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Abstract. Atmospheric aerosol composition was measured using a Single Particle Soot Photometer
(SP2) in the Finnish Arctic during winter 2011-2012. The Sammaltunturi measurement site at the
Pallas GAW (Global Atmosphere Watch) station receives air masses from different source regions
including the Arctic Ocean and continental Europe. The SP2 provides detailed information about
mass distributions and mixing state of refractory black carbon (rBC). The measurements showed
widely varying rBC mass concentrations (0—120 ng m~?), which were related to varying contribu-
tions of different source regions and aerosol removal processes. The rBC mass was log-normally
distributed showing a relatively constant rBC core mass mean diameter with an average of 194 nm
(75-655 nm sizing range). On the average, the number fraction of particles containing rBC was 0.24
(integrated over 350—450 nm particle diameter range) and the average particle diameter to rBC core
volume equivalent diameter ratio was 2.0 (averaged over particles with 150-200 nm rBC core vol-
ume equivalent diameters). These average numbers mean that the observed rBC core mass mean
diameter is similar to those of aged particles, but the observed particles seem to have unusually
high particle to rBC core diameter ratios. Comparison of the measured rBC mass concentration with
that of the optically detected equivalent black carbon (eBC) using an Aethalometer and a MAAP
showed that eBC was larger by a factor of five. The difference could not be fully explained without
assuming that only a part of the optically detected light absorbing material is refractory and ab-
sorbs light at the wavelength used by the SP2. Finally, climate implications of five different black
carbon mixing state representations were compared using the Mie approximation and simple direct
radiative forcing efficiency calculations. These calculations showed that the observed mixing state
means significantly lower warming effect or even a net cooling effect when compared with that of

an homogenous aerosol containing the same amounts of black carbon and non-absorbing material.
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1 Introduction

Atmospheric aerosols scatter incoming solar radiation and therefore have a cooling effect on cli-
mate, but certain aerosol species such as black carbon also absorb solar radiation, which means that
they can have a warming effect (IPCC, |2013; Bond et al.| |2013). Light 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 surface reflectivity which further enhances snow
melt (e.g., [Hansen and Nazarenkol [2004; [Flanner et al., 2007; Svensson et al.l |2015). Most of the
submicron aerosol light absorption is caused by the broadly defined black carbon (Petzold et al.|
2013), but there are also organic carbon particles that absorb especially at ultraviolet wavelengths
(so-called brown carbon) and dust which is the main absorbing aerosol type for super micron parti-
cles (Bond et al., 2013)). Atmospheric general circulation models are used to quantify climate effects
of black carbon (BC) aerosols, but it is known that these models are not 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.l 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 generally not in agreement with the observations. Detailed aerosol composition and
mixing state measurements are therefore needed to assess model accuracies and to improve model
parameterizations (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.,|/Adachi et al.l 2010; |Cappa et al., 2012). For example, the absorbing material can be
distributed so that a large fraction of particles contain small amounts of absorbing material or vice
versa. From the optical point of view, an aerosol population is externally mixed when not all particles
are absorbing and internally mixed when all particles are absorbing. Individual absorbing particles
have wide range of structures starting from small spherules which form chain-like aggregates and
usually end up being densely packed clusters mixed with non-absorbing material (e.g. [Bond et al.|
2013)). Typical radiative transfer models describe these as bare or coated black carbon particles or
a homogenous mixture of black carbon and non-absorbing compounds. For the unit mass of an ab-
sorbing 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 capability of the initially hydrophobic black carbon particle to act as a cloud
condensation nuclei (CCN) increases when coated or mixed with material that is hygroscopic.

There are several instruments for measuring black carbon mass concentrations, but few instru-
ments 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
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versatile and widely used instrument for measuring mass distributions and mixing state of refractory
black carbon (rBC). Refractory black carbon is the fraction of the absorbing carbonaceous mate-
rial 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).

Long term measurements of elemental carbon by optical and thermal-optical methods show that
concentrations have been decreasing in the Finnish Arctic during the last four decades due to the
decreased emissions (Dutkiewicz et al.l [2014). On the annual scale, the highest concentrations are
seen during winter and early spring (Hyvérinen et al., 2011} Dutkiewicz et al., 2014). At that time
air masses are typically stable with low boundary layer heights, which allows the accumulation of
aerosol pollutions. Also, winter is the season when domestic heating by burning wood produces
largest black carbon emissions. A modelling 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
covering the Arctic (e.g.,[Baumgardner et al., 2004} [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).

The main purpose of this study is to provide new experimental information about the rBC mass
distributions and mixing state in the Finnish Arctic. The SP2 measurements were conducted at Pallas
GAW (Global Atmosphere Watch) station from December 2011 to February 2012. To our knowl-
edge, these are the first published medium 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 es-
timate the sources of rBC and the effects of different sources on rBC mixing state. We also compare
rBC concentrations with those derived 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 constrained by our observations

are assessed based on a Mie approximation and a simple direct radiative forcing efficiency model.

2 Experimental
2.1 Pallas measurement station

Figure [T| 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 m a.m.s.1.) 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,
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Pallas is a site where relatively well 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.
2.2 Instrumentation

The station has instruments for continuous measurements of meteorological parameters, trace gases
and aerosol size distributions and optical properties (Hatakka et al., 2003)). 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). We focus on the SP2 measurements, but a brief
description of the optical black carbon and trace gas measurements is given below.

The measurement station has three sample lines: one is without nominal cut-off diameter (the total
line), one has a cyclone for removing particles larger than 10 um (PMjq line) and the third one is
so-called gas line where inlet design limits the particle size to about 5 um. The station is located on
top of a fell, which means that it is often covered by low level clouds. Cloud droplets are formed
when water condenses to existing aerosol particles. Since cloud droplets are often larger than 10 um,
those particles that have formed cloud droplets are missing from the gas and PM;y sample lines.
Because the SP2 was connected to the PM; sample line, results can be biased during these in cloud
events. Similarly, precipitation can decrease aerosol concentrations by washing out particles. Such in
cloud and precipitation events can be identified and possibly filtered using visibility and precipitation
data, respectively, from the weather station. Unfortunately, the weather station had only 32 % data
coverage for the campaign period. Alternative methods can be used to identify the in cloud events,
which also include most of the precipitation events as precipitation is strongly related to the presence
of low level clouds.

Since the weather station data is largely missing, in cloud time periods are found by compar-
ing particle number size distributions from two Differential Mobility Particle Sizers (DMPS; see
Hatakka et al.[(2003) or Komppula et al.[(2005) for the description of the measurement setup and in-
struments). One DMPS was connected to the total line (all particles) and the other was connected to
the gas line (no particles from cloud droplets). The difference between the total and gas sample line
size distribution gives the dry size distribution of particles from cloud droplets, which are typically
larger than 100 nm in dry diameter (Komppula et al., 2005)). 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 at the station; the remaining
points indicate missing DMPS data or unclear or variable cloud conditions. It should be noted that
this definition is designed for our purpose since it shows when clouds have a large effect on the
observations (more than 80 % of the large particles missing) and when there are no clouds or clouds

have a negligible effect on the observations (less than 20 % of the large particles missing).
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The station has two continuously operating instruments for absorption measurements (for details
see e.g. Hyvirinen et al., [2011; Lihavainen et al., 2015). Thermo Scientific ® 5012 Multiangle Ab-
sorption Photometer (MAAP) and Magee Scientific Corporation AE31 7-wavelength Aethalometer
collect aerosols to a filter and measure the change in light attenuation. This is then converted to equiv-
alent black carbon (eBC) mass concentration by using instrument specific parameters (e.g. Petzold
and Schonlinner, 2004} Hansen et al.| [1984). MAAP data was used as is, but Weingartner correction
(Weingartner et al.l [2003)) was applied to the Aethalometer data. Through discussion of the instru-
ment uncertainties can be found elsewhere (e.g.|Lack et al., 2014), but the reported uncertainty for
MAAP is about 12 % and it is considered to be more accurate than the Aethalometer. Here we are
focused on the MA AP data, because it was connected to the same PM;( sample line as the SP2 while
the Aethalometer was connected to the total sample line.

Since some trace 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. Concentrations
of carbon monoxide and dioxide (CO and COy), nitrogen dioxide (NOs), sulfur dioxide (SO2) and
ozone (O3) were measured using instruments described by Hatakka et al.| (2003)), except that CO
and CO4 are more recently measured by a Picarro, Inc., CRDS (Cavity Ring-Down Spectroscopy)
analyzer (model G2401).

Detailed description of the SP2 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 laser cav-
ity (1064 nm wavelength), where absorbing refractory particles are quickly heated to a temperature
where they emit visible light (laser-induced incandescence). The maximum incandescence signal
is proportional to the refractory black carbon (rBC) mass and this dependency is parameterized
using size-selected Aquadag® (Acheson Inc., USA) particles, whose masses are calculated using
the density parameterization from (Gysel et al.| (2011). This calibration gives ambient rBC particle
mass (0.4-260 fg mass quantification range) and rBC volume equivalent diameter (75-655 nm sizing
range) is then calculated from the mass by assuming 1800 kg m 3 rBC density and spherical void-
free particles. It should be noted that the real particle structure is typically more complex than just
a compact rBC core coated by a non-refractory material (e.g. [Bond et al.l 2013)). All particles scat-
ter laser light so that the maximum scattering signal is proportional to the scattering cross section
of the particle, which can be related to particle size and optical constants using the Mie approxi-
mation (e.g., Bohren and Huffman) [1983). If a particle contains absorbing material, its maximum
scattering signal is decreased due to the evaporation of the non-refractory material. However, the
unperturbed maximum scattering signal can be reconstructed using so-called Leading Edge Only
(LEO) method (Gao et al.| 2007; Metcalf et al., [2012)). Again, calibration experiments with size-
selected ammonium sulfate particles are used to relate observed (or reconstructed) scattering signals
to actual particle sizes. For this calibration we have assumed that ambient particles are spherical and

optically similar to ammonium sulfate. The sizing range is 190-535 nm for non-absorbing particles.
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Because evaporation of non-refractory material decreases signal to noise ratio, the lower sizing limit
for absorbing particles is about 300 nm.

SP2 intercomparison experiments by [Laborde et al.|(2012b) have shown that the measurement un-
certainty for calibration experiments using different SP2 instruments range from 5 % to 17 % being
the smallest for rBC number and the largest for the size of coated rBC particles. These uncertainties
can be considered as a lower limit for the current field measurements. In addition to the typical un-
certainties, the results can be biased due to the possible differences between calibration and ambient
particle properties such as sensitivity (signal response to a known rBC mass), density, morphology
and refractive index (e.g. Moteki and Kondo, 2010; |[Laborde et al., 2012b, |a; |Baumgardner et al.|
2012; |Lack et al.| 2014} [Taylor et al., 2015)). Since these properties are not determined for Arctic
aerosol, there is a possibility for a bias that can be larger than the typical measurement uncertainty.
More discussion about the potential bias is given in Sect.

Hourly average mass and number size distributions and mixing state parameters (number fraction
of particles containing rBC and particle diameter to rBC core volume equivalent diameter ratios for
those particles) are calculated from the single particle data. Concentrations are given at the instru-
ment temperature and pressure. The number fraction of rBC containing particles (Npc/Niowr) 18
calculated from the number size distributions using 350-450 nm particle size (calculated using the
LEO method) range. The 350-450 nm size range is selected considering LEO sizing limits (reliable
results for particles larger than 350 nm) and reasonable counting statistics (enough particles in this
size range). In practice, this size range is representative of the typical accumulation mode particles.
The first results showed that practically all rBC particles contain non-refractory material. The rel-
ative amounts of rBC and non-refractory material in a particle is described by an average particle
diameter (from the LEO method) to rBC core volume equivalent diameter ratio (briefly particle to
rBC core diameter ratio), D, /Dipc. The parameter is an average of those of individual rBC con-
taining particles which rBC core volume equivalent diameter 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 particle
sizes can be calculated using the LEO method.

The initial SP2 data analysis showed that some results were dependent on the SP2 chamber tem-
perature, which ranged from 23 to 33 °C during the campaign. Instrument inter-comparison showed
that the SP2 underestimated rBC compared to the eBC derived from the MAAP, when SP2 tem-
perature 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



205

210

215

220

225

230

235

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 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 addition, scattering size calculated from the calibration is roughly proportional to
the logarithm of the maximum scattering signal, which is proportional to the laser power, so even a

50 % change in laser power would have a minor effect on the calculated scattering size.
2.3 Trajectories

Five day backward trajectories were calculated using the HY SPLIT 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). Parameters describing average altitude above ground level, total length,
average direction and average distance were calculated for each trajectory. Average distance and di-
rection 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 co-
ordinate points were initially converted from spherical (latitude and longitude degrees) to Cartesian
coordinates (kilometers). Average distance and direction 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 (hourly averages), 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). The campaign average wind speed
was 9 m s~ ! 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. The trajectory analysis gave a slightly different
view of the origin of the air masses with the 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 W m 2.
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3.2 rBC properties

Figure [2] shows campaign averages of rBC mass and number size distributions (shown as a function
of rBC core volume equivalent diameter). The peak of the number size distribution seem to be un-
resolvable due to the 75 nm detection limit, which means that distribution parameters (total number,
mode and width) cannot be calculated or determined from a fit to the data. On the other hand, the
observed rBC mass seem to be centered within the sizing range (75-655 nm). For example, using
the log-normal fit to extrapolate rBC mass concentration would give 27 ng m ™~ when the integrated
rBC mass is 26 ng m 3. Because extrapolation is not needed, log-normal mass distribution param-
eters (total mass concentration, geometric mass mean diameter and geometric standard deviation)
calculated from the observations are used to describe rBC mass distributions. Because geometric
standard deviation is fairly constant, we 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
(¢rBe) and geometric mass mean diameter (GMD,pc) for the 75-655 nm rBC core diameter detec-
tion range, number fraction of particles containing rBC (N,gc/Notar; calculated using 350450 nm
particle size range), and particle to rBC core diameter ratio (D, /D;gc; calculated using 150-200 nm
rBC core size range). 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 most ac-
tivated particles are removed by the inlet system. There are some cases where the changes in the
observed aerosol parameters (mainly rBC mass concentration) 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) also confirmed that the average aerosol properties were
similar during no cloud and in cloud time periods. Therefore, we use the full data set in the following
calculations.

Average rBC mass concentration (the data shown in Fig. [3) is 26 ng m~3, but the values range
from about zero to 120 ng m 2 (Fig. . 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 particle to rBC
core diameter ratio is 2.0 and the 90 % limits are from 1.8 to 2.1. Figure [3|and the 90 % limits show
that the rBC mass concentration varies significantly more than the mixing state parameters and the

geometric mass mean diameter.
3.2.1 Comparison with other SP2 studies

One complication in comparing SP2 results from different groups and locations is that different cali-

bration materials are being used (e.g. Aquadag® or fullerene soot; Moteki and Kondo, 2010} Laborde
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et al.| 2012a; Baumgardner et al., 2012) and different optical and physical properties (e.g. refractive
index, particle structure and density) are assumed for the ambient rBC and scattering material. There
are also different ways to calculate mixing state parameters (e.g. size range). To our knowledge, this
is the first published SP2 study where medium term surface measurements have been conducted at
high latitudes during Arctic winter, so direct comparison with other studies is not possible. Never-
theless, published studies can give an idea of how Pallas rBC properties are related to those from
different environments.

The observed rBC mass concentration and mean diameter are generally similar to those observed
at higher altitudes or from aged air masses (e.g., Huang et al., 2012; Reddington et al.l 2013}
McMeeking et al., 2010). As these parameters are relatively well known, we focus on the less stud-
ied rBC mixing state (number fraction of rBC containing particles and particle to rBC core volume
equivalent diameter ratio for these particles). Previous airborne measurements have shown that the
diameter ratio (D, /D;gc) is typically close to 1.5 in long-range transported urban and biomass burn-
ing 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. Even larger diameter ratios (2.4 for 170
nm rBC core size) have been observed in an aged (3—4 days) smoke plume, but this is partly caused
by the low rBC core size with mass median diameters ranging from 120 to 160 nm (Dahlkotter et al.|
2014). There is very little published information about the number fraction of particles containing
rBC especially in 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 2.5 km above
ground level). This fraction is again significantly smaller than the 24 % observed at Pallas. Cloud
processing during the long transport from source areas to Pallas is a possible explanation for the
high values of particle to tBC core diameter ratio and rBC number fraction. Condensation of semi-
volatile species to cloud droplets and in-cloud scavenging increase the particle to rBC core diameter
ratio. It is also possible that the rBC number fraction increases, because wet deposition favors the
more hygroscopic rBC-free particles.

In addition to the basic mixing state parameters, careful examination of the scattering and incan-
descence signals can give an additional information about the particle structure. For example,[Huang
et al.| (2012) summarizes number fractions of particles containing both rBC and non-refractory ma-
terial (called internally mixed in their paper, but here this term is reserved for particle populations)
from several studies (environments) and shows that the number fraction varies between 3 and 80 %
(the rest of the rBC containing particles are pure rBC). Although different calculation methods can
lead to lower values, these numbers are much smaller than that observed at Pallas where practically
100 % of rBC containing particles are mixed with non-refractory material (pure rBC was not ob-
served). 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 non-refractory coatings around rBC cores
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(Dahlkotter et al.,[2014) or that the rBC is attached to the surface or is close to the surface of a non-
absorbing particle (Sedlacek et al.| [2012; Moteki et al.| 2014)), but such behavior was not observed
at Pallas.

3.2.2 Diurnal variations

Statistically significant diurnal cycles were not observed (not shown), which is not surprising as
diurnal variations of solar radiation 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
(rBC core diameter and mixing state). During the polar night, rBC mass concentration peaks during
midnight, which could indicate 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 the mixing layer height increases. In general, other factors such as source region and
removal processes during the transport time are more important 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 vari-
ations of the observed trace gas concentrations (CO, CO2, NO3, SO, and Os), meteorological pa-
rameters (temperature, pressure, and wind direction and speed) and computed backward trajectories
(total length and average direction, distance and altitude). However, at least rBC mass concentration
trends can be correlated with certain trace gases and trajectory (or wind) directions. The other pa-
rameters (rBC geometric mass mean diameter, number fraction and particle to rBC core diameter
ratio) seem to be less dependent on the meteorological and trajectory parameters and concentrations
of the trace gases.

From the trace gases, the best correlations are seen between rBC mass and CO, NOy and COq
concentrations (Pearson’s correlation coefficients are between 0.61 and 0.76) as these are co-emitted
during different combustion processes. Pearson’s correlation coefficients for the other rBC parame-
ters (mean diameter and mixing state) and the trace gases are between -0.35 and 0.42, which means
weak or no correlation. Here we focus on the correlation between rBC mass concentration and car-
bon monoxide (CO), which is the most commonly used tracer. Concentration time series of CO
is shown in Fig. [3] and Fig. 4] shows the correlation between rBC and CO and a linear fit to the
data. Pearson’s correlation coefficient for the fit is 0.74, slope ArBC/ACO is 0.742ng m 3 ppb~!
(ppb =nmol mol~!) and the offset is -93 ng m 3. Solving the background CO concentration (CO
concentration where rBC concentration is zero) from the fitted slope and offset gives 126 ppb.
ArBC/ACO values 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 focusing

10
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on fresh biomass burning, industrial and urban plumes (e.g., |Spackman et al., 2008; [McMeeking
et al.l 2010; [Kondo et al. 2011} |Baumgardner et al. 2007 [McMeeking et al.l 2012} [Sahu et al.|
2012; Taylor et al., 2014). 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 aged 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., 201 1;[Taylor et al.,[2014). As can be seen from Fig.Eﬂ, the values cover
a relatively wide range around the linear fit. This variability does not show clear dependence on the
available trajectory, meteorological or rBC mixing state parameters. As an example, the marker color
shows the particle to rBC core diameter ratio for each data point. Although the higher diameter ratios
seem to be mostly above the linear fit, these are not clearly separated from the other data points.

It is assumed that the calculated average trajectory directions (time series shown in Fig. [3) de-
scribe the origin of air masses better than the measured local wind directions. Therefore, Fig. [3]
shows rBC mass concentration (here 3 h averages) as a function of average trajectory direction. The
trajectory directions can be divided into three source regions: Arctic Ocean, Continental Europe and
North Atlantic. The other trajectory parameters (total length and average altitude and distance) were
also examined and it seems that especially the average distance can explain some variations in the
observed rBC concentrations, but these are less dependent on the total length and practically inde-
pendent of the average altitude. Therefore, each data point in Fig.[5is colored based on the average
distance given as kilometers from the measurement location. In good agreement with the expecta-
tions, 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 orig-
inating 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 origi-
nating mainly from Southern Finland and the Baltic Countries (average distance less than 1000 km).
Again, rBC mixing state and the other size distribution parameters seemed to be independent of air
mass origin (total length or average direction, distance or altitude). Especially the fraction of non-
refractory material 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.

It seems that from the rBC mixing state and size distribution parameters only the rBC mass con-
centration is clearly correlated with air mass origin described by trajectories and trace gas concen-
trations. One reason for the lack of correlations for the other parameters is that these have relatively
low variations compared with that of rBC mass concentration. In addition, the variations seem to
have shorter time scales (day-to-day variations) compared with those of the trajectories and trace

gas concentrations (Fig. 3).
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3.4 Refractory and equivalent black carbon

MAAP and Aethalometer use optical methods to measure aerosol absorption coefficients which are
converted to equivalent BC (eBC) mass concentrations. Figure [6] 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 conditions and when the presence of clouds is unclear, the PM;y (humid size) eBC
measured by MAAP is 30-100 % of the total eBC measured by the Aethalometer; similar decrease
is also expected for the rBC mass concentration measured by the SP2 during in cloud conditions.
PM;j, and total eBC concentrations can be similar during the in cloud conditions if most cloud
droplets are smaller than 10 pm, other than eBC containing particles have been activating or the
number fraction of activated particles is low.

The rBC is about 20 % of the eBC measured by MAAP (both PM,), but the fraction is practically
constant. This indicates that the difference is not caused by the time dependent aerosol properties
such as mixing state. The factor of five difference between eBC and rBC is significantly larger than
could be explained by typical measurement uncertainties (see the Instrumentation section), but there
are other potential reasons for the observed difference. First of all, eBC detected by MAAP can
contain light absorbing organics generally referred as brown carbon (e.g. Bond et al.,[2013). Since
brown carbon is typically non-refractory and weakly absorbing at the near-infrared wavelengths,
it cannot be detected by the SP2. However, brown carbon absorption should have a strong wave-
length dependency, but this is not seen in the Aethalometer data: the average absorption Angstrém
exponent for wavelengths from 370 nm to 950 nm is 1.2, which is a typical value for black carbon
coated with non-absorbing material (Lack and Langridge} [2013). This indicates that brown carbon
alone cannot explain the difference between eBC and rBC. Secondly, SP2 sizing is limited to 75—
655 nm rBC core volume equivalent diameter range. Although larger rBC particles, which can be
detected but not sized, were rarely observed, rBC particles smaller than 75 nm can also have a non-
negligible mass. Although the limited sizing range of the SP2 can explain a few time periods with
low rBC concentration, is not likely explanation for the whole campaign. Third, these instruments
have composition dependent parameters (mass absorption coefficient (MAC) for MAAP and incan-
descence efficiencies of the calibration and ambient rBC for SP2), which currently unknown optimal
values might differ from the used default values. For example, accumulation of non-refractory mate-
rial (both internally and externally mixed) to the filter can increase absorption measured by MAAP
(Slowik et al., [2007} |Cappa et al.,[2008]), which could be accounted for by increasing MAC. Default
MAC (6.6 m? g~') was used in Pallas MAAP data analysis, but larger values up to factor of two
have been reported (e.g., |Liu et al.| [2010; [Bond et al., 2013; [Lack et al.l 2014). Current SP2 was
calibrated using Aquadag®, but using a specific batch of fullerene soot which represents ambient
aerosol in Tokyo (Moteki and Kondo| 2010) as a calibration material would have given about 33 %

larger rBC mass (Laborde et al., 2012b, ja). Using the default MAC for the MAAP and Aquadag®
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calibration for the SP2 could explain a part of the difference between eBC and rBC. However, the
default MAC and Aquadag® have been used successfully in several studies, so it is unlikely that a
bias in these could fully explain the observed factor of five difference. It is therefore possible that
a part of the difference is caused the presence of brown carbon or more generally a light absorbing

carbon with high volatility or low absorption at the wavelength used by the SP2.
3.5 Climate implications

Several studies have been using numerical models to quantify the effects of black carbon mixing
state on aerosol radiative properties and climate (e.g. |Bond and Bergstrom), |2006; |Adachi et al.|
2010; Bond et al., |2013)), however, most of these studies are made without detailed experimental
information about the mixing state that can be obtained from single particle instruments such as the
SP2. In this section we compare the effects of different black carbon mixing state representations
on aerosol radiative properties and climate when the models are constrained by our measurements
described in the previous sections. From the various mixing state representations (see e.g., [Lang-
Yona et al} [2010), we have selected two that match with the current observations and three other
that are in common use. The five mixing state representations 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 particle
type. 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). Particle structures cannot be directly measured by the SP2, but single particle imaging studies
have shown that aged ambient particles are typically composed of a compact black carbon cluster
mixed with non-absorbing material, which is often described by a homogenous particle or a coated
black carbon core model (e.g. Bond et al., [2013). If it is assumed that the black carbon forms a
distinct core then the EXT-COAT case is the one closest to our observations, but otherwise EXT-
HOM case is more appropriate.

All model calculations are based on the same total particle size distribution and chemical compo-
sition (campaign averages), but the absorbing and non-absorbing species are distributed differently
in each mixing state representation. Based on our measurements, the average total rBC mass con-
centration is 26 ng m 2, the number fraction of particles containing rBC is 0.24 and particle to rBC
core diameter ratio is 2.0. This means that the total rBC volume fraction is 0.24/2.0% = 0.03 and the
rest is non-refractory material. Also, the total volume of all particles must be 460 x 10~? cm?® m—3
based on the observed rBC mass concentration (density is 1800 kg m~3) and volume fraction (0.03).
Because SP2 does not detect scattering particles smaller than 190 nm, particle size distribution pa-

rameters are obtained from the gas line DMPS measurements: geometric volume mean diameter and
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standard deviation are 323 nm and 1.54, respectively. Volume distribution is used here, because par-
ticles larger than 100 nm have the dominant effect on light absorption and scattering. As described
in Sect. [3.4] refractory black carbon (rBC) detected by the SP2 is only about 20 % of the equiv-
alent black carbon (eBC) measured by the MAAP. Here we assume that the difference is caused
by the presence of non-refractory light absorbing organic carbon (LAC) which cannot be detected
by the SP2. Based on the average rBC to eBC ratio of 0.21, eBC volume fraction is 0.15 and the
LAC volume fraction is 0.12 (eBC =rBC + LAC). The rest of the total volume is assumed to be am-
monium 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 ammonium sul-
fate, LAC and rBC are 1.51 + 0z, 1.95 4 0.79¢ Baumgardner et al.| (2007) and 2.26 + 1.26¢ (Moteki
et al., 2010), respectively. Simple illustration of the five different mixing state representations is
shown in Fig.[/| In the EXT-COAT case, 24 % of the particles are absorbing and the remaining 76 %
are composed of non-absorbing ammonium sulfate. The absorbing particles contain a core, which is
composed of a mixture of rBC (1/2.0% of the particle volume) and LAC (0.12/0.03 - 1/2.0° of the par-
ticle volume), and the coating is ammonium sulfate. The EXT-HOM case is similar to that except that
the absorbing particles are homogeneous mixtures of the three components. The EXT-BARE case
has the same total amount of absorbing material, which means that the absorbing particle number
fraction is the same as the total absorbing volume fraction. The INT-HOM and INT-COAT cases are
constructed so that the absorbing volume fraction in each particle is the same as the total absorbing
volume fraction.

Numerical calculations using the Bohren and Huffman| (1983) BHMIE and BHCOAT codes give
extinction (bex) and absorption coefficients (b,ps) and backscatter fraction (b) for the particle pop-
ulations 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):

RFE = SD(1 — A)T2(1 — Ry)? <M ﬁw> 1)

The parameters are solar constant (S = 1370 W m~2), annual average daylight fraction (D =0.5),
fractional cloud coverage (A.=0.6), atmospheric transmissivity (7, =0.87), surface albedo
(Rs=0.2), single scattering albedo (w =1 — byps/bext), and average upscatter fraction (3). The up-
scatter fraction is parameterized as a function of backscatter fraction b: 3 = 0.082 + 1.85b — 2.97b2
(Anderson et al [1999). Although Eq. (I) is highly simplified solution for a complex problem and
its parameters have uncertainties, which means that the absolute RFE values are not fully accurate,
this equation is suitable for comparing different mixing state models.

The results of the calculations, which include extinction and absorption coefficients and backscat-
ter fraction used in Eq. (IJ), are given in Table[I] Because the absorbing material is distributed over all

particles in the internally mixed aerosol, which means larger effective absorption cross section, this
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aerosol is more absorbing and less scattering than the externally mixed aerosol where only a fraction
particles are absorbing (e.g., |[Cappa et al.| 2012). Mainly due to the differences in single scatter-
ing 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 aerosol population is externally mixed, assuming an internally mixed
aerosol would lead to overestimated climate warming effect. Compared with the overall difference
in RFE between the internally and externally mixed absorbing aerosol populations, the effect of sin-
gle particle structure on RFE is small. This means that at least in this case the number fraction of
absorbing particles is more important for the aerosol radiative forcing than the exact single particle

structure.

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 measurements made in the Fennoscandian Arc-
tic. The results show that rBC mass concentrations are relatively low (average mass concentration
26ng m~3) and most of the rBC is long-range transported from south. Observed rBC core sizes
(geometric mass mean diameter 194 nm) are typical for aged air masses. On the average, 24 % of
the accumulation mode particles contain an observable (volume equivalent diameter at least 75 nm)
rBC core. These particles contain large fractions of non-refractory material with the average particle
to rBC core diameter ratio 2.0; bare rBC particles or other than mixed particle structures (e.g. rBC
attached to non-absorbing particles) were not observed.

From the rBC mass distribution and mixing state parameters only the mass concentration was
clearly correlated with certain co-emitted trace gases. The correlation of rBC with carbon monoxide
(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 concentration was also the
only parameter that correlated with air mass history described by the average directions and lengths
of backward trajectories. The largest concentrations were observed when the trajectories were orig-
inating 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 the observations
are not always in agreement with the mixing state representations used in various aerosol models.
The effects of absorbing aerosol mixing state on aerosol radiative properties were estimated by
using a Mie approximation and a simple direct radiative forcing efficiency calculations. The differ-
ence between single particle structures (e.g. absorbing core coated with non-absorbing material or

homogenous absorbing particle) is small compared with that between internally (all particles are ab-
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sorbing) and externally (a fraction of particles are absorbing) mixed absorbing aerosol populations.
The internally mixed aerosol population 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 absorbing
and non-absorbing particles. Our current and most other observations show that especially the aged
aerosol is externally mixed, 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 purpose, but this requires consistent use of data analysis methods and

reference materials.
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Table 1. Extinction (bex) and absorption (b.ps) coefficients and backscatter fraction (b) for the five mixing state

representations. Radiative forcing efficiency (RFE) is calculated using Eq. (T).

bext bavs b RFE

Mm™  (Mm™") (Wm™?)

INT-HOM 3.98 1.58  0.09 11.20
INT-COAT 3.63 153 0.16 9.11
EXT-BARE 3.43 0.56 0.11 —10.93
EXT-HOM 3.58 0.79 0.11 —5.46
EXT-COAT 3.51 0.75 0.11 —6.54
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Figure 1. Location of the Pallas GAW station.
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Figure 2. Campaign average rBC mass (black color, right axis) and number (blue color, left axis) size distribu-

tions. 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 27 ng m_3).
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Figure 3. Time series of hourly averages of average trajectory direction (the color is based on three sectors:
Arctic Ocean (orange) 0-90°, Continental Europe (green) 90-225° and North Atlantic (black) 225-360°),
carbon monoxide (CO) concentration, total rBC mass concentration (¢c), geometric mass mean diameter
(GMD:zc), the fraction of 350-450 nm particles containing rBC (Nrsc /Niotar), and particle to rBC core diameter
ratio for 150-200 nm rBC cores (Dj/ Disc). 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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Figure 4. SP2 rBC mass concentration as a function of carbon monoxide (CO) concentration. Marker color

shows the particle to rBC core diameter ratio for each data point. The solid black line shows the linear fit to the

data.

120 +

-

o

o
l

[0
o
]

N
o
]

rBC concentration (ng m's)
(e
o
L

N
o
]

o
1

Arctic Ocean

Continental Europe North Atlantic

% 3 g
(7]

5

23

@
19,

3

P 0=

o
® ®

Gods @ on

®
[J
135 180 225 270 315 360
Trajectory direction (°)

Figure 5. Total rBC mass concentration as a function of the average trajectory direction. Color scale indicates

the average distance of the trajectory coordinate points from Pallas.

26



0.7 T- Aethalometer eBC (all measurements) P
O Aethalometer eBC (no clouds)

Slope = 0.856 + 0.006 7
0.6+ 7/

)

e
o
\

-3

(ng

=)

I
\

eBC or rBC (w
o
w
L
Ll

SP2 rBC
Slope = 0.198 + 0.002

o
N
]
T

©
—_
1

0.0 0.1 0.2 0.3 04 s 0.5 0.6 0.7
MAAP eBC (ug m ")
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and SP2 rBC (crosses) as a function of MAAP eBC as well as linear fits (fixed zero offsets) to the data points.
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Figure 7. Illustration of the particle compositions for the five mixing state representations.
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