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Abstract. Black carbon (BC) aerosol particles strongly absorb solar radiation and heat
the atmosphere. BC aerosols also deposit on snow and ice, lowering the surface albedo
and accelerate heating of the Arctic. Because these BC radiative effects are size-
dependent, an improved understanding of BC size distributions is indispensable for
20 radiative transfer modelling to estimate the aerosol climate effects. We measured BC size
distributions at Pallas, northern Finland, for the first time throughout the whole year, to
fully capture its seasonal variability connected with the BC atmospheric processing
during transport. The shape of the size distribution was very stable, with little seasonal
variation. Comparison to previous seasonal observations at Ny-Alesund in Svalbard,
25 Norway, and Alert in Canada confirmed very similar size distribution shapes at all three
sites, suggesting minor spatial variability. Strong temporal variations were observed in
the total mass concentration of BC, but not in the shape of the BC core size distributions.
The results were additionally used for validation of the state-of-the-art global climate

model CAMS-ATRAS monthly BC size at Pallas. Overall, our observational results



https://doi.org/10.5194/egusphere-2026-2102
Preprint. Discussion started: 27 April 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

30 provide useful constraints for estimating the effects of BC on climate by model

simulations, especially in the Arctic, where the measurements were conducted.

1 Introduction

Black carbon (BC) aerosols are produced by the incomplete combustion of carbon-based
fuels and play a key role in the Arctic radiation budget because of their strong light-
35 absorbing properties (AMAP 2021; Bond et al., 2013; Oshima et al., 2020; Sand et al.,
2015). The Arctic is a particularly vulnerable region that is warming at four times the rate
of the rest of the world (Rantanen et al., 2022). The impact of BC on climate strongly
depends on its mass concentration (Msc) and microphysical properties, including size
distribution and mixing state, all of which affect light absorption (Matsui et al., 2018,
40 2022). At their emission source, BC particles are typically fractal-like with a monomer
diameter of 10-50 nm (Adachi et al., 2010), after which they undergo atmospheric aging
and gain a coating and/or mix with other aerosol components (Jacobson, 2001; Whaley
et al., 2022). Atmospheric aging of BC can be as fast as 3 h, and aging time scales in
model representations are important for BC concentrations in the Arctic (Fierce et al,
45 2025). When aged BC is cloud activated, the fractal-like structure of fresh BC will
collapse (Mikhailov et al., 2006). Moreover, a non-absorbing coating around the BC can
substantially enhance aerosol light absorption (Bond et al., 2006). Climate impacts of BC
on the Arctic are best studied by models, but those models need to rely on accurate and
plentiful measurements in order to be accurate; including process-based studies and long-
50 term measurements from a variety of settings.
The dominant sources of spread across models in simulations of Arctic BC have evolved
across successive generations of atmospheric models, with each generation improving
upon the last. The spread between early generation models largely stemmed in a diversity
of emission inventories and overly simplified removal processes, both leading to a large
55 variability in BC mass concentrations and lifetime (Koch et al., 2009). In subsequent
model generations, with harmonized emissions, the spread has been attributed to
uncertainties in wet scavenging parameterizations and vertical transport, with wet
removal being the likely dominant factor for Arctic BC mass concentrations (Eckhardt et

al., 2015). Arctic BC modelling studies looking at BC source attributions have shown that
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60 discrepancies arise from interactions between emissions, transport pathways, and removal
processes, leading to persistent biases in the seasonal cycle and regional contributions
(Zhao et al., 2021). In the most recent generation of Earth system models, including those
assessed in Whaley et al. (2022) and the AMAP 2021 assessment, inter-model variability
of Arctic BC mass concentrations has narrowed, but there are still substantial

65 uncertainties in the BC radiative forcing. This uncertainty is primarily linked to
deficiencies in the representation of mixed-phase cloud scavenging, BC mixing state and
associated absorption enhancement, vertical distribution biases, and poorly constrained
snow—ice deposition and post-depositional processes. The above studies jointly point
towards a shift from emission-driven uncertainties in early models toward process-level

70 uncertainties and understanding, even on a particle-by-particle basis (Fierce et al., 2025).
To address the remaining uncertainties, detailed understanding about the microphysical
properties of BC is the key.

Observations of the specific microphysical properties of BC have increased with the
development of new instrumentation. For example, BC size distributions can be measured

75 using a single-particle soot photometer (SP2). Compared with instruments that provide
the bulk BC mass or absorption properties, SP2 requires more complex maintenance and
collects greater amounts of data. To date, SP2 has mainly been used for short-term field
campaigns in the Arctic, although it provides unparalleled precision and detail regarding
BC size distributions and mass concentration.

80 Ground-based measurements of BC size distributions have been conducted at Ny-
Alesund (spring) and Alert (spring and summer) (Ohata et al., 2019, 2021b). At the Pallas
GAW Arctic super-site in Finland, Raatikainen et al. (2015) observed during a 3-month
winter measurement campaign that the BC mass was log-normally distributed, showing
a relatively constant BC core mass median diameter with an average of 194 nm, typical

85 for aged air masses. One long-term BC size distribution study has been conducted at Alert
(Sharma et al., 2017). Although the focus was on evaluating three different methods for
measuring BC, the authors also reported in their seasonal averages for size distributions
for four seasons based on log-normal fits to a narrow size range. When utilized in aircraft
campaigns, SP2 measurements has covered great aerial extents, yet on very short time-

90 scales, stable BC size distributions have been observed (Juranyi et al., 2023).
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Because the greater majority of studies investigating the microphysical properties of BC
have been brief, our main goal is to provide a novel dataset to fill this observational gap.
Our aims are to evaluate the BC temporal and spatial variability in the Arctic with a one
year measurement campaign at Pallas and to put this into a greater context by providing

95 a first full-year validation of the global CAMS-ATRAS model BC size output. The
structure of this study is as follows: first the long-term stability of BC mass concentration
measurements using SP2 by comparing it with another long-term BC instrument
(COSMOS) is evaluated (Section 3.1); second, the seasonal variation of BC size
distribution is studied in detail and the impact of different atmospheric conditions

100 (Section 3.2); third, our results from Pallas are compared with other Arctic results and
study BC size spatial variability (Section 3.3); and lastly, our observational data is used

as a ground-truth to validate the simulated BC size distributions from CAM5-ATRAS
model, resolving the mixing state of BC and models BC size distribution (Section 3.4).

In brief, our results essentially contribute to reducing the current uncertainties in BC size

105 distribution variability in the Arctic.

2. Methods
2.1 Measurement sites

2.1.1 Long term measurement site Pallas

All measurements were performed at the research station of the Finnish Meteorological

110 Institute in Pallas, in the Finnish Arctic (68.0°N, 24.1°E). The main station building is

located on top of the Sammaltunturi fell, at a height of 565 m above mean sea level (amsl).

A detailed description of the Pallas Sammaltunturi measurement site is provided
elsewhere (Hatakka et al., 2003).

At Pallas, the SP2 measured BC through a total aerosol inlet, which is essentially

115 a hood through which sample air is drawn into the station and instruments. The sample

air was dried using a Nafion membrane dryer before entering the SP2. The inlet is

described in more detail elsewhere (Backman et al., 2025). In addition, the filter-based

absorption photometer (COSMOS) also sampled through the total aerosol inlet. The
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COSMOS had a 1-um inline cyclone, whereas the SP2 sampled directly from the total

120 inlet.
Measurements were conducted by the SP2 between 29 November 2019 and 16
December 2020. COSMOS has been running continuously at the Pallas station since
summer 2019. The concentrations presented in this study are reported at standard

temperature (0 °C) and pressure (1013 hPa).

125 2.1.2 Spring and summer campaigns at Alert and Ny-Alesund

In addition to Pallas, where the long-term SP2 measurements were conducted,
previous data from Alert (Canada) and Ny-Alesund (Svalbard) were also included in this
study for comparison. The Ny-Alesund measurement station is located at 78.9°N, 11.9°E
on Zeppelin mountain, at an altitude of 475 m amsl. The station is maintained by the

130 Norwegian Polar Institute. The Alert measurement station in the Canadian Arctic is
located at 82.5°N, 62.5°W, at an altitude of 8 m amsl (Sharma et al., 2017). The station
is operated by the Environment and Climate Change Canada (ECCC). The locations of
these sites are shown in Figure 1.

The measurements were conducted in Alert from January to May 2018, with the SP2

135 connected to a total aerosol inlet with a 1-pum inline cyclone. A more detailed description
of the measurement setup and station is outlined in (Ohata et al., 2021b; Sharma et al.,
2017). The SP2 measurements at Ny-Alesund, , were conducted from February to March
2017,.sampled through a total air inlet. The measurements and site are described in more

detail elsewhere (Ohata et al., 2019).

140 2.2 Instruments
2.2.1 SP2

The SP2 (Droplet Measurement Technologies. Longmont, CO; USA) uses a
continuous high power intracavity infrared (IR) laser to heat BC containing particles to
the point of incandescence (Baumgardner, 2004; Schwarz et al., 2006; Stephens et al.,

145 2003). The SP2 was calibrated using fullerene soot (Gysel et al., 2011; Laborde et al.,

2012). A limiting factor for long-term SP2 measurements is often the vast amounts of
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data gathered and the computational expense required for analysis. Owing to the vast
amounts of data collected, the data were analysed on a supercomputer using the pysp2

(version 1.5) software package (https://github.com/ARM-DOE/PySP2).

150 In this work, we used the broadband channel that detects incandescent light in the
wavelength range of 350 — 800 nm, which is the most sensitive to BC (Laborde et al.,
2012). Due to the low number concentrations at Pallas, we did not apply the deadtime
correction scheme, as the correction for such low concentrations was deemed unnecessary
(Schwarz et al., 2022). The maximum number of incandescence particles was 301 cm™

155 (mean 5.8 cm~) and the maximum number of scattering particles was 893 cm™ (mean 66
cm™). Therefore, the deadtime correction would not exceed 0.4%.

Previous studies have demonstrated that the SP2 incandescence detector is stable over
time when the instrument is not moved or the optics are not contaminated (Schwarz et al.,
2010a). The mass of individual BC particles measured by SP2 was converted to the

160 equivalent particle diameter (D), assuming a spherical shape and a constant density (p) of
1.8 g cm?. The diameter range measured by the SP2 was 65 — 537 nm.

The detection of BC by SP2 is referred to as refractory BC (rBC), whereas filter-based
absorption photometers measure equivalent BC (eBC) (Petzold et al., 2013). In this work,
the specific measurement-based terminology was omitted for simplicity and cohesion in

165 the text, although it is important to note this difference. For mass concentrations of BC
from SP2 and COSMOS, we used Mpc; however, we distinguished from which

instrument the Mpc values were reported.

2.2.2 COSMOS

COSMOS (Kanomax, Osaka, Japan) is a filter-based absorption photometer designed

170  for long-term, unattended monitoring of Msc (Kondo, 2015; Miyazaki et al., 2008; Mori
et al., 2025; Ohata et al., 2019). A special feature of COSMOS compared to other filter-
based absorption photometers is that it is operated behind a heated inlet (300 °C) to
volatilize light-scattering species (externally and internally mixed with BC) from the
aerosol particle phase. For sub-micron aerosol particles, this temperature is sufficient to

175 volatilize much of the light-scattering constituents, which greatly reduces the
instrument’s cross-sensitivity to other aerosol constituents than BC. Simultaneous

measurements of Mpc by COSMOS and SP2 for up to a few months in Asia and in the
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Arctic agreed to within 10—15 % (Kondo et al., 2009, 2011; Ohata et al., 2019). To prevent
the impact of non-volatile particles larger than 1 pm in diameter, COSMOS was sampling

180 behind a PM; cyclone.

2.3 Model simulations

To further analyse the observed BC size distributions, global aerosol simulations
were performed using the CAM5-ATRAS model (Matsui, 2017; Matsui and Mahowald,
2017). This study utilized the same model outputs as those in (Matsui et al., 2022),

185 specifically the modelled BC size distributions. CAMS5-ATRAS includes essential
processes, such as emissions, gas-phase chemistry, new particle formation, condensation
and evaporation, coagulation, aqueous-phase chemistry, dry and wet deposition, and
interactions with radiation and clouds. The model addresses seven aerosol species
(sulphate, nitrate, ammonium, dust, sea salt, organic aerosol, and BC). These species are

190 modelled using a two-dimensional sectional approach. The model divides dry particle
diameters into 12 size bins ranging from 1 nm to 10 pm. BC mixing states for fine
particles are modelled in eight bins ranging from 40 nm to 1.25 pm. Due to these eight
bins, the mass mean diameter (MmD) offers better statistics of the modelled BC aerosol
size distribution than the mass median diameter (MMD). Consequently, the model results

195 are reported as MmD and compared with the MmD of the measurements. The CMD of
the BC emissions in the model for fossil fuel and biomass burning is 70 and 100 nm,
respectively, with a 6. of 1.8. This corresponds to an MMD of 197 nm for fossil fuel
emissions and 281 nm for biomass burning emissions, which will be discussed later. The
analysis is based on model simulations covering the period 2009-2015, with a horizontal

200 resolution of 1.9° x 2.5° latitude/longitude and 30 vertical layers. Meteorological
conditions were adjusted for temperature and horizontal wind fields in the free
troposphere based on the Modern-Era Retrospective analysis for Research and
Applications version 2 (MERRA2) dataset. Monthly anthropogenic emissions were
sourced from the CMIP6 inventory (Hoesly et al., 2018). Daily biomass burning

205 emissions were obtained from the Global Fire Emissions Database version 4.1 (van der

Werf et al., 2017).

3. Results
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3.1 BC mass concentration

210 Previous research has shown that the SP2 is stable for periods of months (Schwarz et
al., 2010b); however, long-term (>1 year) stability in ambient measurements has not yet
been demonstrated. Therefore, before analysing the observed size distribution of BC in
greater detail, we investigated the stability of the SP2 by comparing the Mgc (SP2) with
the Mpc measured by COSMOS, hereafter denoted as Mpc (COSMOS). COSMOS was

215 selected as a reference instrument because its accuracy and stability have been widely
demonstrated in previous publications (Ohata et al., 2019).

The time series of the 1-h averaged Mac (SP2) and Mpc (COSMOS), shown in Figure
2, confirms excellent data coverage from both instruments: SP2 data were available 97%
of the time, and COSMOS data were available 93% of the time. To the authors’

220 knowledge, this is the longest time series of concurrent SP2 and COSMOS measurements
that have been conducted and reported in the literature. The average Mgc (SP2) and Mzc
(COSMOS) were calculated for the overlapping period of measurements and were 17.5
and 18.1 ng m?3, respectively.

Figure 3 shows the linear correlation between the hourly averaged Mgc (SP2) and

225 Msc (COSMOS) data. The slope of the fit, forced through zero, was 0.94, and the
Pearson’s correlation coefficient (r?) was 0.981, demonstrating the stability of the SP2
instrument. This held true for over a year of measurements, when the SP2 was operated
in a stable and controlled environment without moving it after installation.

The particle size distribution of BC can be characterized using log-normal function

230 fits. The particle mass size distribution n, (D) is expressed as a log-normal function,

_am Mpc _ log(D)—log(MMD))
(D) = dlog(D)  2ml/2log(cm) exp( 210g2(01m) e

where Mpc, MMD, and on are the total BC mass concentration, mass median diameter,

235 and geometrical standard deviation, respectively. Similarly, the number size distribution,
m (D), is expressed using the total number concentration (), count median diameter
(CMD), and geometric standard deviation o.

Normalized number size distributions are defined as
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240 R,(D) = n,(D)/N (2)
, and normalized mass size distribution as

Rn(D) = ny(D)/Mge.  (3)
245
Figure 4 shows the mean BC number and mass size distributions measured at Pallas
and the fitted log-normal distribution functions n.(D) and nm(D). For the unimodal size
and mass distribution, the calculated CMD and MMD were 99 nm and 195 nm,
respectively, with corresponding o values (cc and 6m) of 1.57 and 1.66. This is consistent
250 with earlier SP2 results from Pallas done between 17 December 2011 and 2 February
2012, where the calculated MMD was 194 nm with a 61, of 1.70 (Raatikainen et al., 2015).
This also suggests that the modal shape of the BC size distribution remains fairly constant
throughout the years. Raatikainen et al., (2015) also showed that the BC at Pallas was
systematically aged, i.e. that the BC had a significant coating (core-to-shell ratio of 2.0 in
255 the BC size range of 150 — 200 nm) and no bare BC particles were detected.

The SP2 upper detection range is limited to 537 nm, as shown in Fig. 4; therefore, the
entire BC size distribution is not captured by the SP2. A typical method to correct for the
missing mass is by using log-normal fitting (Sharma et al., 2017; Zanatta et al., 2018). By
fitting two nm(D) to the data, as shown in Fig. 4, the total Mpc of the BC mass distribution

260 can be estimated above the detection limit of the SP2. Here, log-normal fits were done
using the method described by (Hussein et al., 2005), which we modified to work with
BC mass distributions. With two nm(D) fits to the data, where the first mode peaks at 187
nm (om=1.60) and the second mode at 475 nm (ocm=1.73), we obtained a BC distribution
for the size range of 10 to 1000 nm (Figure 4). The BC mass integrated from this fitted
265 bi-modal distribution is hereafter called Mpc (SP2 corrected). The goodness of the fit
required data averaging and after careful sensitivity tests we selected 12-h averaging
interval which led to sufficiently stable fitting results. Due to this practical limitation, the
Mgzc (SP2 corrected) data is only available at 12-h time resolution. However, correcting
for the missing mass clearly increased the BC mass concentrations: The mean Mgsc (SP2)

270 concentration for the whole period of SP2 measurements was 14.9 ng m™3 which increased
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to 15.7 ng m for Mgc (SP2 corrected). Mpc (SP2 corrected) is thus 5.1% greater than the
uncorrected BC mass in the size range of 65 — 537 nm.

The missing BC mass in SP2 offers a logical explanation for the discrepancy

between SP2 and COSMOS measured mass concentrations discussed earlier (Figure 3).

275 Therefore, we repeated the linear regression analysis using 12-h averaged Mpc (SP2-

corrected) and Mpc (COSMOS) data, in which the slope increased to 0.955 and 12

decreased to 0.971. The decreasing time resolution of the data could affect the lower

correlation coefficient (sample size) while reducing data noise and improving the

regression.

280 3.2 Seasonal and in-cloud variation of BC size distribution at Pallas

Figure 5 shows that although the BC number (Fig 5a) and mass (Fig 5b)
concentrations change throughout the year, the shape of the BC size distribution remains
highly stable (Figure 5¢). The 12-h average MMD for the entire period was 194 + 20 nm.

To investigate the variability of the BC size distribution, we normalized the mass and

285 number distributions, R (D) and R, (D), respectively, observed at Pallas. Figures 6a and
6b show the monthly mean R (D) and R, (D), and the monthly average CMD and MMD
of the distributions are summarized in Table 1, along with their om. A key observation is
the similarity of the distributions. The month of January deviates the most, which is
associated with a somewhat larger MMD of 235 nm than the rest of the winter months,

290 in which the MMD was approximately 200 nm (Fig 6a). In contrast, the smallest MMD
was measured in September (178 nm). Excluding January and September, the monthly
mean MMD during the year varied between 185 and 201 nm.

The 12-h average CMD and MMD throughout the year were 95 = 9 nm and 194
+ 20 nm, respectively. For hourly averaged data, the results were virtually the same, with

295 mean CMD and MMD values of 9511 nm and 198+35 nm, respectively. Overall, these
results demonstrate that both R, (D) and Rn(D) show very little seasonal variation at Pallas.
The Pallas station, at an elevation of 565 m, can be inside low-level clouds for extended
periods, especially from September to November. At other times the station is below the
clouds, if there are any. The station is frequently used for aerosol in-cloud characterization

300 (Doulgeris et al., 2025), and here enabled us to study implications of cloud processing on

the observed BC size distributions.

10
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The SP2 data from Pallas were separated into three categories: when the station
was inside a cloud (visibility below 500 m), good visibility (visibility above 10 km), and
when it was raining. For this, we used the station’s Vaisala FD12P weather sensor. The

305 resulting categories comprise 1837 h of in-cloud data, 5593 h of good visibility, and 1008
h of data when it was raining. The total SP2 dataset comprised 8938 h of data; therefore,
the station was in the cloud 20% of the time.

Figure 7 shows the mean BC size distributions for the three different conditions.
The BC mass size distribution shape is not impacted by the presence of clouds nor rain,

310 and the mode remains around 200 nm suggesting that clouds have little to no impact on

the shape of the BC size distribution.

3.3 BC size distribution spatial variability in the Arctic

We compared our results with earlier seasonal SP2 measurements conducted in Alert,
Canada, and Ny-Alesund, Svalbard. Figures 8a and 8b show a comparison of Rm(D) and
315 Rn(D) measured at Alert and Ny-Alesund with the average size distribution measured at
Pallas. Both the Ny-Alesund and Alert measurements were conducted during Arctic
winter and spring. The SP2 measurements at Alert were conducted from January to May
2018 (Ohata et al., 2021b), whereas the Ny-Alesund measurements were conducted
during February and March in 2017 (Ohata et al., 2019). Winter and spring in the high
320 Arctic are associated with elevated concentrations of atmospheric pollutants from long-
range transport, also known as the Arctic haze period (Quinn et al., 2007). This holds true
for both Alert and Ny-Alesund, whereas Pallas has more variable seasonal influences
(Schmeisser et al., 2018). However, both R, (D) and Rm(D) from Alert and Ny-Alesund
spring and winter measurements are similar to those observed at Pallas throughout the

325 year.
The mean of all campaign BC size distribution data at Ny-Alesund resulted in an
MMD of 228 nm (om=1.74, Mpc=27.0 ng m~>), whereas the MMD at Alert was 216 nm
(om=1.73, 18.9 ng m™). For Pallas, the MMD for the entire year was 194 + 20 nm
(om=1.66, Mpc=14.9 ng m3). For the winter months (December to February), the MMD
330 was 209 nm (om = 1.66, Mpc=15.8 ng m™>), whereas in spring (March to May), it was 200

nm (om = 1.63, Mpc=13.1 ng m~3). Given that these three measurements are not from the

11
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same year, the shape of the BC size distribution around the Arctic appears very similar
and within the narrow variability we observed throughout the year at Pallas from
November 2019 to December 2020 (Figures 8a and b).

335 Although the Alert and Ny-Alesund measurements were conducted during the Arctic
haze period, when concentrations in the Arctic are the highest, the observed BC size
distributions are similar to those observed at Pallas year-round. This implies that the
season is not critical for the comparison. This further implies that the amount of Mac in
the lower tropospheric Arctic air is not dictated by the size distribution of BC, but rather

340 by the total number of BC particles which have very homogeneous properties; the MMD
close to 200 nm and a small variability in om, as discussed above, and which are all very

similar regardless of the season, year, and site.

3.4 Comparison to simulated BC size distributions
345 Our key result on the seasonal stability of Arctic BC size is useful for both validating
and constraining global models, which will be demonstrated here. In the Arctic, the
models generally have difficulty replicating the seasonal Mpc concentrations (Whaley et
al., 2022). Moreover, most models do not include realistic representation of BC size and
mixing state in the level of detail needed to estimate its climate impacts (Fierce et al.,
350 2025, Matsui et al., 2018).

The global climate—aerosol model CAMS5-ATRAS can provide the BC size, which we
validated using the monthly measured BC size observations at Pallas. The simulations
covered the period 20092015, as described by (Matsui et al., 2022)., and therefore
represent typical Arctic BC characteristics, rather conditions over a particular month or

355 year. To date, the CAM5-ATRAS model BC size has not been validated with a whole
year of ambient data.

A comparison of the simulated and measured mass mean diameters (MmD) at Pallas is
shown in Figure 9 and in Table 1, along with the MMD from the ambient SP2
measurements at Pallas. Both the modelled and measured MmD values cover the same

360 size range (65 — 537 nm) and are in this respect directly comparable.

The modelled MmD of BC at Pallas was 175 + 4 nm, which is approximately 20%

lower than the measured monthly mean value of 219 + 10 nm (including all data) or 19%

lower than 216 + 6 nm (excluding January as an outlier).

12
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The monthly variation of the modelled MmD was 7%, compared with 21% for the

365 measured MmD. If January (as an outlier month) is excluded, the variation in the MmD

measured at Pallas becomes only 10%. Excluding January as an outlier is warranted
because the measurement and modelled periods do not overlap.

The stable BC size provided by the model suggests that Arctic air masses have already

undergone substantial atmospheric aging during long-range transport from major sources

370 located at lower latitudes. BC concentrations are low in the Arctic, and the particle

removal processes, such as wet and dry deposition and scavenging, have removed a

substantial amount of BC aerosols during long-range transport (Stohl, 2006). This minor

temporal variability is supported by our observations, although the modelled MmD

absolute values are biased low by 10% to 25%, depending on the month. Given the

375 complexity of modelling Arctic BC sources and processes (Matsui et al., 2018; Whaley

et al., 2022), the obtained overall agreement is encouraging and can help to evaluate the

uncertainties in modelling the BC climate impacts in the Arctic.

4 Discussion
380 Our deduction on the stability of BC size are supported by BC measurements from
multiple aircraft campaigns carrying SP2 (Jurdnyi et al., 2023). BC aerosol size
distributions have been conducted onboard aircraft in the Arctic to investigate profiles
and transects of BC properties (Juranyi et al., 2023; Ohata et al., 2021a; Schulz et al.,
2019; Zanatta et al., 2023). These aircraft campaigns were conducted during spring and
385 summer in 2009, 2011, 2013, 2014, 2015, 2017, and 2018. To the authors’ knowledge,
aircraft campaigns in the autumn and winter seasons in the Arctic have not been reported
in the literature. An overview of the 2009 - 2017 aircraft campaigns are presented by
(Juranyi et al., 2023) and 2018 in (Ohata et al., 2021a).
These aircraft campaigns comprise the PAMARCMIP 2009, 2011, 2013, 2017, 2018,
390 RACEPAC 2014, NETCARE 2014, 2015, and ACLOUD 2017 projects which all had
SP2 instruments onboard. The area covered by these campaigns is around Svalbard,
northern Greenland, and the Canadian high Arctic totalling 187 flight hours and covering
two seasons and a vast portion of the Arctic. The conclusion was that there is no
significant difference in the average BC size or in the shape of the size distribution

395 Dbetween the two seasons in the area covered by the campaigns. For all flights and altitudes,

13
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the MmD in spring was 202 nm and in summer 210 nm, although the Mpc varies by a

factor of four between spring and summer, with lower concentrations in summer (Juranyi

et al.,, 2023). The apparent similarity in our observations with the various vertical

observations could indicate that BC vertical gradients in the Arctic are not largely affected
400 by cloud processing.

During the PAMARCMiP 2018 campaign, between Greenland and Svalbard (Fram
Straight) in spring 2018, MMD were between 168 to 228 nm, depending on altitude
(Ohata et al., 2021a). At the lowest altitude (125 m), the MMD was 228 nm (6 = 1.76).
The MMD decreased with altitude and was the smallest 168 nm (om = 1.63) at 5000 m,

405 which was the highest altitude of that aircraft campaign. During the 2009 — 2017 flight
campaigns, covering a much greater area both spatially and temporally, similar results
were obtained from combining all the flight data. In spring, at the lowest altitude < 500
m, the MmD was 214 nm and decreased with altitude at a rate of -5.3 nm km™' to reach
194 nm between 3500 — 4000 m of altitude (Juranyi et al., 2023). In summer, there was

410 little difference, only 5 nm, between MmD the lowest and (< 500 m) highest altitudes
(3500 — 4000 m). In summary, the Aircraft campaigns from 2009 — 2017 in spring and
summer, for all altitudes, the MMD was 187 £ 16 nm. This is also very close to what we
measured at Pallas for a whole year at Pallas (194 + 20 nm). The study by Juranyi et al.,
(2023) does not report the MMD for the aircraft data for the lowest flight levels. The

415 lowest flight level would be the best comparison altitude between the aircraft data and the
Pallas data.

The aircraft campaigns discussed above also found lofted layers of high BC
concentrations associated with wildfire smoke, at altitudes of 3000 m or more. These
smoke plumes were associated with MMD above what we measured at ground level,

420 about 240 nm in biomass burning plumes. It is intriguing that the spring aircraft
campaigns showed a decrease in MMD and MmD with altitude (except in smoke plumes),
where the biggest particles were found at ground level, and the smallest MMD at 4000 m
in altitude, or more.

We could also identify the BC size distribution shape in cloudy and rainy conditions.

425 Cloud processing of aerosols can alter the BC size distributions, as discussed by Zanatta

et al. (2023)They found that BC size distributions below and inside Arctic clouds are

14
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associated with a higher abundance of large BC particles compared to above clouds and
clear-sky conditions, detected as a shoulder on the BC size distribution above the main
mode of the size distribution (see Zanatta et al. 2023 Fig. 3a and 3b). Their work was
430 based on an aircraft campaign around Svalbard in summer 2017. At Pallas, we do not see
a clear shoulder in any season during the station in-cloud episodes (Fig. 7), indicating that
the low-level clouds at Pallas did not change the BC size distribution substantially. We
hypothesize that the aerosol in Pallas was already highly aged and cloud-processed, for
which any further impact was not observed. The differences in cloud altitude and type
435 between Pallas and Zanatta et al., 2023 observations can also explain part of the

discrepancy.

5 Conclusions
The large-scale climate impacts of BC are studied using models. The developments
440 in this area have increasingly been focusing on process-level uncertainties such as cloud
microphysics and aerosol-radiation interactions. Uncertainties in the representation of
mixed-phase cloud scavenging, BC mixing state and associated absorption enhancement,
vertical profile biases, and deposition onto snow and ice, and post-depositional processes
are key ongoing research areas. In addition to observations of vertical profiles, BC size
445 distributions are key constraints to advance these research areas. Our unique long-term
observational results imply that Arctic BC size distributions do not wary substantially in
space nor time. Mpc can vary by orders of magnitude while the MMD of the BC size
distribution seems unaffected.
These conclusions on the mass and size distributions of individual BC particles were
450 based on measurements by single-particle soot photometer (SP2) continuously for over a
year at Pallas station in northern Finland (68°N). The count median diameter (CMD) and
mass median diameter (MMD) for the whole period were 95+9 nm and 194420 nm,
respectively.
The Pallas BC size distributions were compared to previous SP2 measurements in Alert
455 (Canada), and in Ny-Alesund (Svalbard, Norway) during winter and spring seasons. The
observed similarity in normalized BC size distribution shapes at these three sites suggests
a broadly spatially and temporally uniform BC size distribution over much of the Arctic

boundary layer. Our unique measurement set-up also enabled comparison between in-
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cloud, precipitation and high visibility BC size distributions. The evident similarity of

460 those supports our main conclusion on a broadly homogenous lower tropospheric BC size
distribution persisting in the Arctic. We did not observe substantial evidence of cloud
processing of BC particles that would increase the size of the BC cores.

The stability of the BC size distribution shape in the Arctic is supported by previous
literature. For example, several aircraft studies around Svalbard, northern Greenland, and

465 the Canadian Arctic between years 2009 and 2017 showed a mean MMD of 187+16 nm
- very close to our annual MMD result for Pallas (Jurdnyi et al., 2023). A MMD ranging
between 170 nm (in winter) and 225 nm (in summer) has been reported for station Alert
between 2011 and 2013 (Sharma et al., 2017). More recently, a MMD at Alert was 216
nm in 2018 in winter and spring (Ohata et al., 2021), very similar to what was reported

470 by Sharma et al. (2017). In Ny-Alesund, in 2017, the MMD of 228 nm between February
and March (Ohata et al., 2019).

The BC size distribution was additionally applied to validate the CAM5-ATRAS
long-term global model simulations for Pallas, to better understand the uncertainties in
modelled BC climate impacts in Arctic. In the BC size range from 65 to 537 nm the

475 measured BC mass mean diameter (MmD) was 219 nm and the modelled BC MmD was
175 nm. Consistent with the observations, the modelled BC size distribution showed a
limited temporal variability, within 10%. In contrast, the difference between the modelled
and measured MmD size was higher, up to 25%.

Our findings suggest that, when modelling the climate impacts of BC in the Arctic, it

480 is realistic to consider a BC size distribution with low variability. These results further
imply that the BC coating must be very important for the climate impacts of BC in the
Arctic compared to the BC core size itself, because the coating determines the amount of
absorption enhancement in the atmosphere, impacts the BC’s ability to act as cloud
condensation nuclei (CCN), and ultimately determines the amount of BC wet deposition

485 onto snow and ice.

Our study also provided new knowledge on the long-term stability of the SP2 in
ambient measurements by comparison with a co-located COSMOS instrument. COSMOS
has been shown an accuracy of 15% in the Arctic (Ohata et al., 2021b). In Pallas the Mzc
measured by COSMOS and SP2 agreed to within about 6% throughout the year,
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490 demonstrating the accuracy and stability of SP2 in long-term measurements. The long-
term stability of the SP2 has not been reported in literature before.

Overall, our results help close gaps in the understanding of BC microphysical
properties and their seasonal variability across the Arctic. This improved understanding
is essential for improving BC representation in global models and for better constraining

495 BC properties, leading to more reliable estimates of the BC climate effects in support of

targeted climate and air-quality mitigation strategies.
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Figure 1. Locations of the Arctic sites included in this study.
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Figure 2. Time series of BC from the Single Particle Soot Photomerter (SP2) and BC from the COSMOS

filter absorption photometer. Values are reported at STP conditions.
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Figure 3. Scatter plot showing the correlation of Mpc measured with COSMOS (x-axis) and SP2 (y-axis)
in units of ng m. The colour bar shows the date of the data points. The curve fit has been forced to have

an intercept of zero. 12 is the Pearson correlation coefficient (r) squared.
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525 Figure 4. Mean number (blue dots and left y-axis) #a.(D) and mass (black diamonds and right y-axis) nm(D)
distributions of BC. The blue dashed and black solid lines show the log-normal fit to the size distribution
data (dots). The CMD and MMD of the unimodal distributions are 99 nm and 195 nm, respectively. The cc
and om of the number, and mass size distributions are 1.57 and 1.66. The black dotted line shows the two
modes fitted to the mass size distribution data. For the bimodal distribution, the smaller mode peaks at 187

530 nm (ow=1.60) and the larger mode peaks at 475 nm (om=1.73).
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Figure 5. Time series of (a) BC number size distribution (dN/dlog(D)), (b) BC mass size distribution

(dM/dlog(D)), and (c) normalized mass size distribution (Rm(D). In panel (c), the MMD of the size
distribution is shown as black dots. The figure shows 12 h averages of data.
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Figure 6. (a) Normalized mass distributions Rm(D) and (b) normalized number distributions Rn(D) of
atmospheric BC for different months during the measurements period at Pallas. The legend in panel (a) and

(b) shows the month of the year.
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Figure 7. The figure shows BC mass size distributions when the station is inside clouds (blue, visibility <

500 m), when it is raining (red), and when the visibility at the station was good (black, visibility > 10 km).
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Figure 8. Panels (a) and (b) show the annual mean of Ru(D) and Ru(D) for Pallas, Ny-Alesund and Alert.
The data from Ny-Alesund was obtained from February to March in 2017 (Ohata et al., 2019). The Alert
data is from January to May 2018 (Ohata et al., 2021b).
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Figure 9. The monthly BC size distribution properties in Pallas (PAL). MMD (blue line) is the monthly
mass median diameter calculated from data, MmD (yellow line) is the monthly mass mean diameter
calculated from data and MmD (red line) is the mass median diameter from the model, with both model
560 and measurements harmonized for the overlapping size range of 65-537 nm. Model results are labelled as

“model” in the figure legend. The data shown in the figure is summarized in Table 1.
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Table 1. Monthly statistics for the mass size distributions shown in Figures 6 and 8. The MMD is the mass

median diameter, CMD is the count median diameter of the size distribution, om is the width of nm(D), and

565  onis the width of na(D). The mass mean diameter (MmD) and model mean diameter are calculated for the

range of 65-537 nm which was the detection range of the SP2 at Pallas.

Pallas

Month MMD CMD Om Gn MmD MmD

[nm] [nm] model meas

[nm] [nm]

1 235.1 102.0 1.72 1.67 170.6 247.9
2 202.5 97.4 1.66 1.63 170.3 223.2
3 201.4 96.9 1.66 1.63 173.1 222.4
4 200.5 104.3 1.62 1.57 178.3 221.6
5 198.5 100.5 1.64 1.59 181.2 220.0
6 190.9 94.0 1.68 1.59 182.8 215.0
7 184.7 89.7 1.71 1.59 176.6 210.8
8 187.1 93.7 1.69 1.58 174.4 212.5
9 178.1 96.2 1.61 1.55 177.5 201.7
10 190.7 99.2 1.66 1.56 176.4 215.6
11 194.6 91.8 1.69 1.62 174.9 216.8
12 201.2 104.2 1.62 1.58 170.7 221.2
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