core from Penny ice cap (the 
LF-11 core did not reach so deep).  

Because density profiles can vary considerably over short horizontal 
distances on both Penny ice cap (Fig. 6) and on Lomonosovfonna (Samuelsson, 
2001), it is hard to be certain that the apparently steeper density increase with depth 
for Lomonsovfonna compared to Penny ice cap is not just the result of horizontal 
density variations. If the difference is real, a question that remains is if this is due to 
the slightly higher accumulation rate at the recent coring site on Lomonosovfonna 
relative to the 1997 (Table 1), or if some other factors are responsible.  
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Figure 6: Changes in density profiles for firn layers at Lomonosovfonna icefield summit over 
the period 1997-2013 (to the left) and for firn layers of Penny Ice Cap over the period of 
1995-2010 (to the right). LF=Lomonsovfonna and P=Penny ice cap. P10a is the Penny ice 
cap core taken in 2010 measured in the field and P10b is the same core but measured in the 
lab. P95.2, P95.3 and P95.4 are the three cores from Penny Ice Cap taken in 1995. 

 
Figure 7: Compared density profiles in the firn cores from Penny ice cap (1995) and 
Lomonsovfonna (1997) to the left and compared density profiles in the firn cores from Penny 
ice cap (2010) and Lomonsovfonna (2009-11) to the right. 
 

0,00	  

2,00	  

4,00	  

6,00	  

8,00	  

10,00	  

12,00	  

14,00	  

16,00	  

18,00	  

0	   500	   1000	  

De
pt
h	  
(m

)	  
Density	  kg/m3	  

Density	  Lomonosvfonna	  

LF-‐97	  

LF-‐08	  

LF-‐09	  

LF-‐11	  

LF-‐13	  

0,00	  

2,00	  

4,00	  

6,00	  

8,00	  

10,00	  

12,00	  

14,00	  

16,00	  

18,00	  

0	   500	   1000	  

De
pt
h	  
(m

)	  

Density	  (kg/m3)	  

Penny	  ice	  cap	  densi:es	  

P95.2	  

P95.3	  

P95.4	  

P10a	  

P10b	  

0,00	  

2,00	  

4,00	  

6,00	  

8,00	  

10,00	  

12,00	  

14,00	  

16,00	  

18,00	  

0	   500	   1000	  

De
pt
h	  
(m

)	  

Density	  (kg/m3)	  

Compared	  density	  profiles:	  	  
Period	  1995-‐1997	  

LF-‐97	  

P95.2	  

P95.3	  

P95.4	  

0,00	  

2,00	  

4,00	  

6,00	  

8,00	  

10,00	  

12,00	  

14,00	  

16,00	  

18,00	  

0	   500	   1000	  

De
pt
h	  
(m

)	  

Density	  (kg/m3)	  

Compared	  density	  profiles:	  	  
Period	  	  2009-‐2011	  

LF-‐09	  

LF-‐11	  

P10a	  

P10b	  



	   12	  

5.2. Infiltration ice layers  
Histograms of infiltration ice layer thicknesses on Lomonosovfonna and on Penny ice 
cap are shown on figures 8 and 9, respectively. Fig. 8 show that the number of thin (≤ 
10 cm) ice layers in shallow firn at the summit of Lomonosovfonna icefield increased 
by more than a factor of two between 1997 and 2009. During the same period, the 
number and thickness of larger ice layers (> 10 cm thick) decreased. At the summit 
of Penny ice cap, Fig. 9 show opposite trends: the number of thin ice layers 
decreased from 1995 to 2010, while the number and thickness of larger ice layers 
increased. These opposing changes in the thickness of infiltration ice layers are 
easily seen on Figures 10 and 11, which compares changes in the distribution of ice 
layers in firn against depth at the two sites. Another noticeable difference is that at 
Lomonsovfonna, the shallowest infiltration ice layers are found below 4 m depth, 
while at Penny ice cap they occur already below 1 m depth. 
 

 
Figure 8: Histogram of the infiltration ice layer thicknesses for the top 15 m of the 
Lomonsovfonnas ice core drilled in 1997 (to the left) and drilled in 2009 (to the right). 
 

 
Figure 9: Histogram of infiltration ice layer thicknesses for the top 15 m of the Penny ice cap 
core drilled in 1995 (to the left) and drilled in 2010 (to the right). 
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Figure 10: Comparison of the firn stratigraphy in the top 15 m of the Lomonsovfonna ice 
cores drilled in 1997 and 2009. White areas correspond to snow or firn. Black areas are thick 
infiltration ice layers. Grey areas indicate many closely spaced thinner ice layers. 
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Figure 11: Comparison of the firn stratigraphy in the top 15 m of Penny ice cap cores drilled 
in 1995 and 2010. Same symbols as in Fig. 10.  
 
5.3. Temperature anomalies  
Variations in average summer (June-July-August) and winter (December-January-
February) air temperature anomalies since the mid-1990s in Svalbard and on 
southern Baffin Island are shown on figures 12 and 13, respectively. Looking at these 
figures it is clear that there is a general trend towards more years with positive 
seasonal temperature anomalies (warmer temperatures) since 1995. At both sites, 
the winter temperature anomalies show a larger interannual variation but also a 
faster rate of increase than the summer temperature anomalies. The winter 
anomalies for Svalbard also shows a greater variance than those on southern Baffin 
Island. 

For southern Baffin Island, the two different weather stations used for 
calculating the anomalies (Pangnirtung and Qikitarjuaq) tend to, in years with small 
seasonal temperature variance from the long-term means, show very different results. 
For example in the summer of 2000, the station at Pangnirtung shows warmer 
temperatures than average (positive anomaly), while Qikiqtarjuaq shows colder 
temperatures then normal (negative anomaly). This difference is probably due to the 
different locations and local conditions for the two weather stations. Qikitarjuaq is on 
the coast of Baffin Bay and in summer this coast can get very foggy which could 
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explain colder temperatures here. Pagnirtung is at the end of a long fjord and doesn´t 
experience the same conditions as Qikiqtarjuaq (Maxwell, 1981). This can raise the 
question as to whether the temperatures measured at Pangnirtung and Qikiqtarjuaq 
can be used to infer trends on Penny ice cap. But looking at the years with the 
strongest positive temperature anomalies shows that the two weather stations both 
recorded positive anomalies, although of different magnitudes. So while the smaller 
interannual variations can be hard to interpret, on longer time and spatial scales 
scale the agreement between the stations is good.  

Naturally, the summits of Lomonosovfonna and of Penny ice cap (where 
the firn cores were taken) are at higher altitudes than the weather stations where the 
temperatures were measured. Therefore the temperature variations on top of these 
ice caps may not follow those at the weather stations exactly. But it is probably safe 
to say that regional temperatures have increased at the summit of both 
Lomonosovfonna and Penny ice cap since 1995. These increasing temperatures for 
both Svalbard and southern Baffin Island should lead to greater melting on the 
glaciers, and therefore to a quicker density increase with depth on both 
Lomonosovfonna and Penny Ice Cap. 
 Variations in the PDD sum anomalies (Figure 14) also show trends 
towards warmer and longer periods of positive temperatures in Svalbard and on 
southern Baffin Island towards the end of the time series. Because PDD sums are 
calculated from the cumulative positive temperatures in a year, they reflect the 
changes in the melting season more accurately than mean seasonal temperatures. 
PDD sums can increase even if winter mean temperatures are stable or getting 
colder, but in the present case, the winter temperature anomalies for both Svalbard 
and southern Baffin Island also show a warming trend. Therefore, there is good 
evidence for increasing temperatures in both summer and winter, and an increase in 
the intensity of the melting period, in both of these regions since 1995.  
 

 
Figure 12: Interannual variations in the mean temperature of the summer months (JJA) 
measured at Longyearbyen airport, Svalbard (to the left) expressed as anomalies relative to 
the mean of the period 1995-2013 and at Qikiqtarjuaq and Pangnirtung (to the right) on 
Cumberland Peninsula, southern Baffin Island expressed as anomalies relative to the mean 
over the period 1995-2010. 
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Figure 13: Interannual variations in the mean temperature of the winter months (DJF) 
measured at Longyearbyen airport, Svalbard (to the left) expressed as anomalies relative to 
the mean of the period 1995-2013 and at Qikitarjuaq and Pangnirtung (to the right) on 
Cumberland Peninsula, southern Baffin Island expressed as anomalies relative to the mean 
over the period 1995-2010. 
 

 
Figure 14: Interannual variations in the sum of positive degree-days (PDD) at Longyearbyen 
airport, Svalbard (to the left), expressed as anomalies relative to the period 1995-2013 and at 
Pangnirtung, Qikitarjuaq and Clyde River (to the right) located on southern Baffin Island 
(figure 4), expressed as anomalies relative to the mean over the period 1005-2010. 
 
6. Discussion 
As described earlier, meltwater produced on a glacier surface can percolate down 
into firn and refreeze as an infiltration ice layer deeper down. Many such high-density 
infiltration ice layers should therefore be observed in the depth-density profile of an 
ice cap experiencing high surface melt rates.  
 Remarkably, while the ice caps studied in this thesis, Lomonosvofonna 
and Penny, both show clear evidence of regional temperature increases since the 
1990s, their stratigraphy shows completely opposite trends in the amount and 
thickness of infiltration ice layers and in density over the same time period. A 
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temperature increase should lead to more summer surface melting, more infiltration 
of melted water in firn, and more refreezing of this water to form inflitration ice layers. 
At the same time, the depth-density profile should be moving to a more rapid  
firndensity increase with depth. However its is only at Penny ice cap that this 
expected evolution is observed.  
 A possible explanation as to why firn on Lomonsovfonna icefield summit 
shows an opposite evolution in stratigraphy and density could be that the upper 
layers of firn on the icefield are getting so warm in the summer that it is no longer 
possible for melted water to refreeze as infiltration ice in the shallowest part of the ice 
cap's firn zone. In other words, increasing temperatures in Svalbard may lead to the 
firn being at 0° C during summer deeper down inside the ice cap than was common 
earlier. This could also explain why the density in the top part of the ice cores taken 
from Lomonsofvonna icefield in of after the 2000s seem to have decreased relative to 
1997, instead of increasing as would be more expected with rising temperatures and 
greater amounts of surface melting. Unfortunately, several of the ice cores taken at 
Lomonosovfonna icefield since 1997 were shallow and did not reach or exceed a 
depth of 15 m, making it difficult to examine changes in firn at depth in more detail.  
 There are at least two reasons why firn temperatures could have 
increased more on Lomonsovfonna icefield than at Penny ice cap even since the 
1990s. One is that although Lomonosovfonna is situated much further north than 
Penny ice cap, its climate is much more strongly impacted by the thermohaline 
circulation. As shown on Fig. 4, the Gulf Stream reaches Svalbard from the 
southwest and brings with it warm surface water from the subtropics. The heat from 
this water mass is released into the air, giving milder temperatures than would be 
expected at these latitudes. The region around Penny ice cap does not benefit from 
the same climate moderating effect that near Lomonsovfonna icefield. 
 Secondly, north of Svalbard streches the Arctic Ocean's floating ice 
cover. This floating ice cap expands in the winter and retreats in the summer, but it 
has been retreating very rapidly the last few decades (Cavalieri and Parkinson, 2012), 
particularly in autumn, and this rapid decrease could have help to moderate the 
climate of Svalbard even more (by greater release of hea from the Arctic Ocean) than 
in the southern Baffin Island region. The marine regions near Penny ice cap are 
covered by sea ice year rounmd to a much greater extent than around Svalbard. The 
effect of changing sea ice cover near Svalbard may also explain why the winter 
temperatures at Longyearbyen airport have higher variance than the winter 
temperatures from the southern Baffin Island area. 
 
7. Conclusions 
An analysis of changes in regional temperatures in Svalbard and the eastern 
Canadian Arctic since 1997, and of the stratigraphy of cores taken from two ice caps 
in these regions, Lomonosovfonna and Penny, leads to the following conclusions:  
• Summer and winter temperatures have been increasing in both study regions since 
the mid-1990s, and the warming has been larger but also more variable in winter. 
• A both Lomonosvofonna and on Penny ice cap, there is a high amount of horizontal 
spatial variability in the density profile for different ice cores depending on how the 
infiltration ice layers are distributed in the cores. 
• It is possible that the opposing trends in the evolution of the shallow firn density and 
stratigraphy at Lomononsovfonna and Penny ice cap could be explained a more 
rapid rate of firn warming in summer on the Lomononsovfonna icefield. Firn 
temperatures there may now be so high in summer that infiltration ice layers can no 
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longer form refreezing in shallow firn, but instead form deeper down in the ice cap 
than the upper ~15 m. 
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