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Abstract 
Soot deposited in snow and ice lowers the albedo of the surface and affects the radiative 
balance. Soot’s climatic forcing has received increased attention during the last decade, 
however, measurements of soot concentrations in Arctic snow are rare. This thesis investigates 
the horizontal variability of elemental carbon (EC), a proxy of soot, on a meter scale in surface 
snow from a site with limited regional pollution in Arctic Finland and a site with significant 
regional pollution near Stockholm, Sweden. A variability of EC in the sampled grid-nets was 
observed at both of the sites; however, the site with less pollution affecting it presented greater 
variation in comparison to the polluted site. In side-by-side ratios between neighboring 
samples, a ratio of as much as ~16 is observed, presenting the potential variation at the less 
polluted site. An important process that is partly responsible for the variation at this site is wind. 
The EC concentrations increased over time at both of the sites, which supports the hypothesis 
that EC remains at the snow surface even as snow melt occurs in the spring. 
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 1 Introduction 
Soot is a short-lived light-absorbing aerosol that has received more attention in connection to a 
warming climate while previously it was viewed only as a pollutant (Hansen and Nazarenko, 
2004). Soot particles residing in the atmosphere are a result of incomplete combustion, with the 
majority of the particles originating from biomass burning and fossil fuels. Combustion from 
fossil fuels has long been considered to be the main emission source for soot in the Arctic; 
however, biomass burning has recently been argued to be the major contributor to soot aerosols 
in the area (Hegg et al., 2009; Shindell and Faluveggi 2009; Hegg et al., 2010; Warneke et al., 
2010). Soot particles absorb solar heating (Flanner et al., 2009) and, if deposited in snow or ice 
it will lower the albedo and affect the radiative balance (Warren and Wiscombe, 1980, 1985; 
Clarke and Noone, 1985; Hansen and Nazarenko, 2004; McConnell et al., 2007). Soot 
deposited on snow also contributes to earlier snowmelt (Flanner et al., 2007; 2009), which has 
the greatest effect in the spring when the highest amount of solar radiation is directed at the 
snow-covered ground. 
 
Soot is also referred to as 'black carbon' (BC) and 'elemental carbon' (EC), indicating the 
terminological ambiguity that exists in the literature. Usage of the terms BC and EC is mainly 
determined by the observational method, which is instrument dependent. For example, some 
chemical composition definitions are dependent on a morphological characteristic or simply the 
absorption of light, etc. In the context of climate discussions, however, this differentiation is 
insignificant. Hence, EC and BC are observed differently (Watson et al., 2005; Hegg et al., 
2009), but used interchangeably in this study. 
 
Atmospheric research related to climatic change historically has placed an emphasis on 
increasing our knowledge about greenhouse gases (GHGs). Consequently, we have come to a 
greater understanding of these long-lived atmospheric constituents and their role as climate 
forcers. In addition to GHGs—the main driver of climatic change—short-lived atmospheric 
aerosols have during the last decade also been acknowledged as agents of a changing climate 
(e.g. Hansen and Nazarenko, 2004). The short-lived atmospheric aerosols' role in the climate 
system is not as well understood. With their emergence as an important part of the climate 
system, short-lived particles have also made the international political policy making stage, 
since a reduction of short-lived pollutants would have immediate consequences for climate 
forcing. GHGs, on the other hand, occupy the atmosphere with their long-lived atmospheric 
lives and cause a forcing on the climate long after emissions occur (Quinn et al., 2008; 
McConnell, 2010). 
 
The northern hemisphere encompasses a vast area of land and ocean that is covered by snow 
and ice in the winter and spring (and in some places even throughout summer). Snow, a 
substance with a very high albedo (70-90%), is an important agent in the climate system of the 
northern hemisphere due to its high reflective character during periods of sun light. Areas in 
which the boreal forest dominates the surface have a lower albedo because the vegetation 
inhibits the incoming solar radiation from reaching the snow pack. Thus, the sunlight that does 
not reach the snow surface cannot be reflected by the snow, thereby reducing albedo. This 
reduction has drastic effects on the absorption of incoming solar energy, which in turn affects 
the vast surrounding land and ocean areas. Short-lived aerosol particles, such as soot, are agents 
that have the potential to alter snow albedo even when deposited in minute amounts (Warren 
and Wiscombe, 1980). 
 
Modeling done by Warren and Wiscombe (1985) suggests that a soot concentration of 1000 ug/l 
in fresh snow is needed to reduce the albedo by 10%. The amount needed to have the same 
effect in aged snow is only one fifth of that (Warren and Wiscombe, 1985). This shows that not 
only does the soot level determine the lowering of albedo in the snow pack, but that the snow 
grain size is also of significance (Warren and Wiscombe, 1980; Warren and Wiscombe, 1985). 
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Modeling of soot in snow and its climate forcing further suggests that the solar absorption 
caused by soot in snow is accountable for 25% of the 20th century (0.17°C of the observed) 
global warming in the northern hemisphere (Hansen and Nazarenko, 2004). Shindell and 
Faluvegi (2009) argue that approximately a 0.5-1.4°C increase in the Arctic warming since 
1890 is attributable to BC. A study by Flanner et al. (2009) further emphasizes the climatic role 
of soot and suggests that the majority of the models included in the latest IPCC report 
underestimate the warming induced by BC in Eurasia observed in the springtime since 1979. 
 
Snow-covered and glaciated regions of the globe outside of the Arctic are also experiencing 
other side-effects, in addition to the climatic aspect of soot deposited in snow and ice. Studies 
from the Himalayas indicate that the rapid retreat of glaciers in the region may be partially 
attributed to increased BC concentrations in glacier ice and snow (Ming et al., 2009; Xu et al., 
2009). Similarly, Hadley et al. (2010) have reported trends with earlier snow melt and less snow 
coverage from the Sierra Nevada Mountains in California due to soot incorporated into the 
snow and ice. Earlier snow melt and significant glacial retreat are of direct concern in these 
regions of the globe, since a runoff imbalance affects the fresh water supply drastically. These 
regions are examples of where the population and agriculture depend upon the runoff during the 
dry season and runoff imbalances could have detrimental effects. 
 
Previous work of soot measurements in Arctic snow consist of the pioneering work of Clarke 
and Noone (1985). Their study analyzed soot concentrations in snow from various parts of the 
Arctic, leading them to postulate that soot concentrations were significant enough to negatively 
affect the snow albedo. A few other studies were also carried out in the 1980s and an exhaustive 
list of soot measurements from the Arctic in the 1980s and 1990s was compiled by Flanner et 
al. (2007). More recent measurements of soot in Arctic snow have been collected by Forsström 
et al. (2009), Hegg et al. (2009), Doherty et al. (2010), and Aamaas et al. (in press). The study 
by Hegg et al. (2009) analyzed soot concentrations in Arctic snow from Alaska, Canada, 
Greenland, Russia, and the Arctic Ocean. A focus was put on exploring the sources of soot in 
the snow. Local EC pollution and the impact on the snow pack albedo in Svalbard were 
examined by Aamaas et al. (in press). Both of the studies by Forsström et al. (2009) and 
Doherty et al. (2010) investigated spatial distribution; however, the scale of spatial distribution 
investigated was different in each study. Doherty et al. (2010) collected samples over a several 
year period to present a comprehensive overview of the soot content in snow and sea-ice for the 
entire Arctic, while Forsström et al. (2009) concentrated on the soot distribution in snow on 
Svalbard. Forsström et al. (2009) found soot concentrations there to be in the range of 0-80 µg/l 
in melt water. This collection of works has highlighted the importance of measuring the soot 
concentrations of snow in the Arctic. 

2 Thesis Objectives 
Several authors have noted that there are too few measurements of soot particles or impurities 
in snow, especially in the Arctic (e.g. Hansen and Nazarenko, 2004; Forsström et al., 2009; 
Hegg et al., 2009), and that our understanding of how soot affects snow is limited (Xu et al., 
2006; Flanner et al., 2007; Quinn et al., 2008; Forsström et al., 2009; Hegg et al., 2009). 
Although the number of measurements and studies has increased recently, there is still a need 
for further measurements. Hegg et al. (2009) argues that a great deal of soot aerosol modeling 
has been completed, but validation through in situ measurements in snow is necessary. During 
the Japanese-Swedish Antarctic Expedition of 2007/2008 (JASE), variation of soot in snow 
over distances of approximately 1500 km was observed. Further variation was observed within 
each individual site (M. Hansson, pers. comm.). The variation seen on a large scale is verified 
by previous studies (e.g. Hansen and Nazarenko, 2004; Forsström et al., 2009; Hegg et al., 
2009; Doherty et al., 2010), while the small scale variations remain in principle unstudied. 
Variation of EC concentrations on a horizontal meter scale was observed and briefly examined 
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in Forsström et al. (2009) and Doherty et al. (2010); however, a detailed analysis of the 
variation was excluded. 
 
The main objective of this thesis is: 

 
• to investigate the horizontal variation of EC on a high resolution scale (i.e. meter scale) 

in surface snow. 
 
The variation was further studied by comparing two sites with different character (clean vs. 
polluted). Sampling sites were surveyed twice during one season to obtain a temporal 
progression of the EC content and variation on a small scale. As a consequence of the multiple 
surveys conducted, numerous samples were gathered and analyzed for this thesis. The 
following supplementary objectives of this thesis are thus: 
 

• to examine if the variation is similar from two sites that have different degrees of 
regional emissions affecting them (clean vs. polluted site), as well as different 
meteorological and environmental conditions. 

• to observe the temporal development of EC concentration and the temporal variation on 
a high resolution scale. 

• to examine the analysis uncertainties of the EC measuring filter-based method used. 
 
Since the influence from wet and dry deposition, respectively, varies with climate, it is 
acknowledged that they will have different implications on the EC variability in the snow. For 
the purpose of this thesis, however, these differences were overlooked and the study focused on 
observing the resulting horizontal variability of EC in the surface snow. 

 3 Investigation Areas and Methodology 

3.1 Sampling Sites 
Investigations were carried out in the winter and spring of 2010, with a polluted sampling area 
in the vicinity of Stockholm, Sweden, and a less polluted sampling area in Pallas, Arctic 
Finland (fig. 1). The sites were foremost chosen because of their proximity to emission sources, 
but also due to the fact that they are environmentally different and relatively easily reached and 
accessed logistically. 

3.1.1 Pallas 
Pallas is located north of the Arctic Circle, northwestern Finland, and is part of the Pallas-
Yllästunturi National Park. Within the park, the snow sampling site is located at the tree line 
(with some separate surrounding low trees) on the NW side of Sammaltunturi at an elevation of 
450 m a.s.l. (coordinates: N 67°58’93’’ E 24°06’48’’) (fig. 2). The Finnish Meteorological 
Institute (FMI) has an atmospheric research station positioned at the summit of Sammaltunturi, 
which is where the samples were melted and filtered. The closest local emission sources to 
Pallas are the towns of Muonio (~2500 inhabitants) located 19 km to the west and Kittilä 
(~5900 inhabitants), 46 km to the southeast. Unpublished data from previous sampling at the 
site reveal low EC concentrations in the snow (~20 µg/l), indicating the relative cleanliness of 
Pallas (J. Ström, pers. comm.). Pallas can therefore be considered a site that is well suited for 
studies of light-absorbing particles due to its remoteness and limited regional emissions. The 
area is generally characterized by hilly terrain and the northern boreal forest. Vegetation above 
the tree line is sparse and consists primarily of vascular plants, mosses and lichens. The mean 
annual temperature for Sammaltunturi is -1.6°C, and the average wind speed is 7.2 m/s. 
Prevailing wind directions are from the SW to NW, and the wind speed is very rarely less than 
0.5 m/s (minimum and maximum monthly mean wind speeds are 5.3 m/s and 9.7 m/s, 
respectively), demonstrating the prominence of wind in the region (data accessed from FMI, 
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http://fmigaw.fmi.fi/general.html). The observed wind directions at the times of sampling were 
NNE-NE in March (with an accompanying wind speed of 18 m/s on top of Sammaltunturi), and 
N-NNE in May. Snow cover duration is roughly from October until late May, with a maximum 
snow depth of ca. 1 m. Annual precipitation accumulation is 400-500 mm (data accessed from 
FMI, http://fmigaw.fmi.fi/general.html). Figure 3 exhibits the weather conditions that existed 
throughout the winter and spring of 2010 at Pallas. From this meteorological graph, it is evident 
that relatively similar precipitation circumstances existed prior to the two sampling events. 
Before both events, snowfall (wet deposition) had occurred and dry deposition was not a 
dominant process. Hence, comparable depositional conditions of EC were created before each 
sampling episode. 
 
To prevent possible contamination from local traffic Doherty et al. (2010) proposed that a 
distance of roughly 400 m away from traffic is necessary. The closest road with traffic is 
located roughly 1 km from the sampling site, except for a nearby service road, that is only 
occasionally used by snow mobiles in the winter. 
 

 
Figure 1. Map of sampling areas. Detailed maps are not presented in the same scale. Detailed map 
of Pallas is modified from FMI (H. Lihavainen, written comm.). Detailed map of Tyresta is from 
Lantmäteriet, Gävle, 2010 (approval no. 232636-395069). 
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Figure 2. Photograph of sampling site at Pallas, taken at PA2. For scale, the surrounding trees are 
roughly 4 m tall, and the author is positioned in the far background. 
 

 
Figure 3. Meteorological data from an automatic weather station from FMIs research station. 
Temperature (black line) and wind speed data (red line) are based upon daily averages. Sampling 
events are indicated with grey vertical lines. 

3.1.2 Tyresta 
Tyresta is situated roughly 25 km southeast of the city of Stockholm, and the specific sampling 
site is located within Tyresta National Park, (N 59°11’47’’ E 18°18’53’’). Samples were 
collected from an open section of a mire that consisted of no trees or shrubs, unlike the greater 
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surroundings which consists of forests (fig. 4). The site was approximately 800 m from the 
nearest road, therefore no local traffic emission contaminated the samples. As a consequence of 
its geographical location, this sampling site's atmospheric conditions are significantly affected 
by the city of Stockholm (greater metropolitan area 1.5 million inhabitants). Samples from 
Tyresta were melted and filtered at Stockholm University. The average wind speed for 
Tullinge—the Swedish Meteorological and Hydrological Institute’s (SMHI) closest weather 
station, located ~15 km to the west of Tyresta—is 3.1 m/s. The mean annual temperature and 
precipitation (for the period 1961-1990) is 5.3°C and 558 mm, respectively (for Tullinge). The 
maximum snow depth (also for the period 1961-1990) is roughly 40 cm, and the area remains 
snow-covered for roughly 75 days (data accessed from SMHI, http://www.smhi.se). 
 

 
Figure 4. Photograph of sampling site at Tyresta, taken at TY1. For scale, note the ski pole located 
in the left front of the picture, and the author sampling in the foreground. 

3.2 Sampling Procedure and Analysis 
Each sampling site was surveyed twice, in Tyresta: February 17th, 2010 and March 21st, 2010, 
and Pallas: March 3rd,March 4th and May 7th. Hereafter the sampling event in Tyresta conducted 
on February 17th will be referred to as TY1; and TY2 for samples collected on March 21st; and 
the sampling campaign from Pallas in March 3rd, March 4th and May 7th will be referred to as 
PA1a, PA1b and PA2, respectively. PA1a and PA1b were part of the same sampling campaign 
and were collected from the same location, but on consecutive days. For the first sampling 
event characteristic winter conditions for each respective site existed. At the second gathering 
episode, however, the onset of spring had begun the snow pack melt at both sites. A general 
grid-net for collecting samples was applied throughout this study and it consisted of a 20 m by 
20 m square. Samples were taken every 5 m within the square, in lines intersecting each other 
at a perpendicular angle, resulting in a square sampling pattern inside of the square (see fig. 7a, 
8b). An extended version of the grid-net, with samples taken every 2.5 m in the innermost part 
of the square (see fig. 7b, 8a), was used at PA2 and TY1. In total, the extended grid-net 
contained 41 samples, while the general grid-net consisted of 25 samples. PA1a consists of a 
general grid-net (20 m by 20 m square). PA1b consist solely of a smaller grid-net rectangle, 5 m 
by 7.5 m, with samples taken every 2.5 m (fig. 7c). Although the PA1a and PA1b grid-nets were 
collected on consecutive days, snowdrift had created new conditions in the snow for PA1b. 
Only nine samples were analyzed in the smaller grid-net from PA1b, as three samples were lost 
due to failing plastic bags. TY2 encompasses one general grid-net. In total 66 samples were 
gathered at Tyresta, while 75 samples originate from Pallas, hence providing this thesis with a 
total of 141 snow samples. 
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Surface snow, roughly the upper 5 cm of the snow pack, was collected with a stainless steel 
spatula into plastic bags, with the sample volume varying for each sample. Samples were then 
transported to the respective melting and filtering facility, depending on the sampling location. 
The samples were transported from Tyresta to Stockholm University in freezer storage boxes to 
a freezer storage room, where they were kept until filtering began. Samples taken at Pallas were 
kept outside in subzero temperatures until melting occurred inside FMI’s research facility.  
 
Snow samples were melted in glass jars in a microwave oven at the highest effect (800 W). 
Melting time differed between sample, depending on the volume, density and temperature of 
the sample. An average melting time per sample consisted of roughly 10 minutes. The melt 
water was filtered through micro-quartz filters (55 mm diameter), which previously had been 
sterilized (by being placed in an 800°C oven overnight). A hand pump was attached to the 
filtering system to create a vacuum during filtering. The volume of melt water was noted and 
used for concentration conversions. Dried filters were thereafter analyzed in a Thermal/Optical 
Carbon Aerosol Analyzer (OCEC) (Sunset Laboratory Inc., Forest Grove, USA) for their 
apparent EC concentrations, following the NIOSH 5040 protocol developed by Birch (2003). 
The thermal-optical method utilized in this study was created by Birch and Cary (1996), who 
provide a detailed description of the method in their paper. Briefly, the instrument uses 
controlled atmospheres and temperatures to determine the organic carbon (OC), carbonate 
carbon (CC) and EC content of a filter sample. In the initial stage, when OC and CC are 
released, a filter punch with an area of 1.5 cm2 is analyzed in a helium (He) atmosphere with a 
gradual temperature increase to 860°C. An optical laser is used to observe the transmittance of 
the filter punch and corrects for the charring (pyrolysis) produced during analysis. Secondly, the 
punch is heated in an oxygen-helium atmosphere, during which EC is released. The released 
carbon formed during analysis is quantified (as CH4) with a flame ionization detector (FID). 
During the final stage of analysis a known volume of methane is inserted into the instrument as 
a calibration procedure. 

3.3 Analysis Uncertainties 

3.3.1 Analysis Protocols 
The NIOSH 5040 methodology has been argued by some authors to underestimate the EC 
content during analysis (Chow et al., 2001; Reisinger et al., 2008). It has been proposed by 
Chow et al. (2001) that NIOSH 5040 measures half of the EC obtained compared with a 
different analysis protocol, named IMPROVE (Chow et al. 1993). The underestimation is due 
to mineral oxides existing on the filters which can produce oxygen during the first—oxygen 
free—step of the analysis. The transformation of mineral oxides to oxygen is caused by too 
high temperatures employed during the first step of analysis. Oxygen created allows for some 
EC to be accounted for as OC instead of being accounted for as EC during the second stage of 
the analysis. Previous studies were conducted using air samples from rather polluted areas. The 
comparison was repeated by analyzing 11 samples of filtered snow instead with both of the 
OCEC protocols (provided by J. Ström and the Norwegian Polar Institute, NPI). 
 
Four punches were prepared from each individual filter, with two of the punches analyzed with 
the NIOSH 5040 procedure and the remaining two punches with the IMPROVE method. The 
two punches analyzed with the same method were then matched together in pairs, with an 
accompanying average, that could be compared to the corresponding pair’s average (from the 
same filter) to evaluate the difference in EC content between the methods. Ratios between the 
pairs were then generated. 
 
Samples analyzed with NIOSH 5040 consistently have a lower value of EC for their paired 
averages, compared to the punches analyzed with IMPROVE (table 1). In summary, the 
average ratio and median for all of the ratios is 0.54 and 0.56, respectively. That is 
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approximately equal to a factor of 2 difference between the methods (NIOSH underestimate by 
a factor of 2). This study of 11 snow sample filters confirms the results of previous studies of an 
IMPROVE to NIOSH ratio of about a factor of 2. As a consequence, the EC data analyzed with 
NIOSH 5040 (the majority of samples) in this study were multiplied by 2 for their adjusted EC-
content. 
 
Table 1. Comparison of OCEC protocols NIOSH 5040 and IMPROVE. 

NIOSH 5040 (µg/cm2) IMPROVE (µg/cm2) Ratio 
1.57 1.72 0.92 
1.04 1.66 0.63 
0.96 1.70 0.56 
3.25 3.44 0.95 
0.16 0.77 0.21 
0.48 0.50 0.96 

<0.01 0.43 <0.01 
0.64 1.37 0.47 
0.88 1.87 0.47 
0.14 0.70 0.20 
0.52 0.88 0.59 

Average Ratio   0.54 
Median Ratio   0.56 

3.3.2 Filter Variation 
In addition to testing the different analysis methods used on the instrument, a different test was 
also carried out during analysis. The assessment entailed a study of the variation in EC output 
content given by the OCEC instrument for filters which had more than one punch analyzed. 
This was done with the NIOSH 5040 methodology. Four punches, instead of the ordinary one 
punch, were analyzed on three filters from each sampling episode (PA1b was excluded for this 
event) to observe the representativeness of single filter punches. The selection of filters utilized 
for this purpose from each sampling event was based upon the EC content found on the initial 
filter punch. Generally, a sample with a lower EC content for that sampling event was selected, 
as well as a filter with a medium EC loading, and a filter with a large EC content. With this 
procedure of analyzing filters with different quantities, an observation of how the amount varies 
could be conducted. It was hypothesized that a filter with a smaller content would present 
greater variation than a filter with a higher content. 
 
Based on the 12 filters which had four punches analyzed instead of one some basic calculations 
could be completed. The average and standard deviation for each filter were computed and 
plotted. A power curve was fitted to the data points (fig. 5). Using the power curve equation, a 
fitted standard deviation could be interpolated for all of the samples that only had one punch 
analyzed. 
 
Figure 4 presents how the standard deviation for each of the 12 filters that had four punches 
analyzed varies depending on the amount of EC occupying the filter. The adopted trend line (in 
this case a power curve) has a correlation coefficient of 0.59. In table 2, the average and median 
EC-content from each sampling event is provided. Additionally, an average from the fitted 
standard deviation, and an average from the coefficient of variation from each sampling event is 
shown. This illustrates the potential error that exists in the data. In conclusion, based on the 
graphs and calculations completed on the filters for which multiple punches were analyzed, 
samples with an EC filter content of less than ~0.35 µg/cm2 generated a coefficient of variation 
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of 40% or greater. Samples with an EC filter content of greater than ~1 µg/cm2 generated a 
coefficient of variation of 23% or less. 

 
Figure 5. EC content as a function of standard deviation. Note the logaritmic scale on the x-axis. 
 
Table 2. Summary of the filter variance for each sampling event.  

Site EC Average 
(µg/cm2 ) 

EC Median 
(µg/cm2 ) 

Average Fitted 
STD (µg/cm2 ) 

Average 
Coefficient of 

Variation 
PA1a 1.14 0.54 0.22 30.29 
PA1b 0.81 0.61 0.22 30.29 
PA2 0.92 0.90 0.22 27.75 
TY1 10.69 10.45 0.76 7.45 
TY2 15.91 15.94 0.93 5.96 

(STD, standard deviation; coefficient of variation is expressed in percent). 

3.3.3 Undercatch Analysis 
A weakness of using the filter-based method, and the subsequent filtering of melt water through 
filters, is the fact that some EC particles can potentially percolate through the filter. This 
process, which is likely a function of particle size (only smaller particles would percolate 
through), is referred to as undercatch in this study. To explore potential losses in the first 
filtering, two filters were filtered a second time and analyzed for their EC content. Two filters 
from Arctic Svalbard were used for this purpose (provided by J. Ström and NPI). 
 
One sample had as much undercatch as 85% while the other sample’s undercatch was 
negligible. This shows that the undercatch for the filters could range from substantial to 
insignificant. Since only two samples were analyzed for this purpose, no conclusions can be 
drawn. However, an indication of the significance of undercatch is provided. Further 
investigation is necessary before solid conclusions can be provided. 

3.4 Conversion Description 
Conversions from µg/cm2 to µg/l were made for presentation of the samples in the respective 
grid-nets. The area of the filter which was exposed to the EC and other impurities, during 
filtration had an area of 11.34 cm2 on the filter. This area was multiplied by the output content 
of EC (given in µg/cm2, by the OCEC instrument) to obtain the total EC amount for all of that 



Jonas Svensson 

10 
 

filter, which was then divided by the specific melt water for that sample to present each sample 
with concentrations in µg/l. Values for EC-content, melt water volume, and concentrations for 
each sample in this study is provided in table A1, in appendix. 

 4 Results 

4.1 Visual Comparison 
An initial visual observation of the filters revealed the Tyresta samples to have a darker gray 
character than the Pallas samples (fig. 6). A difference from each sampling period within the 
respective sites could also be detected visually, especially between TY1 and TY2. This visual 
comparison provided a rough preliminary indication of the EC content for each sample. It has 
certain limits, however, as some samples within each grid-net had similar gray tone but 
different EC amounts. 
 

  
Figure 6. Photograph of filters. D1 (on the left) is a filter from TY1; I4 (on the right) is from PA1a. 

4.2 Concentrations 
All of the Tyresta samples had higher concentrations of EC with a range between 52.8 µg/l and 
814.7 µg/l (see table 3). The Pallas samples had lower concentrations, with a range between 0 
ug/l and 136.4 µg/l. EC concentrations for all of the samples collected at TY1 had a median of 
182.8 µg/l. TY2 had a median of 608.3 µg/l for its samples. Further, the average for TY1 
consisted of 175.8 µg/l, with a standard deviation of 39.8 µg/l and a coefficient of variation of 
22.6 %. The average for TY2 consisted of 580.9 µg/l, with a standard deviation of 118.8 and a 
coefficient of variation of 20.4 %. PA1a  had a median of 13.0 µg/l, while PA1b had a median 
of 15.4 µg/l. The median for PA2 was 24.8 µg/l. Averages for PA1a and PA1b were 25.1 µg/l 
and 19.5 µg/l, respectively, and the corresponding standard deviations were 11.4 µg/l and 30.8 
µg/l, yielding coefficient of variations of 58.5 % and 122.5 %, respectively. The average for 
PA2 was 26.1 µg/l, with a standard deviation of 16.0 µg/l and a coefficient of variation of 61.4 
%. 
 
Table 3. Measured EC concentrations from each sampling event. 

Site Number of 
Samples 

Average 
(µg/l ) 

Median 
(µg/l ) 

Min 
(µg/l ) 

Max 
(µg/l ) 

Standard 
Deviation 

(µg/l ) 

Coefficient of 
Variation 

PA1a 25 25.1 13.0 6.6 136.4 30.8 122.5 
PA1b 9 19.5 15.4 8.6 42.3 11.4 58.5 
PA2 41 26.1 24.8 0.0 58.2 16.0 61.4 
TY1 41 175.8 182.7 52.8 245.7 39.8 22.6 
TY2 25 580.9 608.3 370.0 814.7 118.8 20.4 

(Coefficient of variation is expressed in percent). 

4.3 High Resolution Grid-net Variation 
PA1a and PA1b exemplify a variation within both of the grid-nets sampled (fig. 7a and 7c) 
(where each bubble size corresponds to the actual concentration of EC for that sample). The 
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grid-net from PA1a had an especially large variation, containing both the highest concentration 
(136.4 µg/l) and the lowest concentration (6.6 µg/l, excluding the possible 0s that are discussed 
later) of all Pallas samples. The three highest values (136.4 µg/l, 95.4 µg/l, 71.0 µg/l) sampled 
at Pallas are all from PA1a. These three samples are located in the middle bottom part of the 
grid-net (fig. 7a). The PA1b grid-net shows similar EC variability to PA1a (fig. 7c and 7a). The 
maximum concentration is 42.3 µg/l and the minimum is 8.6 µg/l. PA2 also displays a variation 
within its grid-net (fig. 7b). The maximum concentration obtained during this time was 58.2 
µg/l, while the minimum concentration was 0 µg/l (in four instances 0’s were observed, they are 
indicated in fig. 7b with unfilled circles). 
 
TY1 has a variation within its grid-net that fluctuates between 52.8 µg/l and 245.7 µg/l between 
the minimum and maximum sample values, respectively (fig. 8a). The variation in the grid-net 
from TY2 is not as great as that from TY1. TY2 sample concentrations varied between 370.0 
µg/l and 814.7 µg/l (fig. 8b). 
 

 

 
Figure 7. Grid-nets from a) PA1a; b) PA2; c) PA1b. The spatial scale in a) is 5 m between circles; b) 
5 m in the outermost part of the square and 2.5 m in the innermost part; c) is 2.5 m between circles. 
The size of the filled circles reflects the corresponding sample’s concentration size. The sizes of the 
unfilled circles in b) indicate possible concentrations of the 0s with a manually adjusted split-time. 
The circle sizes are not proportional in size to the circles from Tyresta (Tyresta concentrations are 
higher, see table 3). 
 
 

a) b) 

c) 
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Figure 8. Grid-nets from a) TY1 and b) TY2. The spatial scale in a) is 5 m between circles in the 
outermost part of the square and 2.5 m in the innermost part; b) 5 m between circles. The size of 
the filled circles reflects the corresponding sample’s concentration size. 

5 Discussion 

5.1 Grid-net Variation 
A horizontal variation of EC on a meter scale exists in the sampled snow. Two important factors 
influencing the fluctuating variation are the timing of sampling and the location of sampling. 
The variation of each grid-net is illustrated by histograms showing the side-by-side ratio 
existing between neighboring samples (fig. 9-13). A further discussion and examination of each 
grid-net (by location) is given in the following sections. 

5.1.1 Horizontal Variation at Pallas in March 
The spatial variability in the grid-net from PA1a is the largest observed out of all of the grid-
nets sampled in this study. This is partially due to the three samples with high concentrations 
constrained to the middle of the grid-net; however, the remaining samples in the grid-net also 
differ significantly. In the side-by-side comparison of adjacent samples the largest ratio is 
approximately 16 (the sample with the highest concentration against a neighboring sample with 
a low concentration). Although this grid-net only has one side-by-side ratio that is as high as 16, 
a total of 18 out of 72 pairs have a side-by-side ratio of 3 or greater (fig. 9), which further 
demonstrates the sizeable variation within this grid-net. The median side-by-side ratio for all of 
the samples in this grid-net is 1.81 (table 4). 
 

a) b) 
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Figure 9. Side-by-side ratios of neighboring samples within the grid-net from PA1a.  
 
Notable variation is also displayed in the grid-net from PA1b. Although the distance between 
the samples in this grid-net is smaller (2.5 m), there is still a distinct variation. The median side-
by-side ratio for this grid-net is 2.0 (fig. 10, and table 4). This sampling, that was done in new 
snow conditions (created by snowdrift) approximately 20 hours after the PA1a sampling, 
indicated the same variations as the PA1a samples. The snowdrift, likely caused by wind, is an 
important process in Pallas. Snowdrift has been proposed to be behind the horizontal variation 
of concentrations in other regions of the Arctic (Svalbard) Forsström et al. (2009). The variation 
described above, in Pallas, supports this. 
 

 
Figure 10. Side-by-side ratios of neighboring samples within the grid-net from PA1b. 

5.1.2 Horizontal Variation at Pallas in May 
The grid-net sampled at PA2 does not have as much of a variance compared to the grid-nets 
from PA1a and PA1b. Nevertheless, some variation does exist in the grid-net. Visible in figure 
11, the highest side-by-side ratio present in this grid-net is ~7. The majority of the samples have 
a side-by-side ratio of 3 or less (117 out of 140 side-by-side ratios are 3 or less). The median 
side-by-side ratio for the samples is 1.62 (table 4). Large concentrations intertwine with 
neighboring small concentrations, regardless of whether there is a distance of 2.5 m (in the 
innermost part of the grid-net) or a distance of 5 m between the samples. Both spatial scales 
exhibit EC variation. 
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Figure 11. Side-by-side ratios of neighboring samples within the grid-net from PA2. 
 
In the grid-net from PA2 there were four samples that received 0 as their EC-amount during 
analysis (indicated with hollow circles in fig. 7b). These low values were only observed in the 
grid-net from PA2. What determines the EC-content during the analysis is the split-time 
between OC and EC (i.e. the time difference in the release of OC and EC from the filter during 
analysis). During the analysis of these 4 samples the split-time did not follow the general 
pattern and the consequent EC-amount was therefore 0. It was possible to do a manual 
adjustment of the split-time to follow the general pattern and observe the potential EC amounts 
(A. Wallén, pers. comm.). Hence, the circles that exist in the grid-net (fig. 7b) are 
representations of potential concentrations obtained when the split-time was adjusted manually. 
 
An interesting note connected with the sampling at PA2 is the fact that the eruption of 
Eyjafjallajökull (April 2010) on Iceland occurred between the PA1a and PA2 sampling event. 
The amount of EC does not seem to have been affected by this eruption, however, nor the 
variation in the grid-net. 

5.1.3 Horizontal Variation at Tyresta in February  
The variation in the grid-net from TY1 is displayed in figure 8a. An interesting feature of the 
grid-net is the third horizontal line from the top of the grid-net, in which the samples have 
exceptionally high concentrations (all except for one sample have concentrations greater than 
200 µg/l; the median concentration for TY1 is 185.7 µg/l). The overall variation in the grid-net 
is reflected by the median side-by-side ratio of 1.25 for all samples (table 4). This is highlighted 
by the fact that out of 140 pairs, 131 have a side-by-side ratio of 2 or less (fig. 12). 
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Figure 12. Side-by-side ratios of neighboring samples within the grid-net from TY1. 

5.1.4 Horizontal Variation at Tyresta in March 
The grid-net from TY2 does not display as much variation compared TY1 (or any of the Pallas 
grid-nets). The largest side-by-side ratio is 1.97 for this grid-net (fig. 13), which indicates the 
potential horizontal variation that can exist. On the contrary, the relative homogeneity (in 
comparison to the other grid-nets of this study) from this sampling event is verified by the fact 
that 59 out of the 72 pairs have a side-by-side ratio that is 1.5 or less (fig. 13). The median side-
by-side ratio for this grid-net is 1.22 (table 4). 
 

 
Figure 13. Side-by-side ratios of neighboring samples within the grid-net from TY2. 
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Table 4. Summary of the side-by-side ratios within each sampling site. 

Site Number of Pairs Max 
Ratio 

Average 
Ratio 

Median 
Ratio 

PA1a 72 16.09 3.16 1.81 
PA1b 14 3.80 2.07 1.97 
PA2 140 6.81 2.09 1.62 
TY1 140 4.27 1.29 1.25 
TY2 72 1.82 1.41 1.22 

5.1.5 Horizontal Variability in General 
The side-by-side ratio histograms illustrate that horizontal EC variation exists in different 
degrees at the sampling sites used in this study. In particular, the histograms indicate that 
variation between neighboring samples is present. The overall variation within the dataset from 
each sampling event as a whole is verified by the coefficient of variation from each event, given 
in table 3. The sampling events with high coefficients of variation are the campaigns from 
Pallas, especially PA1a (PA1a 122%; PA1b 59%; PA2 61%), while the datasets from Tyresta 
show lower coefficients of variation (TY1 22% and TY2 20%). The coefficients of variation, 
together with the histograms, demonstrate the existing variation of EC in the snow from the 
sites in this study. 
 
As mentioned earlier, the two studies conducted to date in which the horizontal variability in 
Arctic snow has been discussed briefly are the works of Forsström et al. (2009) and Doherty et 
al. (2010). The variation presented by Forsström et al. (2009) shows that the relative root mean 
square deviation on average was 1.0 on a horizontal scale of 1 m. Thus, the observed variations 
in Forsström et al. (2009) share the horizontal variability of EC in snow that is presented in this 
thesis. In fact, the PA1a, PA1b and PA2 grid-nets display an even greater variation than that 
presented in Forsström et al. (2009). 
 
The horizontal variability of EC in Doherty et al. (2010) does not share the characteristics from 
this study. In a similar side-by-side ratio study carried out with samples from East and West 
Russia, the Canadian Arctic, and Tromsø, the concentrations of their samples were almost 
always within 50% of one another. In fact, most of their samples were typically within 20-30% 
of each other. 
 
Doherty et al. (2010) further suggests that a closer proximity to emission sources creates greater 
EC variability. This is not supported by the data in this study, as the samples from Tyresta—
which are closer to emission sources—show greater homogeneity while the Pallas samples—
collected further away from emission sources and therefore influenced by more homogenous air 
masses—present greater variability. 
 
Wind is not as notable of a process in Tyresta as it is in Pallas. Furthermore, the sampling site at 
Tyresta is surrounded by forests and is not as susceptible to the effects of wind as the Pallas 
site. Therefore, snowdrift does not occur to the same extent in Tyresta. 

5.2 Temporal Variation 
EC increased between the sampling events at both of the sampling sites in this study. The 
median value increased roughly threefold from TY1 to TY2 in their concentrations (from 182.7 
µg/l to 608.3 µg/l), while the median from PA1a to PA2 nearly doubled (from 13.0 µg/l to 24.8 
µg/l). The initial samples were taken during the winter season at both sites and the secondary 
samples were collected during the melting season. The observed increase of EC in the spring 
samples confirms what has been observed and proposed recently in other studies (Ström et al., 
2009; Doherty et al., 2010; Aamaas et al., in press). The increase represents the positive 
feedback that takes place during spring in the snow pack. Melting occurs and the EC particles 
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concentrate at the surface and further speed up the melting (Flanner et al., 2007, 2009). During 
this process of concentration, a more uniform character of EC on the surface is developed. The 
increase in surface EC also supports the proposal that a significant amount of the particles is not 
carried away with percolating melt water in the snow. Rather, the particles accumulate at the 
top of the snow pack (Ström et al., 2009; Aamaas et al., in press). Most of the EC particles are 
of hydrophobic character, meaning that they will remain at the surface while melt water 
infiltrates the snow pack (Doherty et al., 2010). Vertical data was not collected in this study to 
investigate the actual vertical distribution of EC in the snow pack at each event. A recent study 
by Aamaas et al. (in press) provides data from different depths in Svalbard snow, and a clear 
increase in EC concentrations at the surface was observed. 
 
The increased homogeneity may also have to do with the fact that the annual snow surface has 
been exposed to the atmosphere longer, and has had more time to accumulate EC particles. 
 
In any case, a progression over time towards more homogenous grid-nets can clearly be 
observed at both of the sampling sites. This is illustrated by a comparison of the side-by-side 
ratio histograms for each sampling site (fig. 9-13). 

5.3 Analysis Uncertainties 
The examination of different analysis protocols, though limited to 11 samples, suggested that 
EC values analyzed with a NIOSH 5040 protocol should be multiplied by 2 (consistent with 
existing literature) in order to obtain their apparent EC amount. The multiplying of the EC-
content by 2 is an important element when comparing absolute values of EC between studies 
(and locations); however, for the purpose of determining variation within a grid-net, the 
multiplication of 2 is not relevant. The variation will remain constant in this regard. 
 
A greater variation between samples exists in the data set than the variation that was found 
between punches from individual filters (variation within filters is ~5-30%, while the variation 
between filters is ~20-300%; see table 2 and table 4). Therefore, variation in the samples 
reflects actual variation existing in the snow. 

5.4 Suggested Future Research 
An interesting continuation of this work would be to study the variability in chemical signals’ 
of soluble ions and stable water isotopes. Samples for this were collected at Pallas and Tyresta. 
Future analysis of these samples will provide additional depth to the examination of impurity 
variability in surface snow. Hence, the understanding of the spatial variations in snow chemistry 
would be further enhanced. 

 6 Conclusions 
• Variation of EC exists on a horizontal meter scale in surface snow, regardless of whether a 

polluted site or non-polluted site is sampled. 
 

• The variation at the two sites differs. The site that is further away from emission sources 
and has lower concentrations has a greater variation, while the site that is in close 
proximity to emission sources and has higher concentrations show less variability. 

 
• The horizontal variability of EC in surface snow is maintained in drifting snow. 
 
• The higher variation at the Pallas site may be explained by a higher degree of snow drift. 
 
• This study indicates a temporal increase of EC concentrations at the surface of the snow 

pack when the melt season starts. This is observed at both of sampling sites. 
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 Appendix A 
Table A1. EC-content, volume, and concentrations for all of the samples in this study. The 4 
samples with 0 content from PA2 are provided with possible concentrations, in the case of a 
manually adjusted split-time. 

Site Sample ID EC-content (µg/cm2 ) Volume (L) Concentration (µg/l) 

PA1a F1 0.36 0.73 11.17 

 F2 0.73 0.87 19.03 

 F3 0.44 0.77 12.85 

 F4 0.38 0.82 10.69 

 F5 0.46 0.81 12.99 

 G1 5.97 1.42 95.36 

 G2 0.50 0.93 12.32 

 G3 0.65 0.97 15.16 

 G4 0.30 0.97 7.13 

 G5 0.40 0.95 9.46 

 H1 0.94 1.02 20.97 

 H2 5.89 0.98 136.41 

 H3 3.10 0.99 70.98 

 H4 1.25 1.02 27.81 

 H5 0.29 0.89 7.27 

 I1 0.47 0.90 11.85 

 I2 0.36 0.96 8.48 

 I3 0.69 1.01 15.41 

 I4 0.96 0.95 23.02 

 I5 0.54 0.95 12.95 

 J1 0.38 0.82 10.58 

 J2 1.33 0.92 32.82 

 J3 1.01 1.09 21.12 

 J4 0.76 1.10 15.74 
  J5 0.31 1.08 6.59 

PA1b K1 2.00 1.07 42.33 

 K2 1.04 0.95 24.82 

 K3 1.13 0.98 26.23 

 L1 0.40 0.82 11.15 

 L3 0.41 1.02 9.02 

 L4 0.55 1.14 10.91 

 M1 0.61 0.52 26.81 

 M2 0.29 0.76 8.61 
  M4 0.87 1.29 15.35 

PA2 W1 0.50 0.59 19.29 

 W2 0.78 0.88 19.98 

 W3 1.10 0.86 28.96 

 W4 0.78 0.82 21.66 

 W5 0.17 1.00 3.90 

 X1 0.65 0.48 30.77 

 X2 0.91 0.71 29.00 

 X12 1.84 0.75 56.03 

 X121 0.68 0.90 17.23 

 X21 0.64 0.81 17.93 

 X3 1.10 0.75 33.29 

 X13 0.51 0.79 14.61 

 X131 0.27 0.85 7.21 
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 X31 1.11 0.91 27.83 

 X4 0.70 0.73 21.86 

 X41 1.21 0.56 49.11 

 X5 1.05 1.11 21.40 

 Y1 0.49 0.49 22.80 

 Y2 0.94 0.77 27.76 

 Y12 0.90 0.82 24.76 

 Y121 1.83 0.72 58.19 

 Y21 1.39 0.86 36.91 

 Y3 0.74 0.74 22.80 

 Y13 1.20 0.88 31.18 

 Y131 1.30 0.80 36.94 

 Y31 0 (0.35) 0.7 0 (11.55) 

 Y4 1.26 0.76 37.69 

 Y41 0.25 0.92 6.14 

 Y5 0.65 1.06 13.98 

 Z1 0 (0.64) 0.53 O (27.46) 

 Z2 0.94 0.62 34.27 

 Z12 1.01 0.84 27.16 

 Z3 1.95 0.79 56.44 

 Z13 0.60 0.64 21.11 

 Z4 0 (0.33) 0.55 0 (13.44) 

 Z5 1.77 1.18 34.07 

 AA1 1.24 0.50 56.07 

 AA2 1.92 0.86 50.84 

 AA3 1.04 0.73 32.41 

 AA4 0 (0.39) 0.58 0 (15.37) 
  AA5 0.77 1.05 16.70 

TY1 A1 7.87 1.31 136.27 

 A2 12.64 1.31 219.62 

 A3 11.85 1.47 182.82 

 A4 10.11 1.31 175.00 

 A5 9.67 1.26 174.05 

 B1 13.72 1.55 200.82 

 B2 8.86 1.31 153.38 

 B12 13.62 1.37 225.52 

 B121 12.26 1.33 209.02 

 B21 12.83 1.49 196.03 

 B3 10.65 1.31 185.13 

 B13 14.78 1.37 245.67 

 B131 9.88 1.45 154.62 

 B31 11.05 1.38 181.62 

 B4 9.81 1.43 155.65 

 B14 15.86 1.53 235.89 

 B5 12.31 1.40 199.52 

 C1 2.17 0.94 52.76 

 C2 10.10 1.39 164.76 

 C12 12.43 1.52 185.48 

 C121 13.31 1.29 233.98 

 C21 9.13 1.64 126.30 

 C3 9.83 1.11 200.96 

 C13 14.59 1.69 196.45 

 C131 6.77 1.39 110.46 

 C31 11.44 1.42 182.75 
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 C4 12.92 1.44 203.74 

 C14 13.25 1.45 207.23 

 C5 10.34 1.35 173.80 

 D1 7.20 1.25 131.11 

 D2 12.91 1.38 212.21 

 D21 8.92 1.21 167.24 

 D3 12.19 1.40 197.44 

 D31 5.59 1.29 98.67 

 D4 10.25 1.39 167.34 

 D5 10.72 1.59 152.90 

 E1 9.11 1.24 167.23 

 E2 7.11 1.48 109.02 

 E3 10.45 1.21 196.61 

 E4 10.31 1.24 189.38 
  E5 9.46 1.44 149.51 

TY2 R1 17.76 0.62 649.81 

 R2 22.30 0.81 624.39 

 R3 20.75 0.66 713.23 

 R4 15.17 0.55 631.44 

 R5 13.94 0.60 526.82 

 S1 19.44 0.73 608.29 

 S2 15.94 0.59 612.66 

 S3 12.14 0.55 505.14 

 S4 13.58 0.69 446.52 

 S5 14.27 0.70 462.33 

 T1 17.71 0.64 632.63 

 T2 17.69 0.51 786.95 

 T3 19.75 0.55 814.65 

 T4 18.77 0.64 670.49 

 T5 10.65 0.48 508.37 

 U1 11.27 0.57 452.48 

 U2 18.29 0.61 680.27 

 U3 11.88 0.60 449.95 

 U4 19.82 0.70 642.25 

 U5 13.07 0.69 432.83 

 V1 15.07 0.46 743.09 

 V2 16.27 0.65 567.69 

 V3 14.68 0.71 468.85 

 V4 10.44 0.64 370.00 
  V5 17.14 0.75 521.99 
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