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In the Arctic areas, the influence of global climate change is enhanced. Enabling a better
understanding of the changes in the Arctic environment is of the utmost importance. The
deposition of local and long-range transported air pollutants includes light-absorbing
aerosols, such as black carbon (BC), which darken bright surfaces and induce snow
melt. In 2009-2013, surface snow was sampled on a weekly basis during autumn,
winter and spring at the Arctic Space Center of the Finnish Meteorological Institute in
Sodankyld, which is located north of the Arctic Circle (67.37° N, 26.63° E). Snow samples
were analyzed for BC with an Organic/Elemental Carbon Aerosol (OCEC) analyzer.
These data were combined with SILAM modeling (System for Integrated modeling
of Atmospheric coMposition) to reveal the origin and temporal (weekly, monthly, and
seasonal) variability of black carbon in seasonal snow. Quantitative footprint calculations
for the BC observations were performed with the SILAM-model considering emission
sources at all heights and including also the sensitivity to the local and near-surface
sources. The median BC concentration in snow was 25 png/kg (number of samples
n = 107, skewness yy = 0.12, 75th percentile Q3 = 42 pg/kg), determined as [g-
EC/L-H»Q]. During snow accumulation season, the median surface snow black carbon
concentration was 21 wg/kg (n =78, y1 = 1.5, Q3 = 33 ng/kg), and during melt season,
it was 57 ng/kg (n = 29, y1 = 2.2, Q3 = 85 png/kg). The melt period was identified using
snow depth data from the Sodankyla station. The highest values in spring represented
the enrichment of BC to the snow surface due to seasonal snow melt. The spring melt
BC enrichment ratio was 2.7 (calculated as the ratio of median spring melt season
concentration to median accumulation season snow concentration). The results showed
that increased surface snow BC concentrations (>30 pg/kg) were due to air masses
originating from the Murmansk region in Russia, where smelting and mining industries are
located. The temporal variability of BC in snow was high and depended on atmospheric
and cryospheric processes, mostly the origin of BC due to atmospheric transport and
dry and wet deposition processes, as well as post-depositional snow processes.

Keywords: Arctic, BC, deposition, long-range transport, origin, seasonal, snow melt, thermal-optical OCEC
analysis
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INTRODUCTION

The influence of climate change is enhanced in the Arctic
in comparison to other areas (Serreze and Barry, 2011).
Enabling a better understanding of the changes in the Arctic
climate and environment is of the utmost importance. In
addition to temperature feedbacks, other feedbacks such as
ice-albedo feedback contribute to Arctic amplification (Boy
et al, 2019), i.e., greater warming in the region. Ice-albedo
feedback is greatly influenced by the deposition of local pollution
and pollution transported over long distances. This includes
light-absorbing aerosols, such as black carbon (BC), which
darken bright surfaces, induce snow melt, and enhance Arctic
climate change (IPCC, 2019). Black carbon is a light-absorbing
aerosol originating mainly from the incomplete combustion of
carbonaceous materials like fossil fuels and biomass. Various
cryospheric and climatic impacts of BC in snow and ice have been
widely investigated (e.g., Forsstrom et al., 2009; Doherty et al.,
2010; Meinander et al., 2014; Peltoniemi et al., 2015), and detailed
scientific assessments have been presented in Bond et al. (2013),
in the Arctic Monitoring Assessment Programme report (AMAP,
2015) and in the Intergovernmental Panel on Climate Change
report (IPCC, 2019).

Long-range transported industrial and biofuel burning
emissions, mostly outside the Arctic, i.e., from Europe, East Asia,
the former Soviet Union, and North America, contribute to the
black carbon observed in the Arctic region (Sharma et al., 2013;
Jiao et al., 2014). Half of the BC originating from biomass in the
Arctic is estimated to have come from Europe, North America,
and Russia, each contributing 10-15% (Koch and Hansen, 2005).
Also, Europe, Russia, and South Asia each contribute about
20-25% of BC to the low-altitude springtime “Arctic haze,
which consists primarily of anthropogenic particles with high
sulfur concentrations and other components such as soot, with
a contribution from BC released in the atmosphere via gas flaring
(Stohl et al., 2013).

Black carbon is a short-lived climate forcer (SLCF) that
undergoes regional and intercontinental transport from source
regions during its short atmospheric lifetime. When emitted, BC
is mostly hydrophobic (Laborde et al., 2013) but can become
coated with water-soluble components through atmospheric
aging processes in which it changes from hydrophobic to
hydrophilic. The atmospheric removal of BC occurs within a
few days to weeks via precipitation and contact with surfaces
(Bond et al,, 2013). The atmospheric lifetime of BC can be
largely determined by factors that control local deposition rates,
e.g., precipitation (Zhang et al., 2015), turbulence (Emerson
et al,, 2018), and breakdown of temperature inversions in spring
(Stohl, 2006). Wet-scavenging processes (in-cloud and below-
cloud scavenging) are a major source of uncertainty in predicting
atmospheric BC concentrations over remote regions (Schwarz
et al,, 2010). Arctic climate response has been found to be
sensitive to the vertical distribution and deposition efficiency of
black carbon reaching the Arctic (Flanner, 2013). Normalized
to the mass of emissions, BC emissions within the Arctic have
been shown to induce warming about five times greater than
emissions from middle latitudes because there is a higher fraction

of within-Arctic emissions deposited in snow and sea ice than
mid-latitude emissions (Sand et al., 2013). A significantly longer
BC impact takes place through deposition and accumulation
in the cryosphere, continuing until snow or ice has melted.
The deposition of BC in snow or ice reduces surface albedo
and contributes to earlier and more rapid snow and ice melt
(Warren and Wiscombe, 1980; Hansen and Nazarenko, 2004;
Flanner et al., 2007; Xu et al., 2009; Bond et al., 2013; Peltoniemi
et al., 2015). The widest Arctic data set for BC snow content is
presented in Doherty et al. (2010), with a pan-Arctic network of
observations using one sampling and analysis protocol for all the
sites. The origin of black carbon in snow has been studied, e.g., in
Wang et al. (2011), Eckhardt et al. (2017) and Mori et al. (2019).

Simple backward trajectories can be used for a qualitative
analysis of the origins of pollution in the air. The pollution
origin in the current study has been computed using the
adjoint dispersion formalism, which, unlike the often-used back-
trajectory approach, accounts for the full list of relevant processes
rather than a back-transport of the mean wind. In application to
the BC snow samples, the crucial processes were scavenging with
snow, dry deposition and sedimentation (for coarse aerosols).
The outcome of the adjoint computations, the footprints, allow
for quantitative analysis of the sources of pollution that affected
the specific observation. The observations were performed in
Sodankyld (67°36 N, 26°62 E), Finland, north of the Arctic Circle,
with week-long sampling over inters 2009-2013 and subsequent
sprint-time snow-melt seasons. The SILAM-model (System
for Integrated modeLing of Atmospheric coMposition) was
subsequently applied to each sample computing its footprint. The
results were grouped and processed statistically thus revealing the
sources affecting the monitoring site.

MATERIALS AND METHODS

Site Description

Sodankyld is situated north of the Arctic Circle, in the boreal
forest zone (Figure 1). The Arctic Space Center in Sodankyld is
located at 67.37° N, 26.63° E, 7 km south of the Sodankyld town
center. The station area consists of coniferous forests and open
areas on mineral soil, as well as an open peat bog (Leppinen
et al., 2016). Snow falls in Sodankyld in October, and snowpack
reaches its maximum depth (79 cm on average) in late March and
melts in mid-May (Pirinen et al., 2012). The monthly average
air temperature is below 0°C from November to April, and the
average annual precipitation is 527 mm. The snow conditions
belong to the taiga class (Sturm and Holmgren, 1995). The station
sites include regular manual and automatic snow measurements.
Manual snow measurements cover snow depth and snow water
equivalent (SWE), as well as snow macro- and microstructures
at several sites for temperature, density, stratigraphy, grain size,
specific surface area (SSA), and liquid water content (LWC),
as detailed in Leppinen et al. (2016). Automatic observations
include, for example, snow height, SWE, broadband albedo, and
a snow temperature profile. More details about instrumentation
(description, coordinates, sensor types, and data availability)
can be found at http://litdb.fmifi. Snow-related Sodankyld
measurements also include the automatic weather station (AWS)
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FIGURE 1 | Map of the sampling location in Sodankyl&, north-up map
orientation. All the snow samples represented one location, shown in the
photograph. The sampling site is inside the FMI Sodankyl& Space and Earth
Observation Center area, 67.37° N, 26.63° E. (National Land Survey open
data Attribution CC 4.0 license).

data, the micrometeorological mast (Kangas et al., 2016), the road
weather station (Sukuvaara et al., 2016), the UV measurement
field (Meinander et al., 2013; Mikeli et al., 2016), the distributed
soil moisture and frost stations (Ikonen et al., 2015), and the
optical laboratory (Lakkala et al., 2016). The area is characterized
with very low wind speeds, e.g., with a monthly wind speed
average of 2.5-2.9m s™! above the treetops and a 2-year average
during the snow season at 1.5 m height in a forest opening of 1.17
+/— 0.56 m/s~! (Pirinen et al., 2012). The station is part of the
World Meteorological Organization (WMO) Global Cryosphere
Watch (GAW) network. Synoptic weather observations have
been made in Sodankyld since 1908; the first measurements were
taken in the town center, and since 1913, they have been taken
at the current research station area (Tietdvdinen et al., 2010).
In this study, the daily snow depth measured at the Sodankyld
Tahteld station during 2009-2013 was used (FMI-ARC database,
2020). These data are available from http://litdb.fmi.fi, under the
Creative Commons Attribution 4.0 International License (CC
BY 4.0).

Snow Sampling and OCEC Analysis

Between 21 January, 2009, and 3 May, 2013, during snow season,
surface snow was sampled on a weekly basis at the Finnish
Meteorological Institute’s Arctic Space Center in Sodankyld
(67.37° N, 26.63° E), 67 km north of the Arctic Circle (Table 1).
A total of 107 weekly samples of BC in snow were collected
from one location. These data were used to study the origin
and temporal variability of black carbon in surface snow. The

samples were collected at the end of the work week (Thursday-
Friday) to avoid contamination from wood-stove saunas, the
main local sources of BC in the air. First, two to three centimeters
of surface snow was collected, always from the same sampling
field (Figure 1) dedicated to weekly BC sampling, using the same
sampling tool and plastic container each time. The field was
located inside a fenced area in order to prohibit reindeer from
destroying or contaminating the snow pack. Sampling started
at the beginning of snow season in one spot in the sampling
field, and each week, the sampling spot progressed along a line,
one side after another, creating a path in the field. The site
is in the vicinity of the Arctic Space Center sounding station,
where the sample was taken immediately after sampling. The
snow sample was then melted in a microwave oven, after which
the meltwater was filtered through sterilized micro-quartz filters
(Munktell, 55mm diameter) using a hand pump attached to
the filtering system to create a vacuum during filtering. Filters
were dried and analyzed with a Thermal-Optical Carbon Aerosol
Analyzer (OCEC) [Sunset Laboratory Inc. (2018) Forest Grove,
USA] for their elemental carbon (EC), organic carbon (OC), and
total carbon (TC) concentrations. The volume of meltwater was
used for concentration conversions into pg/kg, which is equal to
parts per billion by mass (ppb), and is determined as pg-EC/L-
H,0 in the OCEC method. The thermal-optical OCEC method
is the current European standard for determining atmospheric
BC (Brown et al., 2017; CEN-TC264, 2017). Here, the NIOSH
5040 protocol developed by Birch (2003) was used. The thermal-
optical method was created by Birch and Cary (1996), in which a
more detailed description of the method can be found.

SILAM Modeling

Possible origins of the snow sample impurities were estimated
through analyses of so-called footprints of the observations. This
approach is based on solving the adjoint dispersion equation
(Sofievetal., 2015), which is done separately for each observation.
The problem is solved backwards in time; it starts from the end
of the observational interval so that the resulting field represents
the sensitivity distribution of that particular observation to the
emission sources located within the area covered by the footprint
and emits at the corresponding time period. In particular, the
observed values can be affected only by the emission fluxes
from the area when and where the footprint is non-zero. This
sensitivity field has certain analogies with the spatial-temporal
density of a continuum of backward trajectories. It should
be stressed, however, that the footprint is not a probability
distribution for the possible source locations: a higher sensitivity
to some area evidently does not imply a higher probability for the
source to be located in this area.

The simulations were performed with the System for
Integrated modeling of Atmospheric coMposition (SILAM,
http://silam.fmi.fi, accessed 24.03.2020; Galperin, 2000; Sofiev,
2002; Sofiev et al., 2015), which is an offline global-to-meso-scale
chemistry transport model. The operational evaluation of SILAM
had been performed on a regular basis for many years within
the scope of the Copernicus Atmospheric Monitoring Service
(CAMS) and its predecessors (http://atmosphere.copernicus.eu,
accessed 24.03.2020), as well as within several research projects
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TABLE 1 | Summary of snow and black carbon data for 2009-2013 around the Sodankyla Arctic Space Center area.

Year Snow on Snow off Day of hj ., BCenhanced SPring melt observations Mdgc; Q3 n
2009 8 Oct 5 May 31 March 19, 24, and 30 April 34; 45 22
2010 24 Oct 15 May 30 March 23 and 30 April; 7 and 14 May 25; 37 30
2011 17 Nov 2 May 22 March 8, 15, and 22 April 25; 42 21
2012 24 Oct 19 May 11 April 13 April; 4 and 11 May 16; 29 22
2013 23 Oct 9 May 29 March 19 and 26 April 31; 50 12

BC concentrations in snow are parts per billion in mass [ing/kg], which equals [ng/L], determined as [ng-EC/L-H>O]. Snow depth data are from the FMI Téhteld weather station. The
day of snow height maximum, hmax, refers to the end of snow accumulation and the beginning of the melt, after which the snow depth decreases as a function of time, n = number of
weekly samples in 1 year, niot = 107, Mdgc = BC concentration median, Q3 = 75th percentile of BC concentrations.

aDuring snow accumulation periods in 2009-2013, Mdgc was 21 wg/kg (n = 78), and during the melt period, it was 57 wg/kg (n = 29).

all over the world (Huijnen et al, 2010; Brasseur et al., 2019;
Petersen et al., 2019). In the current study, SILAM was used for
the footprint calculations following the approach we developed
and applied for source apportionment tasks (in, e.g., Saarikoski
et al., 2007; Siljamo et al., 2008; Prank et al., 2010; Veriankaite
et al., 2010).

Three-hourly meteorological fields from short-term
operational forecasts of the European Center for Medium-
Range Weather Forecasts (ECMWEF) were used as a driver
for SILAM. The adjoint simulations were performed with a
resolution of 0.5 x 0.25 degrees on a domain of 10-60°E,
55-75°N with eight stacked layers of thickness (30, 70, 100, 200,
500, 1,000, 2,000, 2,000m) covering a height range from the
surface to 5.9 km. The simulations were separately run for each
observation 5 days back in time, with an internal time step of
30 min and hourly output. Note, however, that the precision of
the snowfall timing in the simulations is controlled by the time
step of the driving meteorology.

To minimize the effect of dry deposition and to ensure
consistency between observed and modeled snowfalls, only such
cases were selected in which snowfall was reported by both the
weather station at Sodankyld and the meteorological driver to be
more than 1 mm snowfall within 24 h before sample collection
and in which the amount of precipitation agreed within a factor
of two between them (Figure 2). The uptake of the soot by snow
was parameterized in a simple way: the in-snow BC content was
used as a proxy for the in-air concentration within the scavenging
height range. Two scenarios for scavenging were considered. The
first was “below-cloud,” where the in-snow BC was assumed to
be representative of the in-air concentration average within the
height range from the ground to 0.8 hq, the second was “in-
cloud,” 0.8-1.2 hjyu4, Where hgouq was the height of the center
of mass of the condensed cloud water from the meteorological
model. The temporal distribution of the sensitivity was weighted
according to the snowfall intensity from the meteorological
model so that the total sensitivity is unity.

To reduce the impact of uncertainty in the vertical distribution
of the sources of black carbon, the 3D adjoint-sensitivity
distribution was processed into the 2D footprint by taking
maximum of the vertical profile of the sensitivity in each grid cell
at each time. With such processing, all emission sources emitting
at all heights within the footprint were included and accounted
for their (potential) contribution to the observations.

Surface snow BC data
(proxy for subcloud concentration during snowfall)

) )

If > 1mm rain< 24 h of if < Imm rain< 24 h of
sample collection, data sample collection, data
used for SILAM not used for SILAM
calculations calculations

v

For each snow day case calculate
SILAM footprints (Sofiev et al. 2008)

Passi 20
assive gas | | T pm
(no P coarse
deposition) P particles

v

Divide samples to represent clean snow and dirty snow
based on a priori BC information (here: Doherty et al. 2013
for Arctic snow)

If BC < 20 ppb, data If BC > 30 ppb, data
represent clean snow represent dirty snow

! v

Sum up the footprints. The differences in the sensitivity
areas of clean and dirty snow cases indicatethe areas
responsible for the origin of the pollution.

FIGURE 2 | lllustration of the algorithm.

The volumetric content of black carbon was used as a tracer of
anthropogenic pollution. With the above criteria, “clean” (<20
ng/kg of BC based on Doherty et al., 2010, 2013) and “dirty”
(>30 pg/kg of BC) samples were selected, and the in-cloud and
sub-cloud footprints for both classes were calculated. Since the
size of airborne black carbon is unknown, the footprints were
calculated for passive gas with no deposition for 1.5 um (fine)
particles and for 20 wm (coarse) particles. Since uncertainties in
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FIGURE 3 | Daily snow depth at Sodankyla during 21 January, 2009-3 May, 2013.
the input data and the parametrizations are very large, we limit
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valid for normally distributed data. From 21 January, 2009, to 3
May, 2013, the median BC concentration (n = 107) in surface
snow in Sodankyld was 25 pg/kg, and the 75th percentile was
Q3 =42 pg/kg (Table 1). In spring, increased BC concentrations
(ranging from 53 to 293 pg/kg) in seasonal snow melt (Figure 3)
were observed during each of the five consecutive springs
(Figure 4). The highest values represented the enrichment of BC
to the snow surface due to post-depositional snow processes.
The spring BC enrichment ratio was 2.7, calculated as the ratio
of 50th percentile (median) of spring melt season concentration
to accumulation season snow concentration, ne = 107. The
melt period was identified using snow depth data from the FMI
Tahteld weather station and was defined as the period in spring
starting from the day when snow depth begins to decrease as
a function of time (Table 1, snow accumulation period = from
“snow on” to “day of hp,y;” snow melt period = from “day
of hpax” to “snow off”). The differences (d) in concentrations
between consecutive weeks (x) were calculated for each week
as di =|xi-xit1|. The maximum difference was 252 pg/kg in
late spring and the minimum difference was 0 pg/kg, meaning
that the same concentration of BC was observed during two
consecutive weeks. The original black carbon concentration data
are presented in (Table 2).

SILAM Model Results

Figure 5 shows average footprints for in-cloud and sub-cloud
scavenging for “clean” and “dirty” snow for (i) passive gas, i.e.,

Julian day

FIGURE 4 | Black carbon in snow [g/L] in Sodankyla during five snow melt
seasons, taken each spring during 2009-2013, Julian day 1-141 (day of
the year).

substance with no deposition, decay; (ii) fine aerosol that has little
deposition; and (iii) coarse aerosol that is subject to intensive wet
and dry deposition. The deposition rate controls the extent of a
footprint for each species. The comparison of “clean” and “dirty”
patterns clearly reveals a sensitivity area at the Kola Peninsula
for “dirty” footprints that correspond to a gap in sensitivity for
“clean samples.” The gap is most pronounced for fine aerosol
particles (middle panels), which are likely to be responsible for
the snow pollution.

Hence, the modeling results showed that increased surface
snow BC concentrations (>30 pg/kg) were due to air masses
originating from the Murmansk region, Kola Peninsula, Russia,
where smelting and mining industries are located (Figure 5). The
passive in-cloud and fine-particle sub-cloud results also suggest
that Helsinki (Finland), St. Petersburg (Russia), and Western
Russia could also contribute to increased black carbon observed
in snow in Sodankyld during 2009-2013. These areas, however,
are covered by one or two individual dirty footprints, so no solid
conclusion can be made for these locations.
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TABLE 2 | Sodankyla observations in 2009-2013 on BC concentrations in snow [itg/kg], which equals [jLg/L], determined as [ng-EC/L-H,O].

2009 2010 2011 2012 2013

21.1.2009 31,6 1.1.2010 52,8 7.1.2011 16,7 5.1.2012 20,9 11.1.2013 13,5
30.1.2009 38,2 8.1.2010 20,4 14.1.2011 19,2 5.1.2012 10,0 18.1.2013 25,5
6.2.2009 17,3 156.1.2010 22,6 21.1.2011 24,7 13.1.2012 9,1 1.2.2013 24,8
20.2.2009 23,6 22.1.2010 84,2 28.1.2011 15,8 20.1.2012 28,3 8.2.2013 17,7
27.2.2009 19,1 29.1.2010 54,7 4.2.2011 10,3 27.1.201215,0 156.2.2013 41,8
6.3.2009 22,7 5.2.2010 16,82 11.2.2011 18,8 3.2.2012 32,5 1.3.2013 12,8
13.3.2009 20,6 12.2.2010 16,1 18.2.2011 37,6 10.2.2012 34,1 28.3.2013 28,0
13.3.2009 38,5 19.2.2010 15,7 256.2.2011 73,8 17.2.2012 29,2 5.4.2013 45,8

17.3.2009 38,3
18.3.2009 31,6
18.3.2009 27,2
20.3.2009 18,8
27.3.2009 41,5
3.4.2009 48,1
10.4.2009106,3
17.4.2009 15,7
24.4.2009 87,1
30.4.2009 85,7
4.12.2009 16,9
12.12.2009 46,3
18.12.2009 55,0
25.12.2009 36,9

26.2.2010 22,0
5.3.2010 32,6
12.8.2010 15,1
19.3.2010 24,1
26.3.2010 9,4
2.4.201023,2
9.4.2010 32,3
16.4.2010 26,7
23.4.2010 59,3
30.4.2010 52,9
7.5.2010 56,8
14.6.2010 59,7
29.10.2010 14,6
5.11.2010 37,3

4.3.2011 9,5
11.3.2011 25,2
18.3.2011 24,7
256.8.2011 13,1
2.4.2011 23,6
8.4.2011 60,2
156.4.2011 79,9
22.4.2011 90,4
29.4.2011 51,5
6.5.2011 42,1
9.12.2011 33,0
16.12.2011 9,6
23.12.2011 12,0

24.2.2012 12,4
2.3.2012 3,1
9.3.2012 17,4
16.3.2012 16,2

23.3.2012 1,00
30.3.2012 3,5
5.4.20127,9

13.4.2012103,8

20.4.2012 9,2
27.4.20129,9
4.5.201271,8

11.6.2012 239,3

2.11.201216,2

7.12.2012 21,6

12.4.2013 33,4
19.4.2013 63,3
26.4.2013 292,9
3.56.2013291,0

12.11.2010 34,4
3.12.2010 36,6
19.11.2010 29,8
26.11.2010 35,0
10.12.2010 14,4
17.12.2010 12,4
24.12.2010 15,5
31.12.2010 20,5

The data are presented as day.month.year cgc. The detection limit of the OCEC method is 0.2 ugC and the Uncertainty (UNC) = c(EC) x 0.05 + 0.1 [Sunset Laboratory Inc. (2018) Forest
Grove, USA, https://www.sunlab.com/]. The relative portion (£ 5%) is composed not only of the instrument variation itself but also of slight variations of sample deposit in-homogeneity

and sample handling.

DISCUSSION AND CONCLUSIONS

Light-absorbing impurities in snow darken the surface and
enhance snow melt. The BC in Arctic snow can originate
from local, regional, or long-range transported BC aerosols,
which deposit as dry and wet deposition. Here, the aim was to
investigate the origin and temporal variability of black carbon
observed in surface snow in Sodankyld, north of the Arctic
Circle. For this purpose, BC observations were coupled with a
quantitative long-range transport modeling approach. The data
consisted of 107 weekly observations at one location in 2009-
2013 during the snow season, including five consecutive seasonal
spring melt periods. BC in the snow samples was analyzed using
the European Union standard for atmospheric black carbon
analysis, the thermal-optical OCEC.

SILAM-model was the key used to explain where the
detected black carbon can originate from. In this study, the
model-observation coupled approach included the sensitivity
to the local and near-surface sources for the first time.
The modeling results showed that increased surface snow
BC concentrations (>30 pg/kg) were due to air masses
originating from the Murmansk region, Kola Peninsula, Russia,
e-particle sub-cloud results suggested that Helsinki (Finland), St.

Petersburg (Russia) and Western Russia could also contribute
to increased BC observed in snow in Sodankyld during
2009-2013. The modeling result of the origin of increased
BC concentrations in snow is valid for the period of time
investigated here, i.e., 2009-2013. A new investigation is needed
for any other period to detect a possible change in emission
sources. Direct quantification of the footprint uncertainties is
not possible because footprint is not a measured quantity.
However, SILAM model itself is a very extensively evaluated
tool, both in operational and research context. The following
uncertainties and means of mitigation of their impact are
identified here:

i) The observed snow black carbon concentrations may vary
largely with snowfall intensity. In other words, higher BC
concentrations do not necessarily mean higher contributions
of BC sources. However, the intensity of the snowfall is
explicitly treated by SILAM as a part of adjoint dispersion
equation. The issue however remains because the intensity
of individual snowfalls has comparatively low accuracy. This
could influence the results and interpretation of the results.
Therefore, the consideration was limited to qualitative
comparison of the mean footprints.
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ii) Due to uncertainties in the parametrizations. The primary
contributor is the scavenging with snow, which is
comparatively less accurate than that with rain. However,
the operational evaluation of Copernicus Atmospheric
Monitoring  Service  (http://atmosphere.copernicus.eu)
shows that SILAM skills do not degrade in winter, confirms
the balanced parameterizations.

iii) To additionally reduce the impact of uncertainties in the
meteorology and scavenging processes, as well as of the
limited number of samples, the observed samples were
split to two groups—“clean” and “dirty.” Corresponding
footprints were also grouped and considerations were then
focused on these averaged footprints, giving equal weight
to the footprints in each class, which allowed more robust
statistical processing.

Earlier, with the focus on explaining the measured low snow
albedo values, a shorter and smaller data set of black carbon in
snow in Sodankyld was used to calculate the average footprints
with SILAM (Meinander et al., 2013), not including modeling
of local sources. Here, with two times more observational cases
fulfilling the footprint calculation criteria, the longer and bigger
data set allowed for separate calculations of in-cloud and sub-
cloud footprints and including also the sensitivity to the local
and near-surface sources. Hence, a more reliable analysis of the
origin of black carbon in snow was gained. The pattern found
using the footprint calculations agreed not only that the location
of the main air pollution sources in the region (Prank et al,
2010) are smelting, mining and refining industries located on the
Kola Peninsula, but also with our earlier average footprint results
using a smaller data set (Meinander et al., 2013). These SILAM
model results can be further compared with the annual total EC
emission data of Figure 6 (CAMS-REG v3.1 for 2016, Granier
et al., 2019). These emission results also confirm that the area
around Murmansk is the major emitter in the region.

The observed snow BC concentrations may vary largely with
snowfall intensity. In other words, higher BC concentrations do
not necessarily mean higher contributions of BC sources. To
avoid the influence of this on the results and the interpretation of
results, our consideration was limited to a qualitative comparison
of the mean footprints. The idea of the method is to compare
the footprints in areas where they differ. Large uncertainties in
the meteorology and scavenging processes, as well as the limited
number of samples, make quantitative analysis hardly possible.
Yet, statistics were calculated using the current threshold values.
Given that the total number of footprints is 22 for each class,
the percentages would be more likely to represent the particular
data set rather than the contribution of different areas to local
pollution in general.

During snow accumulation, the median surface snow BC
concentration was 21 pg/kg, and during melt, it was 57 pg/kg.
The melt period was identified using snow depth data from
Sodankyli station. The median BC in surface snow concentration
in Sodankyld in 2009-2013 (n = 107) was 25 pg/kg. This is the
same magnitude reported by Svensson et al. (2018) for Pallas
in March-April 2015 (n = 10) and March 2016 (n = 2), with
an average of 40 pg/kg, and with Doherty et al. (2010) who

Total EC emissions, mg/m2/yr

70°N

1 10 100 1000 10000

FIGURE 6 | Annual total EC emissions according to the CAMS-REG v3.1 for

2016 (Granier et al., 2019).

reported BC in European Arctic snow in Tromso, Norway, with
an average of ~20 pg/kg and increasing to ~60 pg/kg during
melt. Here, black carbon concentrations increased from 53 to 293
ng/kg during seasonal snow melt. The maximum concentrations
were found in spring, influenced by the combination of long-
range transported black carbon and spring melt. The highest
concentrations were observed in 2013 (two data points, Figure 4)
and 2012 (one data point, Figure4). These highest values
represent the largest enrichment of BC to the snow surface
due to post-depositional snow processes. The multiannual data
showed that black carbon concentrations in surface snow in one
location can vary from 1 week to the next, from 0 pg/kg, i.e.,
concentration remaining the same for consecutive weeks, up to
a maximum of 252 pg/kg, as detected in 2013 during intensive
spring melt.

In this paper, it was also identified that these Sodankyld BC in
snow concentration data did not follow the normal distribution.
The distribution was skewed, and instead of using average and
standard deviation values in reporting the data, median values
were used together with 75th percentile values. The detection
limit of the OCEC method is 0.2 ugC and the Uncertainty
(UNC) = ¢(EC) x 0.05 + 0.1. The relative portion (+ 5%) is
composed not only of the instrument variation itself but also of
slight variations of sample deposit in-homogeneity and sample
handling (Sunset Laboratory Inc., 2018; Sunset Laboratory Inc.,
Forest Grove, USA, https://www.sunlab.com).

Our data showed that the temporal variability of black carbon
in snow depends on atmospheric and cryospheric processes, such
as the origin of BC due to atmospheric transport and dry and wet
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deposition processes, as identified in the footprint calculations.
Black carbon concentrations are also dependent on snow melt,
which is evident in the data as a repeating pattern of the spring
enhancement of BC contents during each of the five springs.
These processes, in turn, are affected by meteorological factors,
such as rain, temperature, wind, cloudiness, solar irradiance
conditions, and other environmental factors, such as topography
and ground properties. The effects of meteorological factors on
Sodankyld snow albedo were studied earlier in Meinander et al.
(2008). Sodankyld is an ideal place for the approach presented
here, as it is characterized with flat terrain and low wind speeds,
where new falling snow easily remains on top of the existing
seasonal snowpack during the accumulation period. In addition,
when snow melt starts in Sodankyld, the snow height declines
almost monotonically through the spring melt season, making it
easy to sample new surface snow.

The quantitative observations modeling approach presented
here can be similarly applied to any location or period
without a priori knowledge of the pollution source. New
surface snow samples (sampled within 24h of snow fall)
are the main requirement. Then, any unknown pollution
sources can be identified, and any later changes in emissions
or in long-range transport or deposition processes can be
detected by applying the coupled observations modeling method
presented here.
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