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A B S T R A C T
The impact on snow pack albedo from local elemental carbon (EC) sources in Svalbard has been investigated for the
winter of 2008. Highly elevated EC concentrations in the snow are observed around the settlements of Longyearbyen
and Svea (locally >1000 ng g−1, about 200 times over the background level), while EC concentrations similar to
the background level are seen around Ny-Ålesund. Near Longyearbyen and Svea, darkened snow influenced by wind
transported coal dust from open coal stockpiles is clearly visible from satellite images and by eye at the ground. As
a first estimate, the reduction in snow albedo caused by local EC pollution from the Norwegian settlements has been
compared to the estimated reduction caused by long-range transported EC for entire Svalbard. The effect of local EC
from Longyearbyen, Svea and all Norwegian settlements are estimated to 2.1%, 7.9% and 10% of the total impact of
EC, respectively. The EC particles tend to stay on the surface during melting, and elevated EC concentrations due to
the spring melt was observed. This accumulation of EC enhances the positive albedo feedbacks. The EC concentrations
were observed to be larger in metamorphosed snow than in fresh snow, and especially around ice lenses.

1. Introduction

The most effective light absorbing particle reducing snow albedo
per mass is soot, often referred to as black carbon (BC), which is
about 50 times more effective than dust (Warren, 1984). In this
study, elemental carbon (EC) is measured as a proxy of BC. Due
to the coal mining industry in Svalbard, EC will also be a proxy
of coal dust concentrations in Svalbard snow. Soot is black or
blackish particles that are produced by incomplete combustion
processes of fossil fuel, biofuel or biomass; hence, from both
natural and anthropogenic sources. Coal dust is created during
mining, transportation and mechanical handling of coal. Coal is
geologically processed organic matter that turned black in the
making (Bond and Bergstrom, 2006). Warren and Wiscombe
(1980) were the first to quantify a relation between BC concen-
trations and reduction in snow albedo by modelling. Since snow
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is weakly absorptive in the visible wavelengths and BC is highly
absorptive and multiple scattering occurs in the snow pack, the
spectral snow albedo is reduced by even small concentrations
of BC for wavelengths λ < 0.9 μm (Warren and Wiscombe,
1980).

Several positive feedbacks magnify the initial warming due
to BC in snow. The presence of BC will trigger and enhance
the snow-albedo feedback and the warming-induced snow grain
growth feedback, in addition to increased snow grain growth
due to heating caused by BC in the snow (Flanner et al., 2007).
During melting, a majority of the hydrophobic and large BC
particles will stay in the snow surface, while most of the hy-
drophilic BC particles will be flushed out (Conway et al., 1996;
Flanner et al., 2007). In total, the BC concentration in the sur-
face snow is increased. The global radiative forcing of BC in
snow has been modelled by Flanner et al. (2007) and Rypdal
et al. (2009) to be 0.054 W m−2 and 0.03 W m−2, respectively.
Due to the strong feedbacks, the ‘efficacy’ is high, resulting in
a temperature response from the forcing of about 1.7–4.5 times
that of a similar forcing from atmospheric CO2 (Hansen et al.,
2005; Flanner et al., 2007). The maximum zonally averaged
forcing has been predicted to reach almost 1.5 W m−2 in the
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Arctic during the spring snow melt (Flanner et al., 2007), while
a temperature response of about 0.5 ◦C in the Arctic throughout
the year is estimated (Quinn et al., 2008). Flanner et al. (2009)
modelled that 20% of the snow darkening forcing in spring is
caused by mineral dust, the rest by BC.

BC particles in the atmosphere are typically 0.01–0.4 μm in
size (Bond et al., 2006), which are mainly removed by wet fall-
out (Vignati et al., 2010) after an average atmospheric lifetime of
7.3 days (Schulz et al., 2006). Due to this short lifetime, only a
limited amount of the worldwide BC pollution reaches Svalbard
(Stohl, 2006). Only a small fraction of the emissions occur in the
Arctic (Bond et al., 2004). In addition, the Arctic front (Law and
Stohl, 2007) isolates the Arctic from the warmer mid-latitudes.
Long-range transported BC pollution is mainly transported to
Svalbard from Europe and Northern Asia (Stohl, 2006; Reddy
and Boucher, 2007; Shindell et al., 2008). Forsström et al. (2009)
observed that air arriving from the east into Svalbard contained
the most BC inferred from snow samples and trajectory mod-
els, which supports the find of Eleftheriadis et al. (2009) that
the heavily polluted air masses measured at the Zeppelin station
in Svalbard originate from Northern and Central Russia. BC
concentrations in the air show a high monthly variability with
the maximum observed in February and March at Zeppelin.
Events with higher concentrations are seen all-year around, al-
though the most pronounced in winter and spring in connection
with the observed Arctic Haze (Rosen et al., 1981; Shaw, 1995;
Eleftheriadis et al., 2009). Hence, transport of BC to Svalbard is
caused by transport events superimposed on a distinct seasonal
cycle.

We know of only two published studies that have measured the
background level of BC or EC in snow in Svalbard. Clarke and
Noone (1985) measured a BC mean of 30 ng g−1 for its Svalbard
samples, while Forsström et al. (2009) used the same analysis
method as in this study and found the median background EC
concentrations for Svalbard to be 4.1 ng g−1. The difference
in the analysis methods can partly explain the gap between the
results (Watson et al., 2005).

Other light-absorbing impurities are also observed in the snow
pack. The first author has often observed brownish snow in
Svalbard discoloured by Aeolian sediments. A yearly deposition
of Aeolian sediments in the terrain and climate like Svalbard is
typically 11 g m−2 (Owens and Slaymaker, 1997); however,
values as high as 270–400 g m−2 have been measured in some
parts of Svalbard (Czeppe, 1966; Åkerman, 1980). If we assume
that all the sediments are mixed into the snow with a mean
snow pack in Svalbard of 686 mm w.e. (Winther et al., 1998),
the dust concentration is roughly 16 μg g−1. This concentration
is three orders of magnitude larger than the background EC
concentration.

Svalbard, an archipelago in the European High Arctic, is de-
fined as all land masses between the latitudes of 74 and 80 ◦N
and longitudes 10 and 35 ◦E. The total land area is 61 000 km2,
comparable in size to Ireland. There are only a few settlements in

Svalbard. Longyearbyen (population: 2100) is the largest town.
Some coal mining is present, and the town is electrified by a coal
and diesel power plant. Svea (240) is an active coal mining town
with its own diesel power plant. Coal is transported in trucks
from the mine to a coal stockpile at Cape Amsterdam, a distance
of about 9 km. Several thousand tons of coal is stored at this
stockpile at any given time. Ny-Ålesund (30–150) is a research
settlement with its own small diesel power plant. The Russian
settlement of Barentsburg (500) is a coal mining town with an
uncleansed coal power plant. In addition, some smaller research
stations are situated in the archipelago. Marine transportation
around Svalbard is the largest BC combustion source (coal dust
not included) compared to other sectors (Vestreng et al., 2009).

Only a few studies have investigated how local sources af-
fect BC concentrations in snow in otherwise pristine areas,
such as in Antarctica (Warren and Clarke, 1990; Grenfell et al.,
1994), the Arctic Ocean (Grenfell et al., 2002) and Greenland
(Hagler et al., 2008). In Svalbard, no such study has been done for
BC in snow; however, accelerated melting near Longyearbyen
has been linked to extremely high BC concentrations (Bøggild
et al., 2007). Jaedicke (2002) remarked that Adventdalen, a val-
ley close to Longyearbyen, is one of the first places on Svalbard
to be snow free in the spring. The local effects from some other
pollutants have been studied in Svalbard (Beine et al., 1996), and
high local pollution levels have been measured (Reimann et al.,
2009). Aeolian transport of coal dust from coal stockpiles and
open coal pit mines has been thoroughly investigated and mod-
elled (Jones et al., 2002; Naidoo and Chirkoot, 2004; Ghose and
Majee, 2007); however, a quantification of the albedo reduction
due to the coal dust in snow has to our knowledge never been
reported before.

In this study, the effects of local EC pollution are investigated
and compared to the impact from long-range transported EC that
form the EC background level in Svalbard. The EC concentration
in the snow pack has been measured around settlements. The
climatic impact is estimated according to the first-order snow
albedo reduction caused by the varying EC concentrations. From
this, a first estimate of the significance of the local pollution is
calculated.

2. Methods

2.1. Snow sampling and chemical analysis

A total of 196 samples of snow were analysed. Snow was
sampled from radial transects in valley floors with origin in
Longyearbyen, Ny-Ålesund and Svea. Snow pits were exca-
vated with 1–5 km intervals. Snowmobiles and cars were left
downwind and preferably 100 m from the sites to minimize con-
tamination risk. Up to five snow samples were collected where
each sample represents one part of the snow column at the site.
Layer 1 is defined as the bottom layer. Normally, about 1.2 kg
of snow was needed for the chemical analysis, less for heavily
polluted snow.

Tellus 63B (2011), 3



342 B. AAMAAS ET AL.

The snow was melted in a microwave oven and immediately
filtered through a quartz filter. Some of the hydrophobic EC
might stick to the sample jar after melting; however, Forsström
et al. (2009) found that with an identical setup as in this study, a
significant loss of EC required the sample to be stored in liquid
form for at least 1.5 d. Further, the quartz filter will not capture all
the submicrometer EC. Ogren et al. (1983) observed a filtration
efficiency of 50–80% compared to a polycarbonate membrane
filter. Three of our samples where filtered twice with the same
water to investigate the efficiency of the filtration. The second
filter had undetectable amounts EC in two of the cases, while the
efficiency was about 70% for the last sample. This loss of EC
in some of the samples introduces an uncertainty and gives an
equivalent underestimate of the EC concentrations. The Ther-
mal/Optical Carbon Aerosol Analyzer (Sunset Laboratory Inc.,
Forest Grove, USA) with NIOSH 5040 protocol (Birch, 2003)
was used to measure EC concentrations in the snow. In the first
step of the analysis, the OC is volatilized at temperatures up to
820 ◦C in a pure helium atmosphere. The second heating up to
860 ◦C in an oxygen (10%)–helium mixed atmosphere burns the
EC. The evolved carbon is oxidized to CO2 and, finally, reduced
to CH4, which is detected by a flame ionization detector (FID).
Pyrolysis during the analysis is corrected for by the monitoring
of the filter transmittance. Studies on air samples by Chow et al.
(2001) and Reisinger et al. (2008) has shown that the NIOSH
5040 protocol may underestimate the EC content because min-
eral oxides on the sample may provide oxygen already in the
first step of the analysis. Therefore, some of the EC is attributed
to the OC fraction. Chow et al. (2001) compared the NIOSH
5040 protocol to the IMPROVE protocol (Chow et al., 1993).
The authors got an average ratio IMPROVE/NIOSH 5040 of
3.45 (for significant data points). Reisinger et al. (2008) com-
pared the NIOSH 5040 protocol to a modified NIOSH protocol
called NIOSH (A3) where the temperature for the high temper-
ature stage of the He atmosphere step was lowered from 870 to
550 ◦C. The authors found an average ratio NIOSH (A3)/NIOSH
5040 of 1.48. A similar study has not been published for snow
samples that were melted; however, our own experiments com-
paring IMPROVE with NIOSH 5040 are in line with the previous
studies for air (Reisinger et al., 2008) and indicate that method
IMPROVE shows systematic higher estimates compared with
method NIOSH 5040 by a factor of 2. Birch and Cary (1996)
determined a lower limit of detection of 0.23 μg C cm−2. Using
the typical volume of melted snow (1.2 L), this corresponds to a
concentration of about 2 ng g−1. Concentrations on blank filters
were typically less than 0.05 μg cm−2, which corresponds to
about 0.4 ng g−1.

2.2. Weather data

Temperature and wind data were studied to better understand
the snow stratigraphy and the airborne transport of EC from
local sources. Observations from stations operated by the Nor-

wegian Meteorological Institute during the period from Septem-
ber 2007 to April 2008 have been used (Longyearbyen Air-
port, Ny-Ålesund and Sveagruva). The data are available at
http://www.eklima.no.

2.3. Calculating the EC budget for Svalbard

A first estimate of the significance of local EC pollution was
calculated based on the direct snow albedo reduction from vary-
ing EC concentrations. The measured EC concentrations were
linked to the modelled reductions in the snow surface albedo for
the 350–2500 nm wavelength band. Values from Rypdal et al.
(2009) were used to link EC concentration to snow albedo for
different spectral bands. That study used radiative transfer code
as in Stamnes et al. (1988) and the optical EC properties as found
by Bond et al. (2006). To get the total snow albedo, these data
were applied to an incident spectral irradiance spectrum for clear
skies given by Grenfell and Perovich (2004, fig. 11). A relation
between EC concentration and reduced snow albedo is, hence,
established.

The optical snow grain radius is set to 0.5 μm, while the opti-
cal EC particle size distribution is given as a simple modal size
distribution with a standard deviation of 2 in the model (Ryp-
dal et al., 2009). These parameters are used since we have not
measured the EC particle sizes. In general, soot particles in the
atmosphere have typically a size of 0.2 μm (Bond et al., 2006),
while coal dust particles are generally larger (typically between
3 and 20 μm (Jones et al., 2002; Naidoo and Chirkoot, 2004;
Ghose and Majee, 2007)). In areas near open coal stockpiles and
transportation routes of coal, most of the measured EC is coal
dust. According to Warren and Wiscombe (1980, Fig. 4b), the
larger particles as coal dust will be about a factor of 5 times less
effective at reducing snow albedo than soot particles. Hence, this
method will overestimate the albedo effect for these areas. This
source of error is discussed later.

The goal is to estimate the snow albedo impact from each
Norwegian settlement in Svalbard, as explained in this para-
graph. According to the modeled EC–snow albedo relation, the
typical background EC concentration of 4.1 ng g−1 in Svalbard
(Forsström et al., 2009) would lower the direct snow albedo
by 0.0011. A representative EC concentration for every sample
site was based on the mean EC concentration of the site’s sam-
ples, which minimizes the impact of natural variability of EC
in the snow pack. This snow albedo reduction was the derived
using the modelled relationship as described. The EC concen-
tration in snow is typically elevated around the settlements and
decreasing with distance from the settlements until the back-
ground concentration is met. By looking at transects going out
from the settlements, areas observed to be affected by local EC
emissions were detected. For all sites around Longyearbyen, the
EC background level is assumed to be in line with the general
mean of 4.1 ng g−1 found by Forsström et al. (2009). The EC
background level around Svea is set higher at 9.0 ng g−1 since
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Forsström et al. (2009) measured 9.8 ng g−1 at the background
site nearest Svea and the remote samples around Svea in our
study have similar EC concentrations. An EC concentration of
9.0 ng g−1 will reduce the snow albedo by 0.0022. No clear sign
of elevated EC concentration levels are seen in the mean values
at the sites around Ny-Ålesund. Thus, all the EC around Ny-
Ålesund is assumed to be long-range transported, even though
local pollution cannot be ruled out. Through this procedure, cut-
off values to separate local and long-range transported EC are
established. For the sites around Longyearbyen (Svea), the first
0.0011 (0.0022) reduction in snow albedo is, hence, classified as
a result of long-range transported EC. If the total reduced snow
albedo at a site is higher than this value, the remaining albedo
reduction is accounted as a result of local pollution. Every snow
pit site was assumed to represent its surrounding area A, which
is assumed to cover halfway to the next site by applying the
Thiessen method (Boots, 1980) and the width of the valley floor.
We assume that the local emissions are not transported upwards
into the mountains surrounding all the settlements; hence, this
is a conservative pollution dispersion estimate. From this, the
effect of local EC pollution from the different settlements was
estimated, and a budget for entire Svalbard was calculated. The
ratio between the snow albedo impact from local (L) EC from
settlement i over all pollution [the sum of long-range transported
(LRT) and local] for entire Svalbard is expressed as

Li∑
i Li + LRT

=
∑

j Ai,j (�αi,j − �αLRT
i,j )

∑
j Ai,j × �αi,j )

.

The denominator on the left-hand side is the total albedo
reduction for Svalbard for all sources. The subscript i is for
settlement, j is for an area A that represents the area around
the point measurements, �α is the reduced snow albedo due
to EC, and the superscript LRT represents the EC level caused
by long-range transported pollution. In areas not affected by
EC pollution from any of the settlements, �αi,j − �αLRT

i,j = 0.
A best estimate of the local impact was calculated from this
equation. Since coal dust particles are less effective at reducing
snow albedo than soot particles due to particle size differences,
a low estimate is derived where this is accounted for. Around
Svea, we assume that all EC is coal dust, which we estimate
will reduce the snow albedo impact by 80%. The EC measured
on Longyearbreen is unlikely depositions of coal dust due to
its much higher elevation than the coal dust sources around
Longyearbyen. Hence, we assume that the level measured there
(17 ng g−1) is representative for the soot concentration around
Longyearbyen, while EC concentrations above that are assumed
to be coal dust with a 80% lower impact on the albedo. Some
possibly affected areas by local pollution, the rugged mountains
and slopes around Longyearbyen and Svea, were not measured
due to inaccessibility. The areas covered by these mountains are
larger than the EC polluted valleys around the settlements. A
higher estimate was derived when an EC concentration similar

to that measured in our high altitude samples (Longyearbreen)
are included in those areas. The estimate was also calculated
separately for the case of snow covered sea ice covering Isfjorden
to assess the potential maximum impact local EC sources could
have. Van Mijenfjorden near Svea was frozen over at the time
of the field work; hence, the albedo impact from this fjord is
included in the best estimate.

3. Results and discussion

3.1. EC concentrations

The EC measurements around the settlements are presented here,
first from Longyearbyen. Extreme levels of EC concentrations
were observed locally around Longyearbyen and Svalbard Air-
port, as seen in Figs 1 and 2. The figures indicate the west–east
gradient, showing clearly that local sources are affecting the EC
concentrations in the snow pack. Several samples contained con-
centrations of >1000 ng g−1, while other samples contained too
much coal dust to even be analysed (as explained later). Hence,
the highest concentrations are even higher than indicated here
and likely up to 1% of total mass (Bøggild et al., 2007). The
most contaminated snow was found around the coal processing
plant 3 km northwest of Longyearbyen, and the snow is visu-
ally clearly darkened from this. The average EC concentration
was somewhat higher for samples taken in February 2008 than
April 2008, since these samples were gathered a bit closer to the
trucking road between the mine and the settlement. In the valley
of Adventdalen between the town and the coal mine, 5–15 km
east of Longyearbyen, the EC concentration is about 50 ng g−1.
Further east, the concentration decreases with distance until the
background level is seen about 50 km to the east of Longyear-
byen. No samples could be taken more than 10 km west of
Longyearbyen due to the open waters of Isfjorden. The wind
was from the southeast (90◦–180◦) 60.0% of the time between
the first snow fall and the sampling period at Svalbard Airport,
which matches well with the plumes observed downwind of the
coal stockpiles.

From Longyearbyen in the north to the glacier Longyear-
breen in the south, another plume transect was sampled (Fig. 3).
Longyearbreen is situated between 4 and 8 km south of
Longyearbyen at a height of 300–600 m a.s.l. The mean concen-
tration on the glacier is 17 ng g−1, which is much lower than what
is seen in Adventdalen, but considerably over the background
level. A large melt event occurred on 1 and 2 January 2008,
which resulted in several thick ice lenses on the lower part of the
glacier. Elevated EC concentrations were observed in those ice
layers similar to what was found by Conway et al. (1996). The
sampling was done in April 2008, coinciding with the snowmo-
bile peak season (Reimann et al., 2009). That affected the top
snow layer, and the exhaust led to elevated concentrations mea-
sured in that snow layer. In addition, snow samples were gathered
in August 2009 with a mean concentration of 231 ng g−1. While
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Fig. 1. The EC concentration around
Longyearbyen along a east-west transect.
Snow samples were gathered from
Adventdalen and Sassendalen to the east and
on Hotellneset and towards Bjørndalen to the
west, as indicated by grey circles in the small
map. Layer 1 is the bottom layer in the snow
pack. The samples taken in February are
marked by plus signs for layer 5, circles for
layer 4, crosses for layer 3, squares for layer
2, diamonds for layer 1 and a solid line for
the mean. For the April samples, asterisks
show layer 5 samples, upward-pointing
triangles for layer 4, downward-pointing
triangle for layer 3, left-pointing triangles for
layer 2, right-pointing triangle for layer 1
and a dashed line for the mean.

Fig. 2. As Fig. 1, but only for EC
concentrations less than 130 ng g−1.

the top layer had an EC concentration, which was a factor of
19 of the mean April concentration, the rest of the snow pack
contained a factor of 4 EC. The total EC burden (ECtot) in a snow
column is

ECtot =
∑

i

(coni × di × ρi),

where con is the EC concentration, d the thickness and ρ the
snow density for each i snow layer. The total EC burden for
the snow column in April is estimated to 9.1 mg m−2 with a

typical snow density of 0.37 g cm−3 (Winther et al., 1998).
In August, the EC burden has increased to 15 mg m−2 with
an estimated density of 0.5 g cm−3 for wet summer snow and
0.85 g cm−3 for superimposed ice (Tedesco et al., 2009). The
superimposed ice is assumed to be about 10 cm thick (Hagen and
Liestøl, 1990). The increase in EC burden indicates that most
of the EC particles initially present in April were not removed.
If we assume that the wet deposition of EC is proportional to
the precipitation amount and that dry deposition from long-
range transported sources is minimal relative to wet deposition
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Fig. 3. The EC concentration along a
northsouth transect near Longyearbyen at
sites indicated by grey circles in the map.
The three sampling sites that are located
between 4 and 8 km south of Longyearbyen
are found on the glacier Longyearbreen. The
snow was sampled in April 2008 and August
2008. The samples taken in April are marked
by plus signs for layer 5, circles for layer 4,
crosses for layer 3, squares for layer 2,
diamonds for layer 1 and a solid line for the
mean. The samples from August are marked
by asterisks for layer 5, upward-pointing
triangles for layer 4 and a dashed line for the
mean.

(Vignati et al., 2010), about 80% of the burden increase can be
accounted for by deposition from precipitation between April
and August when the precipitation measurements at Svalbard
Airport are considered. The rest of the increase is likely from
the extensive snowmobile traffic around the site from April to
June. In conclusion, most of the EC particles stayed on the
snow surface during the spring melt, as observed by Conway
et al. (1996), and additional EC is brought to the surface from
precipitation, dry fallout and local pollution during spring and
summer.

Around Ny-Ålesund, local EC pollution in the snow is dif-
ficult to observe (see Fig. 4). The mean concentration of 6.6
ng g−1 is near the background EC concentration of Svalbard;
however, the variability is large with a standard deviation of 4.3
ng g−1. Local pollution cannot be ruled out completely since
some of the samples contained up to 15 ng g−1. The plume from
the power plant in Ny-Ålesund is typically drifting to the north-
west since the wind was southeasterly 61% of the time at the
meteorological station during the period when there was snow
on the ground prior to the snow sampling. Hence, the plume
drifts mostly over Kongsfjorden. No sea ice was observed dur-
ing the sampling period; hence, no snow samples could be taken
directly downwind of Ny-Ålesund.

In Svea, the EC concentrations in the snow are similar to what
was measured around Longyearbyen (see Figs 5 and 6). Near
Svea, the concentration is above 1000 ng g−1, but drops rapidly
with increasing distance. The background level is approached
some 20–30 km away from the settlement. Large amounts of
available coal dust are causing these extreme EC concentra-
tions. Since the coal dust particles are much coarser than the
soot particles, they are carried to a shorter distance, which give

rise to the large gradient seen. A distinct black plume is seen
downwind of the coal stockpile on Cape Amsterdam, it can even
be seen in satellite images (see Fig. 7). The wind direction at the
meteorological station in Svea was mainly northeasterly with oc-
casional periods of southwesterly winds during the winter. The
coal dust content in the snow adjacent to this coal stockpile has
previously been measured by Myhr (2003) to vary between 79
and 313 μg g−1. That is two orders of magnitude larger than any
of the EC measurement in this work, indicating that the EC con-
centrations are underestimated in highly coal dust affected areas
in this study (as explained later). Van Mijenfjorden is situated
west and southwest of Svea, and this fjord freezes during winter.
No snow samples were taken from the sea ice due to safety pre-
cautions. Hence, coal dust can easily spread over a large flat area
of snow with no obstacles and, thus, have a significant climatic
impact on snow and ice covered areas.

A micro scale study was performed as part of the sampling
southeast of Longyearbyen (see Fig. 8). Snow was sampled from
four vertical profiles along a 5-m-long transect. The same snow
layers in the four snow pits were sampled with the help of snow
stratigraphy investigations. The mean value of all 20 samples
was 57 ng g−1 with a standard deviation that was 35% of that
value. The spatial variability between the snow pits was small
with a standard deviation of 5.9%. In comparison, the standard
deviation of all samples gathered around Ny-Ålesund, a place
with low EC concentration, was 68% of the mean. The EC con-
centrations in multiple samples from the same location can vary
by a factor of 2 at very low EC concentrations (Forsström et al.,
2009), since instrumental errors have an increasing relative im-
pact for decreasing EC concentrations. Overall, the variability
seen is mainly a result of variability in EC concentrations in
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Fig. 4. EC concentration in a
northwest–southeast directed transect near
Ny-Ålesund. Positive values are in
southeasterly direction. The samples were
taken on land parallel to Kongsfjorden in
March 2008 at sites shown as grey circles in
the map. The samples are marked by plus
signs for layer 5, circles for layer 4, crosses
for layer 3, squares for layer 2, diamonds for
layer 1 and a solid line for the mean.

Fig. 5. EC concentration in a west–east
transect around Svea. Positive values
indicate east. The samples were collected in
March 2008 at the sites given by the grey
circles in the map. The samples are marked
by plus signs for layer 5, circles for layer 4,
crosses for layer 3, squares for layer 2,
diamonds for layer 1 and a solid line for the
mean.

the snow pack caused by small-scale processes. Snow is often
drifting in Svalbard (Jaedicke, 2001), and snow from individ-
ual snow events is, then, mixed heterogeneously. This mixing
explains the large variability in EC concentration measured for
the vertically separated snow layers (standard deviation: 25%).
Low-density snow will start to drift when the wind speed at
10 m reaches 1.9 m s−1 and for wind-hardened snow 10.5
m s−1 (Male, 1980). Those thresholds were exceeded 87% and
9.0% of the time, respectively, during the winter of 2007/08 at
Svalbard Airport. The numbers are similar in Ny-Ålesund and

Svea. Hence, snow drift and mixing of snow occur often. This
mixing makes sampling of snow from individual precipitation
events difficult.

Several samples were sampled at every snow pit site to look
at vertical variations. A comparison of snow crystal type and EC
concentration was done for all 50 samples gathered around Ny-
Ålesund. The highest EC concentrations are seen in the lower
part of the snow pack, the most metamorphosed snow, and es-
pecially in and around ice slabs (see Table 1). Hence, post-
depositional processes in the snow pack will alter the initial EC
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Fig. 6. As Fig. 5, but only for EC
concentrations less than 310 ng g−1.

Fig. 7. Raw satellite images in the visible from the MODIS Terra satellite showing central Spitsbergen including Svea. The vertical distance is
65 km in the images. Van Mijenfjorden is in the middle of the images. The dates when the images were taken are 4 May, 24 May and 4 June 2008.
Extremely high coal dust concentrations are visible around Svea and accelerated snowmelt caused by the high coal dust concentrations is seen in the
final image.

concentration (Wania et al., 1998; Jones et al., 2001). We have
already seen that EC concentrations were amplified during melt
events when melt water drained and the EC particles stayed. Fur-
ther, the large temperature gradient between the relative warm
soil and the relatively cold air will cause an upward vapour trans-
port (Arons and Colbeck, 1995; Jones et al., 2001) while the EC
particles are stationary. An increase in EC concentration will also
be seen in the surface layer as snow drift will enhance sublima-
tion of snow (Jaedicke, 2001). Hence, EC concentrations tend
to increase as more metamorphosed the snow is. Thus, vertical
variations of EC in the snow pack will not necessarily render
the temporal variability in EC deposition throughout the winter.
Post-depositional processes are important for EC concentrations
and will, in general, increase the EC concentrations.

3.2. EC budget for Svalbard

The estimated EC budget for Svalbard when reduction in snow
albedo is considered is given in Table 2. The ‘best estimate’

shows that EC pollution from Longyearbyen reduces snow
albedo for entire Svalbard with an impact of 2.1% of the to-
tal of all EC, while it is 7.9% for Svea. In this estimate, all EC
is assumed to have the same optical properties with no differ-
entiation between soot and coal dust particles. The difference in
impact is partly explained by the fact that pollution from Svea
has a much greater open snow-covered area to impact than pol-
lution from Longyearbyen, due to the wide and long fjords and
valleys around Svea. The impact of Ny-Ålesund is set to zero
since no clear sign of local pollution was measured around the
settlement. Errors in these estimates will depend on errors in the
estimated mean EC concentration in the snow pack. In the micro
scale study, we observed a standard deviation of 5.9%, while
larger variability is expected at lower EC concentrations. If we
assume that we have a 40% error in the measurement of EC
concentration at every site, the total EC budget has an error of
25%. If local pollution is spread twice the distance as observed
and contributing to increased EC concentration in these areas
similar to the instrumental detection limit (2 ng g−1), the EC
budget will increase by 14%.
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Fig. 8. EC concentrations at the micro scale
study.

Table 1. The EC concentration for different snow types for all snow
samples gathered around Ny-Ålesund.

EC concentration (ng g−1)
Snow particle type with standard deviation

Broken and rounded particles 4.8 ± 4.6
Faceted particles 6.4 ± 3.9
Depth hoar 7.2 ± 4.2
Ice 10 ± 2.0

Note: These samples are believed to represent the EC background level
since no significant local pollution from Ny-Ålesund was found in
these samples. The snow has been divided into different groups
according to the snow grain type.

In the ‘low estimate’, we assume coal dust to be 80% less
effective at reducing the snow albedo than soot. This reduces
the impact of local EC pollution to 0.8% for Longyearbyen and
to 1.6% for Svea. This is probably an underestimate since the
measured EC around Svea is not only coal dust and we have
underestimated the EC concentrations in the most coal dust con-
taminated areas. Bøggild et al. (2007) measured contaminant
content up to 1% of mass in the snow pack along one of the
transportation routes. They observed that only small areas, on
order of metres from the sources, contained such high concentra-
tions. The measured EC concentrations were much lower, typi-
cally four orders of magnitude lower, since the dirtiest samples
were not analysed to avoid contamination of the instrumental
setup. The error of overestimating the albedo reduction for coal

Table 2. The estimated effect of local EC pollution from Norwegian
settlements in Svalbard relative to the albedo reduction caused by all
sources of EC for entire Svalbard.

Low Best High If sea
estimate estimate estimate ice

Settlement (%) (%) (%) (%)

Longyearbyen 0.8 2.1 3.2 8.7
Svea 1.6 7.9 9.8 9.8
Ny-Ålesund 0 0 0 0
Total 2.4 10 13 18

Note: The best estimate includes only calculations based on site
measurements. Some areas that likely are affected were not measured.
In the high estimate, these areas are included. ‘If sea ice’ includes an
estimate if Isfjorden was covered by snow covered sea ice.

dust, is, thus, partly cancelled out by underestimating the EC
concentration in the most polluted areas.

The ‘high estimate’ includes areas that are likely contami-
nated, but where measurements could not be obtained. That will
increase the total local impact from 10% to 13%. There was very
little sea ice in the Svalbard fjords during the winter of 2007/08.
Sea ice covering parts of Isfjorden downwind of Longyearbyen
would increase the impact of Longyearbyen significantly. In con-
clusion, long-range transported EC have a much larger impact
than local EC sources for Svalbard. In addition to these Nor-
wegian settlements, the Russian mining town of Barentsburg is
another potential big source of local EC. Since no sampling was
done near Barentsburg, an estimate for Barentsburg is not given.
However, Forsström et al. (2009) measured an EC concentration
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of 240.0 ng g−1 on Linnébreen, 15 km southwest of Barentsburg,
which indicates clearly that Barentsburg is a significant source.
Svalbard covers less than 0.5% of the Arctic (north of 70 ◦N).
Thus, the impact of local EC pollution from Svalbard on snow
albedo equals to about 0.04% of the impact of all EC in the entire
Arctic if the EC background level of the Arctic equals the level
in Svalbard.

3.3. EC observed from satellite images

In satellite images (MODIS Terra/Aqua), the extremely high EC
concentrations around Svea are clearly visible (Fig. 7). The large
source of coal dust from the coal stockpile on Cape Amsterdam
and the large flat snow covered area around make this a suit-
able location to study albedo variability connected to high EC
concentrations. In the first image, the melting season has just
started (4 May 2008) and a coal dust plume can be observed
downwind (southwest) of the stockpile. Bøggild et al. (2007)
described that melting starts in such areas due to solar radiation
before the temperature rises above 0 ◦C. This melting has lead
to an increase in the coal dust concentration on the surface in
the next image (24 May) making the plume darker and larger in
size. On 4 June, the snow is observed to be melted in the plume
area, but not in the surrounding area. The accelerated melting is
seen all the way out to the open fjord. Hence, coal dust affects
the snow melt up to at least 30 km downwind of its source and
an area of about 200 km2.

3.4. Other light absorbing impurities in the snow

A majority of the filters contained pinkish material after the EC
analysis, an indication of a large content of Aeolian sediments
in the snow pack. With a typical concentration of 16 μg g−1,
as calculated previously, the Aeolian sediment concentration is
one order of magnitude larger than the highest EC measurements
in this study. However since the Aeolian sediments are mostly
non-anthropogenic and less effective at reducing snow albedo
than EC (Warren, 1984), these impurities were not included in
the modelled albedo impact of contaminants.

4. Conclusion

EC pollution from settlements has locally a large impact in
Svalbard, while long-range transported EC is dominating when
entire Svalbard is considered. The albedo effect of local EC in
Norwegian settlements is estimated to be about 10% of the total
albedo effect from all sources affecting Svalbard as a whole.
Aging of the snow pack and melting are found to alter the EC
profiles in the snow. While water vapour will be moved around
by post-depositional processes in the snow pack, the EC parti-
cles tend to stay in the snow. Elevated EC concentrations were
measured around ice lenses and, especially, in the top snow layer
during the spring melt. Extremely high EC concentrations are

caused by wind-transported coal dust from coal stockpiles. The
dark plumes up to 30 km in length downwind of these stock-
piles are clearly visible from satellite images, and these images
show accelerated melting in the coal dust affected areas during
springtime.
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