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Abstract

Atmospheric aerosol composition was measured using a Single Particle Soot Pho-
tometer (SP2) in the Finnish Arctic during winter 2011-2012. The Sammaltunturi mea-
surement site at the Pallas GAW (Global Atmosphere Watch) station receives air
masses from different source regions including the Arctic Ocean and continental Eu-
rope. SP2 is a unique instrument that can give detailed information about mass distri-
butions and mixing state of refractory black carbon (rBC). As expected, the measure-
ments showed widely varying rBC mass concentrations (0-120ng m'3), which were
related to varying contributions of different source regions and aerosol removal pro-
cesses. The log-normally distributed rBC core size was relatively constant with an av-
erage geometric mass mean diameter of 194 nm. On the average, the number fraction
of particles containing rBC was 0.24 and the average rBC core size in these parti-
cles was half of the total size (coated to core diameter ratio was 2.0). These numbers
mean that the core was larger and had a significantly thicker coating than in typical
particles closer to their source regions. Comparison of the measured rBC mass con-
centration with that of the optically detected equivalent black carbon (eBC) showed a
factor of five difference, which could not be fully explained without assuming that a part
of the absorbing material is non-refractory. Finally, climate implications of five differ-
ent rBC mixing state representations were quantified using the Mie approximation and
simple direct radiative forcing efficiency calculations. These calculations showed that
the observed mixing state (separate non-absorbing and coated rBC particles) means
significantly lower warming effect or even a net cooling effect when compared with that
of an homogenous aerosol containing the same amounts of rBC and non-absorbing
material.
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1 Introduction

Most atmospheric aerosols scatter incoming solar radiation and therefore have a cool-
ing effect on climate, but especially black carbon aerosols absorb solar radiation, which
means that they have a warming effect (IPCC, 2013; Bond et al., 2013). Absorbing
aerosols have the largest warming effect over reflective surfaces such as clouds, snow
and ice. In addition, deposition of absorbing aerosols on snow and ice decreases sur-
face reflectivity which further enhances snow melt and decreases surface reflectivity
(e.g., Hansen and Nazarenko, 2004; Flanner et al., 2007; Svensson et al., 2015). Most
of the submicron aerosol absorption is caused by the broadly defined black carbon
(BC), but there are also organic compounds that absorb especially at ultraviolet wave-
lengths (so-called brown carbon) and dust which is the main absorbing aerosol type for
super micron particles (Bond et al., 2013). Atmospheric general circulation models are
used to quantify climate effects of BC aerosols, but it is known that these models are
not always accurate in simulating the complex aerosol lifecycles including formation,
aging, transportation, cloud interactions, and removal processes (e.g., Kipling et al.,
2013; Stohl et al., 2013; Genberg et al., 2013; Dutkiewicz et al., 2014; Wang et al.,
2014a). This means that the model predicted aerosol concentrations and mixing state
are not always in agreement with the observations. Detailed aerosol composition and
mixing state measurements are therefore needed to assess model accuracies and to
improve model parameters (Reddington et al., 2013; Schwarz et al., 2013; Samset
et al., 2014; Wang et al., 2014b).

Aerosol interactions with radiation and water vapor depend on the mixing state of the
absorbing material (e.g., Cappa et al., 2012). For example, it can be distributed so that
a large fraction of particles contain small amounts of absorbing material or vice versa.
By definition, an aerosol population is externally mixed when not all particles are ab-
sorbing and internally mixed when all particles are absorbing. Individual particles can
also have different structures such as bare or coated black carbon particle or a ho-
mogenous mixture of black carbon and non-absorbing compounds. For the unit mass
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of an absorbing material, internally mixed coated particles absorb more than externally
mixed bare particles due to the increased effective cross sectional area (e.g., Schwarz
et al., 2008b). In addition, aerosol interactions with water vapor, which are important for
optical properties of droplets and clouds as well as for wet removal processes, depend
on the mixing state (e.g., Zhang et al., 2008; Liu et al., 2013). For example, the capa-
bility of the initially hydrophobic black carbon particle to act as a cloud condensation
nuclei (CCN) increases with increasing coating thickness.

There are several instruments for measuring total black carbon concentrations, but
few instruments are able to give any information about the mixing state. The Single
Particle Soot Photometer or briefly SP2 (Stephens et al., 2003; Schwarz et al., 2006;
Moteki et al., 2007) is probably the most versatile and widely used instrument for mea-
suring mass distributions and mixing state of refractory black carbon (rBC). Refractory
black carbon is the fraction of the absorbing carbonaceous material that has boiling
point close to 4000 K and emits visible light when heated to that temperature (Petzold
et al., 2013; Lack et al., 2014). This means that non-refractory absorbing material such
as brown carbon cannot be detected by the SP2.

Long term black carbon measurements by thermal-optical methods show that con-
centrations have been decreasing in the Finnish Arctic during the last four decades
(Dutkiewicz et al., 2014). On the annual scale, the highest BC concentrations are seen
during winter and early spring (Hyvéarinen et al., 2011; Dutkiewicz et al., 2014). Mod-
elling study by Stohl et al. (2013) showed that the majority of the observed black carbon
is from domestic combustion, but industrial sources and long-range transport have also
a significant effect. Although there are a few previous airborne SP2 measurements cov-
ering the Arctic (e.g., Samset et al., 2014), they provide a snapshot of rBC mixing state
at a specific altitude and location. Long term surface measurements are also needed
as they provide boundary conditions for the vertical distributions and also show how
concentrations vary as a function of time (diurnal and annual cycles, aerosol sources
and removal processes).
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The main purpose of this study is to provide new experimental information about
the rBC mass distributions and mixing state at the Finnish Arctic. The SP2 measure-
ments were conducted at Pallas GAW (Global Atmosphere Watch) station from Decem-
ber 2011 to February 2012. To our knowledge, these are the first published long-term
surface SP2 results from the area and also from the Fennoscandian Arctic. In addition
to the mixing state information, trajectory analysis is used to estimate the sources of
rBC and the effects of different sources on rBC mixing state. We will also compare
rBC concentrations with those from filter-based optical measurements to see if these
are in agreement or depend on the physical properties (e.g. volatility) of black carbon.
Finally, climate implications of different black carbon mixing state representations are
assessed based on a Mie approximation and a simple direct radiative forcing efficiency
model.

2 Experimental
2.1 Pallas measurement station

Figure 1 shows the location of the Pallas Global Atmosphere Watch (GAW) station at
the northern edge of continental Europe. Measurements were conducted on a top of a
fell called Sammaltunturi (67°58.400" N 24°6.939' E, 565 ma.m.s.l.) about 250 m above
surrounding sparsely populated hilly terrain covered by mixed pine, spruce and birch
forests (Hatakka et al., 2003). In the absence of significant local aerosol sources, most
observed particles are long-range transported from the Kola Peninsula and from more
densely populated and industrialized areas from the south. Therefore, Pallas is a site
where relatively aged air masses can be observed on their way to the north. On the
other hand, the site also receives clean air masses from the north.
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2.2 Instrumentation

The station has stationary instruments for measuring meteorological parameters, trace
gases and aerosol size distributions and optical properties. During the Pallas winter
campaign, a Single Particle Soot Photometer (SP2; Revision C* with 8 channels)
manufactured by Droplet Measurement Technologies (Boulder, CO, USA) was used
to measure size distributions and mixing state of refractory black carbon (rBC). Brief
description of the instrument, data processing and calculated parameters are given in
Sect. “Single Particle Soot Photometer (SP2)".

The measurement station has three sample lines: one is without nominal cut-off di-
ameter (the total line) and the other lines have about 5pum (the gas line) and 10 um
(PMy4 line) cut-off sizes. The SP2 was connected to the PM,, sample line, which
means that some ice nuclei (IN) and cloud condensation nuclei (CCN) are not de-
tectable when the station is covered by clouds. These in cloud time periods are found
by comparing particle number size distributions from two Differential Mobility Particle
Sizers (DMPS). One DMPS was connected to the total line (all particles) and the other
was connected to the gas line (IN and CCN removed at the inlet). The difference be-
tween the total and gas sample line size distribution gives the size distribution of IN
and CCN, which are typically larger than 100 nm in dry diameter. In our analysis, the
relative difference (i.e. activated fraction) for 260—465 nm dry size range which is larger
than 0.8 is considered as an in cloud case and a value smaller than 0.2 indicates clear
conditions; the remaining points indicate missing DMPS data or unclear or variable
cloud conditions.

Multiangle Absorption Photometer (MAAP) and seven-wavelength Aethalometer col-
lect aerosols to a filter and measure the change in light attenuation. This is then con-
verted to equivalent black carbon (eBC) mass concentration by using instrument spe-
cific parameters. MAAP data was used as is, but Weingartner correction (Weingartner
et al., 2003) was applied to the Aethalometer data. The MAAP was connected to the
same PM,, sample line as the SP2, which means that their reported eBC and rBC
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concentrations are always comparable, but both can be biased during the in cloud con-
ditions. The Aethalometer was connected to the total sample line.

Concentrations of carbon monoxide and dioxide (CO and CO,), nitrogen dioxide
(NO,), sulfur dioxide (SO,) and ozone (O3;) were measured using instruments de-
scribed by Hatakka et al. (2003), except that CO and CO, are more recently mea-
sured by a Picarro CRDS (Cavity Ring-Down Spectroscopy) analyzer. Since some of
these gases are co-emitted with the aerosol black carbon, comparison of rBC and gas
concentrations can give an indication of rBC sources and the age of the air masses.

Single Particle Soot Photometer (SP2)

Detailed description of the instrument operation principles is given elsewhere (e.g.,
Stephens et al., 2003; Schwarz et al., 2006; Moteki et al., 2007). Briefly, sample aerosol
particles travel through a powerful laser beam, where non-absorbing and absorbing
particles are identified based on the scattered laser light and emissions of visible light
(laser-induced incandescence), respectively. The maximum incandescence signal is
proportional to the refractory black carbon (rBC) mass and this dependency is param-
eterized using size-selected Aquadag® (Acheson Inc., USA) particles, which masses
are calculated using the density parameterization from Gysel et al. (2011). This cali-
bration gives ambient rBC particle mass (0.4—260fg) as a function of measured incan-
descence signal amplitude; rBC core volume equivalent diameter (75—-655nm sizing
range) is then calculated from the mass by assuming 1800 kg m~3 particle density. Non-
absorbing particles scatter laser light so that the maximum scattering signal is propor-
tional to the scattering cross section of the particle, which is calculated using the Mie
approximation (e.g., Bohren and Huffman, 1983). Again, calibration experiments are
used to relate calculated scattering cross sections of size-selected ammonium sulfate
particles to the observed scattering signal amplitudes. This calibration gives scattering
cross sections for ambient particles, so their exact sizes depend on particle shape,
structure and refractive index. In practice, we have assumed that ambient particles are
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spherical and optically similar to ammonium sulfate even when they contain rBC. This
means that the scattering particle sizing range is 190-535 nm.

Additional analysis is required to calculate sizes of coated rBC particles. The scat-
tering signal is first Gaussian following the Gaussian laser beam profile, but reduces
from that when the coating starts to evaporate. The unperturbed scattering signal am-
plitude can be reconstructed using so-called Leading Edge Only (LEO) method (Gao
et al., 2007; Metcalf et al., 2012). In practice, a Gaussian scattering signal profile with
known peak position and width is fitted to the Gaussian section of the observed scat-
tering signal (the leading edge) by adjusting peak height. Peak positions and widths
are obtained from those of purely scattering particles: the width is simply the width of
the observed scattering signal and peak position is based on the observed lag time
from a Two-Element Avalanche Photodiode (TEAPD) detector signal to the scattering
peak position. In the current calculations, the widths and the lag times are calculated
as a standard deviation weighted running mean using values from 100 previous purely
scattering particles. The leading edge fit includes points where the Gaussian signal is
between 1/1500 and 1/30 of the maximum value. LEO fits can be made when the lead-
ing edge scattering signal exceeds noise and the TEAPD signal is valid; for the current
SP2 this means that coated particle size must be at least 300 nm.

Hourly average mass and number size distributions (40 logarithmic size bins) and
mixing state parameters (number fraction of particles containing rBC and coated to
core diameter ratios for those particles) are calculated from the single particle data.
Concentrations are calculated using recorded sample flow rates at instrument temper-
ature and pressure. The number fraction of rBC containing particles (N,gc/Niota) is cal-
culated from the rBC and non-absorbing particle number size distributions measured
by the SP2. The number concentration of rBC containing particles (N,g¢) is calculated
by integrating the rBC number size distribution over 350-450 nm LEO (or coated par-
ticle) size range. Similarly, the number concentration of non-absorbing particles (the
total is the sum of rBC containing and non-absorbing particles) is calculated from the
non-absorbing particle number size distribution using the same LEO size range (LEO
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size used for consistency). The 350—450 nm integration LEO size range is selected
considering LEO sizing limits and counting statistics. The lowest particle size (350 nm)
is large enough so that reliable LEO fits can be made and the size range from 350
to 450 nm contains enough particles for reasonable counting statistics. In practice, this
size range is representative of the typical coated accumulation mode rBC particles. The
first results showed that practically all rBC particles are coated by a non-refractory ma-
terial (core-shell structure assumed). Because absolute coating thickness depends on
particle size so that larger particles have typically thicker coatings, a relative parameter
is better for averaging. Here relative coating thickness is defined as coated (from LEO
method) to core diameter ratio, D,/D,gc, and it is calculated as an average of those
of individual rBC containing particles which rBC core diameter (D,g¢) is 150—-200 nm.
This 150—-200 nm rBC core size range has enough particles for good counting statistics
and it is in the range where typical coating thicknesses are accounted for.

The initial SP2 data analysis showed that some results were dependent on the SP2
chamber temperature, which ranged from 23 to 33°C during the campaign. By com-
paring measured rBC concentration with the equivalent BC (eBC) measured by MAAP,
it was concluded that the SP2 undercounted rBC when SP2 temperature decreased
below 25 °C, so this SP2 data was ignored. Careful inspection of the SP2 data showed
that laser power was most likely decreased below the minimum required for heating
rBC particles to their boiling point. Namely, decreasing temperature and laser power
meant that particles reached their boiling points closer to the center of the laser beam.
This means that particles that miss the center of the laser beam (particle beam width
is about 25 % of the laser beam width; Laborde et al., 2012b) do not always reach their
incandescence temperature and therefore are not detected as rBC. When laser power
is high enough, incandescence signal is practically independent of the laser power,
but scattering signal is always proportional to the laser power. However, comparison of
scattering particle size distributions and particle size distributions from DMPS showed
that the instrument temperature could have caused about 10 % bias to the scattering
size, which is smaller than the typical sizing uncertainty of the instrument. The weak
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temperature dependency is partly explained by the fact that the scattering detector
gain is also temperature dependent, but so that the gain (signal) increases when laser
power decreases (SP2 workshop communications, Boulder, CO, USA, 2014). In ad-
dition, scattering size is proportional to the logarithm of the signal, so even a 50 %
change in laser power would have a minor effect on scattering size.

2.3 Trajectories

Five days long backward trajectories were calculated using the HYSPLIT model
(Draxler and Hess, 1997, 1998; Draxler, 1999). Trajectory end point altitude was set
to 500 ma.g.l. Trajectory calculations were initiated every three hours and coordinate
points were saved hourly (120 coordinate points in addition to the end point). Each tra-
jectory is represented by two parameters: average distance and direction. These are
the magnitude and direction of a vector calculated as an average of vectors pointing
from Pallas to each of the hourly trajectory coordinate points. The vectors from Pallas
to the trajectory coordinate points were initially converted from spherical (latitude and
longitude degrees) to Cartesian coordinates (kilometers). Average distance and direc-
tion indicate the distance and direction of the source area from the Pallas measurement
station, respectively. Trajectories originating from Central Europe and southern Finland
have similar average directions, but these can be distinguished based on the average
distance.

3 Results

3.1 Meteorology

Ambient temperature was initially about —2 °C, but decreased throughout the campaign
reaching —24 °C at the end. Snowfall was observed occasionally, but these and visibility
observations were missing from most days (32 % data coverage). Campaign average
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wind speed was 9 ms~' and the hourly averages were between 1 and 17 ms~'. The S—
SW was the most frequent wind direction sector and the second was NE—E. Trajectory
analysis gave slightly different view of the origin of the air masses with dominating
sector centered at SE (Eastern Europe) and a minor sector at E (Kola Peninsula).
The campaign started 17 December 2011 during the polar night, which lasts about
3.5 weeks at that location, but at the end of the campaign (2 February 2012) the daily
maximum solar radiation reached 30 Wm™2,

3.2 rBC properties

Figure 2 shows campaign averages of rBC mass and number size distributions. The
number size distribution extends well below 75 nm detection limit, which means that
distribution parameters (total number, mode and width) cannot be calculated or de-
termined from a fit to the data. On the other hand, the observed rBC mass seem to
be centered within the sizing range (75-655nm). For example, using the log-normal
fit to extrapolate rBC mass concentration would give 27 ng m~2 when the integrated
rBC mass is 26 ng m=2. Therefore, calculated log-normal mass distribution parameters
(total mass concentration, geometric mass mean diameter and geometric standard de-
viation) will be used to describe rBC mass distribution. Because geometric standard
deviation is fairly constant, we will focus on the total mass concentration and geometric
mass mean diameter.

Figure 3 shows the time series of the main rBC properties including the total mass
concentration (c,gc), geometric mass mean diameter (GMD,gc), number fraction of
particles containing rBC (Ngc/Niotal), @nd coated to core diameter ratio (D,/Dygc)-
Background color indicates when the station is in cloud (blue) and when not (red),
and when the presence of clouds is unclear or the DMPS data is missing (white). As
explained in Sect. 2.2, SP2 measurements can be biased during the in cloud time
periods, because some ice and cloud condensation nuclei become too large to be de-
tected. There are some cases where the changes in the observed aerosol parameters
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can be related to the appearance or disappearance of clouds, but most of the observed
variability is caused by other factors such as air mass history. Statistical analysis (not
shown) was also performed to confirm that the average aerosol properties were similar
during no cloud and in cloud time periods. Therefore, we will use the full data set in the
following calculations.

Average rBC mass concentration is 26 ng m~3, but the values range from about zero
to 120 ng m™> (Fig. 3). Average geometric mass mean diameter is 194 nm and 90 %
of the values are between 161 and 231 nm. The average number fraction of particles
containing rBC is 0.24 and again 90 % of the values are between 0.14 and 0.35. Finally,
the average coated to core diameter ratio is 2.0 and the 90 % limits are from 1.8 to 2.1.
Although especially mass concentration varies significantly, rBC number fraction and
coated to core diameter ratio have relatively constant values.

3.2.1 Comparison with other SP2 studies

One complication in comparing SP2 results is that different calibration materials are
being used (e.g. Aquadag® or fullerene soot; Moteki and Kondo, 2010; Laborde et al.,
2012a; Baumgardner et al., 2012) and different optical and physical properties (e.g. re-
fractive index, particle structure and density) are assumed for the ambient rBC and
scattering material. There are also different ways to calculate mixing state parame-
ters (e.g. size range). To our knowledge, this is the first published SP2 study where
long-term surface measurements have been conducted at high latitudes during Arctic
winter, so direct comparison with other studies is not possible. Nevertheless, published
studies can give an idea of how Pallas rBC properties are related to those from different
environments.

In general, rBC observed at Pallas is long-range transported and aged. As a re-
sult, rBC mass concentrations are lower and particles are larger than in air masses
observed closer to their source regions (e.g., Huang et al., 2012; Reddington et al.,
2013; McMeeking et al., 2010). Although rBC mass concentrations and mean diame-
ters are commonly reported, there is less information about the rBC mixing state (rBC
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coating thickness and number fraction of rBC containing particles). Previous airborne
measurements have shown that the relative coating thickness (Dp/D,BC) is typically
close to 1.5 in long-range transported urban and biomass burning plumes (e.g., Kondo
et al., 2011; Schwarz et al., 2008a; Sahu et al., 2012; Metcalf et al., 2012), which is
significantly smaller than the 2.0 observed at Pallas. There is very little published in-
formation about the number fraction of particles containing rBC especially at the aged
air masses. The closest match with our study is the study of Reddington et al. (2013)
who used rBC measurements and model information to estimate that 14 % of particles
larger than 260 nm contain rBC in the European lower troposphere (altitude less than
2.5km above ground level). This fraction is again significantly smaller than the 24 %
observed at Pallas. One possible explanation is that cloud processing increases rBC
coating thickness (condensation of semi-volatile species and coagulation) and removes
more hygroscopic particles (wet deposition) during the transport from source areas to
Pallas.

In addition to the basic mixing state parameters, careful examination of the scattering
and incandescence signals can show if the rBC particles are coated or not and if the
particles have core-shell structure. For example, Huang et al. (2012) summarizes num-
ber fractions of coated (called internally mixed in their paper) rBC from several studies
(environments) and shows that the number fraction varies between 3 and 80 %. Al-
though different calculation methods can lead to lower values (thin coatings cannot
be detected from small rBC particles), these numbers are much smaller than that ob-
served at Pallas where practically 100 % of rBC particles are coated (bare rBC was not
observed). There are also studies where rBC containing particles have disintegrated
in the laser beam, which has been interpreted either as a result of very thick coatings
(Dahlkotter et al., 2014) or that the rBC is attached to the surface or is close to the sur-
face of a non-absorbing particle (Sedlacek et al., 2012; Moteki et al., 2014), but such
behavior was not observed at Pallas.
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3.2.2 Diurnal variations

Due to the high variability of the rBC parameters, statistically significant diurnal cycles
were not observed (not shown). This is not surprising as diurnal variations of solar ra-
diation and temperature are minimal during the Arctic winter. However, when diurnal
cycles are calculated separately for the polar night and the following early spring, weak
diurnal cycles can be observed in rBC mass concentration, but not in the other aerosol
parameters. During the polar night, rBC mass concentration peaks during midnight,
which could refer to regional emissions. After the polar night, rBC concentration has
the maximum during local midday followed by an afternoon decrease, which can be
explained by dilution when mixing layer height increases. In general, other factors such
as source region and removal processes during the transport time are more impor-
tant for the variability of both rBC mass and mixing state parameters especially during
winter.

3.3 Correlation with other observations

Most of the rBC parameters have rapid variations (see Fig. 3) compared with the time
scales of variations of the observed trace gas concentrations (CO, CO,, NO,, SO, and
O3), meteorological parameters (temperature, pressure, and wind direction and speed)
and computed backward trajectories. However, at least rBC mass concentration trends
can be correlated with certain trace gases and trajectory or wind directions. The other
parameters such as rBC geometric mass mean diameter, number fraction and coating
thickness seemed to be less dependent on the weather and trajectory parameters and
concentrations of the trace gases.

From the trace gases, the best correlations are seen between rBC mass and CO,
NO, and CO, concentrations as these are co-emitted during different combustion pro-
cesses. Carbon monoxide (CO) is the most commonly used tracer, so we will focus on
that. Pearson’s correlation coefficient for a linear fit between rBC and CO is 0.74, slope
ArBC/ACO is 0.742ngm > ppb~" (ppb = nmolmol™") and the background CO concen-
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tration (CO concentration where rBC concentration is zero) is 126 ppb. ArBC/ACO val-
ues depend on the aerosol source and the age of the air mass (e.g., McMeeking et al.,
2012). Current ArBC/ACO value is lower than that from most other SP2 studies fo-
cusing on fresh biomass burning, industrial and urban plumes (e.g., McMeeking et al.,
2010; Kondo et al., 2011; Baumgardner et al., 2007; McMeeking et al., 2012; Sahu
et al., 2012). Instead of having different rBC and CO sources, the low ArBC/ACO
value observed at Pallas is more likely the result of aging of the air masses during
the transport from source regions to Pallas. The ratio decreases during the transport
due to the extended CO lifetime (low levels of solar radiation) and efficient removal of
the relatively hydrophilic thickly coated rBC during the rainy and cloudy winter months.
Similar and even lower ArBC/ACO values have been observed in free troposphere
background air and in air masses that have been experiencing heavy precipitation (Liu
et al., 2010; Matsui et al., 2011).

It is assumed that the calculated average trajectory directions describe the origin of
air masses better than the measured local wind directions. Therefore, Fig. 4 shows
rBC mass concentration (here 3 h averages) as a function of average trajectory direc-
tion. The trajectory directions can be divided into three source regions: Arctic Ocean,
Continental Europe and North Atlantic. Each data point is also colored based on the
average trajectory distance from the measurement location. In good agreement with
the expectations, the figure shows that rBC concentrations are low when air masses
are originating from North Atlantic or Arctic Ocean, and the highest concentrations are
observed when trajectories are originating from the southern sector and especially from
Eastern Europe (average distance more than 1000 km). The lowest concentrations in
this polluted sector are observed when air masses are originating mainly from South-
ern Finland and the Baltic Countries (average distance less than 1000 km). Again, rBC
number fractions and coating thicknesses seemed to be independent of air mass origin.
Especially coating thickness could have been dependent on rBC source region (age),
which was not observed, but it is possible that this data set is too short for finding such
dependencies.
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3.4 Refractory and equivalent black carbon

MAAP and Aethalometer use optical methods to measure aerosol absorption coef-
ficients which are converted to equivalent BC (eBC) mass concentrations. Figure 5
shows correlations between these two and rBC concentration measured by the SP2.
The Aethalometer and MAAP eBC concentrations are in good agreement when the
Pallas measurement site is not in cloud (circled data points). During the in cloud con-
ditions, the PM,, (humid size) eBC measured by MAAP is 30-100 % of the total eBC
measured by the Aethalometer. PM,, and total eBC concentrations can be similar dur-
ing the in cloud conditions if ice particle and cloud droplet sizes are smaller than 10 um
or other than eBC containing particles have been activating.

The rBC is about 20 % of the eBC measured by MAAP (both PM,), but the fraction is
practically constant. The factor of five difference between eBC and rBC is unexpected,
but smaller differences are possible. For example, our unpublished laboratory experi-
ments with this same SP2 have shown a factor of two difference for Aquadag® aerosol.
There are several potential reasons for the observed difference. First of all, rBC is
a fraction of eBC, which can contain non-refractory light absorbing organics such as
brown carbon. Secondly, MAAP detects practically all absorbing particles, but SP2 siz-
ing is limited to 75—-655 nm rBC core diameter range. Although larger particles, which
saturate the incandescence detectors, were rarely observed, rBC particles smaller than
75nm can also have a non-negligible mass. Third, thick non-refractory coatings can in-
crease absorption and MAAP eBC mass due to the lensing effect, but SP2 results
are independent of the coatings (Slowik et al., 2007). Fourth, these instruments have
composition dependent parameters (mass absorption coefficient (MAC) for MAAP and
incandescence efficiencies of the calibration and ambient rBC for SP2), which optimal
values might differ from the used default values. Default MAC (6.6 ng'1) was used in
Pallas MAAP data analysis, but larger values up to factor of two have been reported
(e.g., Liu et al., 2010; Lack et al., 2014). Current SP2 was calibrated using Aquadag®,
but using a specific batch of fullerene soot which represents ambient aerosol in Tokyo
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(Moteki and Kondo, 2010) would have given about 33 % larger rBC mass for the same
measured incandescence signal (Laborde et al., 2012b, a). Although these instrument
parameters can explain a large fraction of the factor of five differences between eBC
and rBC, it is likely that some fraction of the total absorbing aerosol mass in Pallas is
non-refractory material such as brown carbon.

3.5 Climate implications

In this section we will quantify the effect of black carbon mixing state on aerosol radia-
tive properties when the total aerosol composition is known (from our measurements
described in the previous sections). From the various mixing state representations (see
e.g., Lang-Yona et al., 2010), we have selected the one that matches with the current
observations and four other that are in common use. The five mixing state represen-
tations include two internally mixed (only one particle type containing both absorbing
and non-absorbing material) and three externally mixed (separate absorbing and non-
absorbing particle types) aerosol populations. The internally mixed particles can be
homogenous (INT-HOM) or absorbing cores with a non-absorbing coating (INT-COAT).
The externally mixed particles have always one non-absorbing and one absorbing
size distribution. The absorbing particles can be bare absorbing material (EXT-BARE),
coated absorbing cores (EXT-COAT) or a homogenous mixture of the absorbing and
non-absorbing components (EXT-HOM). The EXT-COAT case is the one based on our
observations.

All model calculations are based on the same total particle size distribution and
chemical composition (campaign averages), but the absorbing and non-absorbing
species are distributed differently according to the mixing state representation. Based
on our measurements, the average total rBC mass concentration is 26 ng m'3, the
number fraction of particles containing rBC is 0.24 and coated to (refractory) core
diameter ratio is 2.0. This means that the total rBC volume fraction is (0.24/2.03 =)
0.03 and the rest is non-refractory material. Also, the total volume of all particles must
be 460 x 10~ cm®m™ based on the observed rBC mass concentration (density is
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1800 kg m‘S) and volume fraction (0.03). Because SP2 does not detect scattering par-
ticles smaller than 190 nm, particle size distribution parameters are obtained from the
gas line DMPS measurements: geometric volume mean diameter and standard devia-
tion are 323 nm and 1.54, respectively. Volume distribution is used here, because parti-
cles larger than 100 nm have the dominant effect on light absorption and scattering. As
described in Sect. 3.4, significant fraction of the absorbing material is likely to be non-
refractory. Therefore, the absorbing component of the non-refractory material is here
considered as light absorbing carbon (LAC) and it’s volume fraction is calculated from
that of the eBC (eBC = rBC + LAC) measured by the MAAP. Based on the average rBC
to eBC ratio of 0.21, eBC volume fraction is 0.15, which means that LAC volume frac-
tion is 0.12. The rest of the total volume is assumed to be ammonium sulfate. Optical
constants of the different particle types are calculated as a volume fraction weighted
average of those of the pure compounds. The complex refractive indices of ammo-
nium sulfate, LAC and rBC are 1.51 + 0/, 1.95 + 0.79/ Baumgardner et al. (2007) and
2.26 + 1.26/ (Moteki et al., 2010), respectively. For example, in the EXT-COAT case,
24 % of the particles contain absorbing material and the rest are pure ammonium sul-
fate. The absorbing particles contain a core, which is composed of a mixture of rBC
(1/2.03 of the particle volume) and LAC (0.12/0.03- 1/2.0° of the particle volume), and
the coating is ammonium sulfate.

Numerical calculations using the Bohren and Huffman (1983) BHMIE and BHCOAT
codes give extinction (b.,;) and absorption coefficients (b,,s) and backscatter fraction
(b) for the particle populations at 550 nm wavelength. These are the main parameters
in an equation for global mean top of atmosphere radiative forcing efficiency (RFE) per
unit optical depth (Haywood and Shine, 1995; Anderson et al., 1999):

2R;(1 - ) _ @)

— — 2(1 - 2
RFE = SD(1 Ac)Ta (1 RS) ( (1 _ RS)Z

(1)

The parameters are solar constant (S = 1370 Wm™2), annual average daylight fraction
(D =0.5), fractional cloud coverage (A; = 0.6), atmospheric transmissivity (7, = 0.87),
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surface albedo (Rs=0.2), single scattering albedo (@ =1 — b,/ bey), @and average up-
scatter fraction (3). The upscatter fraction is parameterized as a function of backscatter
fraction b: 6 =0.082 + 1.85b — 2.97b° (Anderson et al., 1999).

The results of the calculations, which include extinction and absorption coefficients
and backscatter fraction used in Eq. (1), are given in Table 1. Because the absorbing
material is distributed over all internally mixed aerosol particles, which means larger
effective absorption cross section, this aerosol is more absorbing and less scattering
than the externally mixed aerosol (e.g., Cappa et al., 2012). Compared with the overall
difference between the internally and externally mixed aerosol, the difference between
core-shell and homogenous particle types is small. Mainly due to the differences in
single scattering albedo, RFE values are positive (warming effect) for the internally
mixed aerosol and negative (cooling effect) for the externally mixed aerosol. As the
current and most other experimental results show that at least the aged rBC is exter-
nally mixed, assuming an internal mixture would lead to overestimated climate warming
effect.

4 Conclusions

We have measured refractory black carbon (rBC) mass distributions and mixing state
by using a Single Particle Soot Photometer (SP2) at an Arctic measurement site in
Northern Finland. To our knowledge, these are the first published surface SP2 mea-
surements made in the Fennoscandian Arctic. The results show that rBC mass con-
centrations are relatively low (average mass concentration 26 ng m_3) and most of the
rBC is long-range transported from south. Observed particles are larger (geometric
mass mean diameter 194 nm) than those observed close to the source regions. On the
average, 24 % of the accumulation mode particles contain an observable (diameter at
least 75nm) rBC core. These particles are thickly coated with the average coated to
core diameter ratio 2.0; bare rBC particles or other than core-shell structures were not
observed.
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From the rBC mass distributions and mixing state parameters only the mass concen-
tration was clearly correlated with co-emitted trace gases including carbon monoxide
(CO), carbon dioxide (CO,) and nitrogen dioxide (NO,). The correlation of rBC with CO
showed shallow slope, which was interpreted as a result of relatively aged air masses
where rBC has been removed mainly by wet deposition. Similarly, rBC mass concen-
tration was also the only parameter that correlated with air mass history described by
the average directions and lengths of backward trajectories. The largest concentra-
tions were observed when the trajectories were originating from Eastern Europe and
the lowest concentrations were from North Atlantic and Arctic Ocean.

SP2 measurements provided detailed information about the rBC mixing state, but
different mixing states have been used in various aerosol models. The effect of rBC
mixing state on aerosol radiative properties were estimated by using a Mie approxima-
tion and a simple direct radiative forcing efficiency calculations. The difference between
core-shell and homogenous particle structures is small compared with that between
internally (all particles have an absorbing component) and externally (a fraction of par-
ticles have an absorbing component) mixed aerosol populations. The internally mixed
aerosol is more absorbing due to the higher effective absorbing cross sectional area,
which means that these aerosols are more likely to have a warming effect. However,
the same aerosol can have a cooling effect when assuming externally mixed absorb-
ing and non-absorbing particles. Our current and most other observations show that
especially the aged absorbing aerosol is externally mixed (a fraction of particles are ab-
sorbing), which means that assuming an internally mixed homogenous aerosol means
overestimated aerosol warming effect.

Current radiative forcing calculations are highly simplified, so more detailed model
calculations should be done to obtain a more realistic radiative forcing estimate. Before
that can be done, accurate measurements are needed to develop a global picture of
the mixing state of the absorbing aerosol. Long term measurements are also needed
to observe the diurnal and annual cycles. SP2 is probably the best instrument for that
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purpose, but this requires consistent use of data analysis methods and reference ma-
terials.
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Table 1. Extinction (b,,;) and absorption (b,,.) coefficients and backscatter fraction (b) for the
five mixing state representations. Radiative forcing efficiency (RFE) is calculated using Eq. (1).

Doy Dabs b RFE

Mm™)  (Mm™) (Wm™2)
INT-HOM 3.98 158 0.09  11.20
INT-COAT 3.63 153 0.16 9.11
EXT-BARE 3.43 056 0.11 -10.93
EXT-HOM 3.58 079 011  -5.46
EXT-COAT 3.51 075 011  -6.54
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dN/dlogD,gc (cm™)

Figure 2. Campaign average rBC mass (black color, right axis) and number (blue color, left
axis) size distributions. The solid gray line is a log-normal distribution fitted to the observations
(geometric standard deviation is 1.70, geometric mean diameter is 199 nm and total area is

27ng m_3).
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Figure 3. Time series of hourly averages of total rBC mass concentration (c,g;), geomet-
ric mass mean diameter (GMD,gc), the fraction of 350—-450nm particles containing rBC
(Nigc/Nioa), @nd coated to core diameter ratio for 150-200nm rBC cores (D,/Digc). Blue
background color indicates that the station was in cloud, red means no clouds and white means
variable conditions or missing data.
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