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Abstract. Black carbon (BC) is a short-lived climate forcer affecting the Arctic climate through multiple mech-
anisms, which vary substantially from winter to summer. Several models still fail in reproducing BC seasonal
variability, limiting the ability to fully describe BC climate implications. This study aims at gaining insights
into the mechanisms controlling BC transport from lower latitudes to the Arctic lower troposphere. Here we
investigate the drivers controlling black carbon daily and seasonal variability in the Arctic using generalized
additive models (GAMs). We analysed equivalent black carbon (eBC) concentrations measured at the Gruve-
badet Atmospheric Laboratory (GAL — Svalbard archipelago) from March 2018 to December 2021. The eBC
showed a marked seasonality with higher values in winter and early spring. The eBC concentration averaged
22 4+20ngm™3 in the cold season (November—April) and 11+ 11 ngm~ in the warm season (May—October).
The seasonal and interannual variability was mainly modulated by the efficiency of wet scavenging removal dur-
ing transport towards higher latitudes. Conversely, the short-term variability was controlled by boundary layer
dynamics as well as local-scale and synoptic-scale circulation patterns. During both the cold and warm seasons,
the transport of air masses from Europe and northern Russia was an effective pathway for the transport of pol-
lution to the European Arctic. Finally, in the warm season we observed a link between the intrusion of warm air
from lower latitudes and the increase in eBC concentration. Changes in the synoptic-scale circulation system and
precipitation rate in the Northern Hemisphere, linked to climate change, are expected to modify the BC burden
in the Arctic.

1 Introduction

Black carbon (BC) in the lower troposphere is a strong Arctic
climate forcer responsible for the increase in surface temper-
ature (Flanner, 2013; Sand et al., 2016). In agreement with
recommendations by Petzold et al. (2013), the term BC is
used here to indicate light-absorbing carbonaceous aerosol,
while the term equivalent black carbon (or eBC) will indi-
cate BC mass concentration derived from optical measure-
ments. BC impacts the Arctic climate though multiple path-
ways (Quinn et al., 2011, 2015). In summary, BC contributes

to the absorption of solar radiation (direct effect), leading to
atmospheric warming, and impacts cloud cover by altering
atmospheric convection (semi-direct effect) (Hansen et al.,
2005; Bond et al., 2013; Flanner, 2013). In addition, BC can
modify cloud lifetime, increase cloud optical thickness and
enhance cloud emissivity (i.e. all indirect effects), resulting
in warming or cooling of the atmosphere (Albrecht, 1989;
Twomey, 1974; Quinn et al., 2008). Finally, once deposited
on snow and ice, BC enables more short-wave radiation to be
absorbed, increasing warming in a mechanism known as the
albedo climate feedback and thus accelerating snow and ice

Published by Copernicus Publications on behalf of the European Geosciences Union.

a|ollJe yoJessay



15590

melting in spring (Hansen and Nazarenko, 2004; Flanner et
al., 2007; Sand et al., 2013).

In the Arctic, the impacts of direct, semi-direct, and indi-
rect effects vary dramatically with season, because solar ra-
diation, cloud properties, and surface reflectivity show large
seasonal differences (Quinn et al., 2008; Flanner, 2013; Sand
etal., 2013). For this reason, understanding BC seasonal vari-
ability is fundamental for reliable BC climate impact mod-
elling. Nevertheless, ensemble model experiments show that
several aerosol models underestimate Arctic BC concentra-
tions in the lower troposphere and often fail to reproduce its
seasonality (Koch et al., 2009; Shindell et al., 2008). More
recently, models showed a better capability in describing the
seasonal variability of the BC surface concentration but still
underpredicted cold season averages in North America and
Europe by a factor of 2 to 5 (Sand et al., 2013; Quinn et al.,
2015; Srivastava and Ravichandran, 2021). Similar discrep-
ancies have been reported by Winiger et al. (2017) simulating
surface Siberian Arctic BC with the Flexible Particle disper-
sion model (FLEXPART).

The overestimation of BC scavenging in polar regions,
where ice clouds are dominant, has been proposed as one
of the factors responsible for BC model underestimation.
Browse et al. (2012) enhanced the model’s ability to describe
BC Arctic seasonality by optimizing the in-cloud and below-
cloud scavenging scheme. Zhou et al. (2012) improved the
agreement between modelled and observed BC deposition
by reducing scavenging in ice and in mixed-phase clouds
but still failed in reproducing the atmospheric concentrations.
Lund et al. (2018) observed that reducing the ice-cloud scav-
enging significantly increased the BC surface concentration
in the Arctic but decreased the model performance at lower
latitudes, highlighting the need for a deeper understanding of
processes and properties controlling BC scavenging (Lund et
al., 2017).

Model failure in simulating Arctic BC concentration can
also be a consequence of the uncertainties in BC emission
inventories (Zhou et al., 2012; Sand et al., 2013). For exam-
ple, a limited number of models include gas flaring emissions
(Huang et al., 2015), and their impact remains unclear. In
fact, some modelling analyses indicate that gas flaring can
account for more than 50 % of the surface monthly aver-
age BC concentration (Stohl et al., 2013; Popovicheva et al.,
2022), while radiocarbon measurements suggest an average
contribution smaller than 10 % (Winiger et al., 2017, 2019).
In addition, BC from vegetation fires can account for a sig-
nificant fraction of the BC burden in the Arctic during sum-
mer, but emissions show large spatial and temporal variabil-
ity (Evangeliou et al., 2016; Winiger et al., 2017, 2016) and,
depending on their source region, they contribute differently
to BC surface concentrations (Stohl, 2006; Stohl et al., 2013;
Evangeliou et al., 2016). Both these factors make it chal-
lenging to quantify the biomass burning impact on the Arctic
lower troposphere. Finally, the efficiency of transport mech-
anisms from the source regions affects Arctic BC variability
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and burden (Chen et al., 2020; Zhou et al., 2012). Based on
a 15-year simulation (1979-1983), Eckhardt et al. (2003) re-
ported that the surface concentration of short-lived pollutants
like BC in winter and spring is enhanced by 70 % during the
positive phase of the North Atlantic Oscillation (NAO) index
due to the effective transport from Europe. The analysis of a
more recent eBC record in the European Arctic (2001-2015)
concluded that the Scandinavian (SCAN) pattern (Barnston
and Livezey, 1987) is a better indicator than the NAO, and a
negative SCAN phase corresponds to a 35 % increase in eBC
concentration (Stathopoulos et al., 2021). Several modelling
works confirm the relevance of synoptic-scale meteorology
to explain BC transport efficiency and its interannual con-
centration variability (Zhou et al., 2012; Chen et al., 2020;
Sharma et al., 2013).

Previous studies suggested that local meteorology can be
linked to the transport-integrated meteorology (Garrett et al.,
2011; Stohl, 2006). For example, Garrett et al. (2011) ob-
served that higher wet scavenging along transport is associ-
ated with local temperature around freezing and high rela-
tive humidity. Starting from this hypothesis, this paper inves-
tigates the link between local meteorological variables and
changes in eBC concentration at a European Arctic site to
gain insights into the transport mechanisms of polluted air
masses from lower latitudes to the Arctic and the impact of
local meteorology. This study aims at a better understanding
of local processes and synoptic-scale circulation effects on
BC in the Arctic lower troposphere through the analysis of
eBC measurements performed in the Svalbard archipelago
over a 4-year period. First, the paper describes the eBC
concentration time series and evaluates seasonal differences.
Then we assess and discuss the impact of local meteorology
and general circulation indices on the observed variability us-
ing generalized additive models (GAMs). Finally, we analyse
the discrepancies between model and observations to iden-
tify unaccounted-for synoptic-scale circulation patterns that
could improve the description of eBC temporal variability.

2 Methods

2.1 Measurement site

The measurement site is located at Svalbard (Norway) in
the Kongsfjorden region. Aerosol measurements were per-
formed at the Gruvebadet Atmospheric Laboratory (GAL)
(78.918° N, 11.895°E; 61 ma.s.l.) located about 1km south
of Ny-Alesund and is part of the Ny-Alesund Research
Station and SIOS (Svalbard Integrated Observing System)
network (Song et al., 2021). Meteorological measurements
were collected in Ny-Alesund and at the Climate Change
Tower (CCT), approximately 1 km from GAL (Mazzola et
al., 2016).

Figure 1a shows the locations of GAL, Ny-;\lesund, and
the CCT, while Fig. 1b and c report the wind rose during the
cold and warm seasons, respectively. GAL is surrounded by
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Figure 1. Map of the Kongsfjorden area (a) indicating the posi-
tion of the Gruvebadet Atmospheric Laboratory (GAL), the Cli-
mate Change Tower (CCT), and Ny-Alesund (NYA); wind rose for
the cold (b) (November—April) and warm (c) (May—October) sea-
sons derived from wind measurements performed at 2m from the
ground. Map from https://toposvalbard.npolar.no (last access: Jan-
uary 2023) courtesy of the Norsk Polarinstitutt.

mountain ranges to the south and west and by the Kongsfjor-
den to the north and east, leading to a wind pattern charac-
terized by higher wind flows from east-southeast parallel to
the fjord direction and blowing from the Kronebreen, Kongs-
breen, and Kongsvegen glaciers. A second wind component
from the south-west is usually characterized by a speed be-
low 4ms~! and is due to the wind flow from the Brgg-
gerbreen glacier (Sjoblom et al., 2012; GraBl et al., 2022;
Pasquier et al., 2022; Mazzola et al., 2016). The dominant
local wind patterns for the cold and warm seasons are shown
in Fig. 1b and c, respectively. The winds from the direction
of Ny—Alesund are the least common ones. To minimize the
risk of contamination from the village and the harbour, we re-
moved data characterized by a dominant wind direction from
15 to 60° N (corresponding to 3 % of the hourly data points).

2.2 Aerosol optical properties

Aerosol optical properties have been measured at GAL since
2010 during the warm season, while cold season measure-
ments have been performed routinely only since March 2018.
To have a complete description of the seasonal variability,
this study focuses on the period 2018-2021.
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Aerosol particles at GAL were sampled through a total
suspended particle (TSP) inlet and the absorption coefficient
was measured with a three-wavelength Particle Soot Absorp-
tion Photometer (PSAP, Radiance Research, USA) (Bond et
al., 1999) operating at 467, 530, and 660 nm at a nominal
flow rate of 1 Lmin~'. Hourly absorption data were calcu-
lated from measurements with a 4 s time resolution and cor-
rected for spot size and flow rate according to Bond et al.
(1999) and Ogren (2010). We discarded measurements char-
acterized by transmittance values lower than 0.5. Finally, ab-
sorption coefficient data were corrected for filter loading and
scattering artefacts according to Virkkula (2010).

We measured the scattering coefficients with a neph-
elometer (M903, Radiance Research, USA) at 530 nm and
corrected for illumination and truncation error according
to Miiller et al. (2009). Scattering coefficients at 467 and
660 nm were derived assuming a scattering Angstrdm expo-
nent of 1.15 (Schmeisser et al., 2018). Absorption and scat-
tering coefficients were adjusted to standard temperature and
pressure.

From October 2019 to October 2020, a Multi-Angle Ab-
sorption Photometer (MAAP, Magee Scientific Corporation)
measured the aerosol absorption coefficient at 637 nm at
GAL, in parallel with the PSAP, to validate the PSAP correc-
tion algorithm. The MAAP worked at 1 min time resolution
and data were averaged over 1 h. MAAP absorption coeffi-
cients were corrected according to Miiller et al. (2011) and
then adjusted to 660 nm to be compared with PSAP mea-
surements, assuming an absorption Angstrém exponent of 1.

2.3 Meteorological data

Meteorological measurements (temperature, pressure, rela-
tive humidity, radiation, wind direction, and wind speed)
were continuously performed at the CCT (about 1 km from
GAL) at a 1 min time resolution, while we used hourly pre-
cipitation, 3-hourly cloud cover, and cloud cover height mea-
sured at the Ny-Alesund station of the Norsk Klima Ser-
vice Centre (https://klimaservicesenter.no, last access: June
2022). Daily averages were calculated for all the variables,
other than precipitation, for which daily cumulative values
were instead derived from hourly data.

We obtained the boundary layer height (BLH) at GAL
and sea level pressure maps in the Northern Hemisphere
from hourly ECMWEF reanalysis ERA5 data (Hersbach et
al., 2020) at a spatial resolution of 0.25° x 0.25° (https:
/lcds.climate.copernicus.eu/, last access: January 2023).

General circulation indices (NAO, Arctic Oscillation AO,
SCAN) were downloaded from the NOAA Climate Pre-
diction Center (https://www.cpc.ncep.noaa.gov, last access:
June 2022) at daily (NAO and AO) and monthly (SCAN)
time resolutions. The NAO is a measure of the difference in
sea level atmospheric pressure between the Icelandic Low
and the Azores High (Hurrell, 1995). A positive NAO in-
dex is associated with low pressure at high latitudes of the
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North Atlantic and potential transport of polluted air masses
from lower latitudes (Eckhardt et al., 2003). The AO repre-
sents the strength of winds circulating around the North Pole,
which are able to isolate cold air masses to the high latitudes.
A low AO index indicates weaker winds, which allow the
potential intrusion of warm air masses from lower latitudes.
The SCAN index is based on the analysis of 700 hPa geopo-
tential height patterns and is associated with a strong cen-
tre over Scandinavia and two weaker centres with opposite
signs over western Mongolia and eastern Russia (Barnston
and Livezey, 1987). Stathopoulos et al. (2021) observed that
a negative SCAN phase was associated with a higher eBC
concentration at the Zeppelin Observatory (Svalbard).

The daily Greenland Blocking Index (GBI) was down-
loaded from the Global Climate Observing System webpage
(https://psl.noaa.gov/gcos_wgsp/, last access: June 2022).
The GBI is the mean 500 hPa geopotential height over the
region that extends from 60-80° N and 20-80° W and that
measures the blocking pattern over Greenland.

To investigate below-cloud and in-cloud scavenging dur-
ing transport to the Arctic, we downloaded daily maps of pre-
cipitation rates from the Copernicus Climate Change Service
(https://cds.climate.copernicus.eu/#!/home, last access: Jan-
uary 2023). Daily maps (1° x 1° horizontal resolution) were
derived from satellite observations within the Global Precip-
itation Climatology Project (GPCP).

2.4 Back-trajectory analysis

Seven-day Lagrangian Analysis Tool (LAGRANTO) back-
trajectories were calculated every 6h from March 2018 to
December 2021, initialized at 10 and 30 hPa above ground
level at GAL (Sprenger and Wernli, 2015; Wernli, 1997).
Modelling data suggest that BC atmospheric lifetime is on
average 5.5d (£2d) (Szopaetal.,2021). Similarly, Backman
et al. (2021) estimated that BC emissions affecting Arctic
surface observatories can travel in the atmosphere for up to
7 d prior to reaching the receptor site (Backman et al., 2021).
The 7d duration was selected to capture BC atmospheric
lifetime and removal processes along trajectories (Cremer et
al., 2022; Evangeliou et al., 2016). The trajectory calculator
used ERAS as the input meteorology, with a horizontal res-
olution of 0.5° x 0.5° and a vertical resolution of 137 levels
up to 1 hPa. We then reconstructed the probability residence
time maps (Ashbaugh et al., 1985) to a resolution of 1° x 1°
(Fig. S1 in the Supplement) to compare with BC emission
maps and precipitation rate maps.

2.5 Generalized additive models

We used GAMs to investigate the impact of local meteorol-
ogy and synoptic-scale circulation on eBC variability. GAMs
do not assume a linear relationship between variables (Hastie
and Tibshirani, 1986); instead, this method describes the re-
lationship between each predictor and the dependent variable
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(in this case eBC concentration) as a smooth function that
is generally non-parametric. The different smooth functions
can be determined simultaneously, and the dependent vari-
able is then described as a linear combination of the smooth
functions, each depending on a single predictor. GAMs have
been successfully employed in previous studies to investi-
gate the dependency of particulate matter and particle num-
ber concentration on meteorological variables in urban and
remote locations (Barmpadimos et al., 2012, 2011; Clifford
et al., 2011; Crawford et al., 2016). In such studies, a log-
arithm transformation was applied to the pollutant concen-
tration to obtain an approximate normal distribution of the
dependent variable and to improve model residual interpre-
tation (Barmpadimos et al., 2011).

We built two different GAMs to describe the eBC con-
centrations observed during the cold (November—April) and
warm (May—October) periods, assuming that different mech-
anisms might control pollution variability. This assumption
is corroborated by the fact that eBC observed at the Zeppelin
Observatory (at about 1 km from GAL) is characterized by
significantly different source regions during the warm and
cold seasons, as defined above (Stathopoulos et al., 2021;
Eleftheriadis et al., 2009). Furthermore, Stathopoulos et al.
(2021) highlight that large-scale circulation patterns that im-
pact the pollutant transport from lower latitudes (NAO, OA,
and SCAN) shows opposite behaviours during these two pe-
riods of the year. In addition, we analysed daily rather than
hourly eBC concentrations to increase the eBC signal-to-
noise level and to include in the analysis covariates with time
resolutions coarser than 1h, such as general circulation in-
dices. Finally, mild and extreme outliers were removed using
the interquartile range criteria (2 out of 1026 daily data points
were removed).

The logarithm of the eBC concentration was modelled ac-
cording to the following equation:

P q
In@eBC)= sj(x))+ Y Bjxj+a+e, (1)

j=1 J=p+l1

where s is the smooth function describing the jth predictor,
B; is the linear coefficient of categorical variable x;, p is
the number of continuous variables, (g — p) is the number of
categorical variables, a is the intercept, and ¢ is the residual.

We implemented GAM analysis using the mgcv R pack-
age (Wood, 2017). We choose penalized thin plate splines
as base splines to define the smooth functions s;, while the
smoothing parameters were estimated using the restricted
maximum likelihood (REML) algorithm to reduce the risk of
data overfitting. Circulation indices and meteorological pa-
rameters were tested as continuous variables. We also tested
precipitation and wind direction as categorical variables. In
addition, we included day of the year (DOY) and truncated
Julian day (tJul or continuous day count from 24 May 1968)
among the investigated variables to take into account all pro-
cesses that could not be explained by local meteorological
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variables or circulation indices, such as seasonal and annual
variability of emissions and removal processes during trans-
port. DOY ranged between 1 and 366, while tJul varied be-
tween 18 178 and 19 579.

2.6 Model definition

To build the seasonal GAMs, we first selected those variables
able to explain the largest eBC variability using an iterative
approach as described by Jackson et al. (2009) and illustrated
in the following steps.

Step 1. Univariate GAMs were created using the explana-
tory variables, one at a time, and the variable associated with
the largest deviance explained was selected. The deviance ex-
plained is the fraction of variance of eBC data described by
the model.

Step 2. The remaining variables were added to the GAM
defined in step 1, one at a time, and the deviance explained
was re-calculated. The model characterized by the highest
deviance explained was chosen.

Step 3. The variable selected in step 1 was removed and
replaced by the remaining variables. If the new deviance ex-
plained was higher than the one from step 2, the new model
was retained. If two variables were associated with a similar
increase in the deviance explained, the one characterized by
a higher significance (i.e. a lower p value) was selected.

Step 4. To test the model robustness, we verified that all
the variables included in the model were significant at least
at the 95 % significance level.

Step 5. Multi-collinearity of GAM covariates should be
avoided, as this would make it difficult to discriminate the
impact of the different variables and would introduce redun-
dancy into the model. To test multi-collinearity, when a new
variable was added to the model, the variance inflation factor
(VIF) was calculated as follows:

1

VIF = .
1—r2

@

r is the Pearson correlation coefficient that defines the corre-
lation of the last added variable against all the other variables
already included in the multivariate GAM (Barmpadimos et
al., 2011). As a general rule, a VIF equal to 1 corresponds to
no correlation, while a VIF between 1 and 5 indicates a weak
correlation. In this study, if the VIF exceeded 2.5, the variable
was not added to the model and the covariate with the sec-
ond highest deviance explained was tested. A VIF equal to
2.5 was chosen because it corresponds to a coefficient of de-
termination of 0.6, which is the maximum collinearity among
covariates that was considered acceptable.

Step 6. We repeated steps 2 to 5 until the deviance ex-
plained increase was smaller than 2 %.

Finally, we tested the normality (normal distribution of the
residuals around zero), homoscedasticity (constant variance
of the residuals), and linearity (linear correlation of the pre-
dicted versus observed values) of the model results.
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2.7 BC emissions

We derived BC monthly emissions from anthropogenic
sources using EDGARvV6.1 (Emissions Database for Global
Atmospheric Research) (https://edgar.jrc.ec.europa.eu/index.
php/dataset_ap61, last access: July 2022) developed by the
Joint Research Center of the European Commission (Crippa
et al., 2019). Monthly gridded emissions for different activ-
ity sectors are available for the years 1970-2018 at a spatial
resolution of 0.1° x 0.1°. We used the most recent data, i.e.
2018 emissions, as representative of the period 2018-2021.
The following emission sectors were considered: power in-
dustry, refineries and transformation industry, combustion for
manufacturing, residential combustion, road transportation,
other transportation, and shipping. These sectors, together
with agricultural burning, account from more than 94 % of
the total BC emissions in Europe, Russia, Canada, and the
USA, excluding the land use, land use change and forestry
(LULUCEF) sector (Fig. S2).

The EDGAR inventory does not include the contribution
from LULUCEF, and thus we derived BC monthly emissions
from open burning, including agricultural waste burning, us-
ing the Global Fire Emission Database (GFED; https://www.
globalfiredata.org, last access: January 2022). The GFED
is based on fire activity and vegetation property data from
satellite observations (Giglio et al., 2013). We employed the
GFED4s version, which also includes small fires (Rander-
son et al., 2012; van der Werf et al., 2017). For each grid
cell with spatial resolution 0.25° x 0.25°, we calculated BC
emissions by multiplying the total dried matter emissions
(kgm~2month™!) by the grid cell area (m?) and by the BC
emission factors (grams of BC per kilograms of dried mat-
ter) of the six different BC sources included in the database:
savanna, grassland and shrubland fires, boreal forest fires,
temperate forest fires, tropical deforestation and degradation,
peat fires, and agricultural waste burning (Akagi et al., 2011;
Andreae and Merlet, 2001).

To select the regions that contributed to the eBC measured
on Svalbard, we overlapped the monthly emission maps from
EDGAR and GFED with the back-trajectory residence time
maps calculated for the corresponding month from the LA-
GRANTO analysis tool.

3 Results and discussion

3.1 PSAP data validation

eBC is derived from the aerosol absorption coefficient (Byps)
measured by a PSAP, whose measurements were corrected
for filter loading and light scattering induced by particles
deposited on the collection filter. The correction algorithm,
developed by Virkkula (2010), is validated here by com-
paring hourly PSAP data with co-located MAAP measure-
ments during 1 year from October 2019 to October 2020. The
MAAP is employed as a reference technique since it auto-
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Figure 2. Time series of the aerosol absorption coefficient at
660 nm (B,ps) measured by a Particle Soot Absorption Photometer
(PSAP in black) and a Multi-Angle Absorption Photometer (MAAP
in orange) at Gruvebadet (panel a), together with comparison of
Baps measured by the two instruments during the intercomparison
experiment from October 2019 till October 2020 (panel b).

matically corrects the aerosol absorption coefficient for filter
loading and scattering by measuring, in addition to light at-
tenuation, the backscattering of particles on the filter (Miiller
et al., 2011; Petzold and Schonlinner, 2004).

Figure 2 compares the time series of hourly PSAP and
MAAP absorption coefficients at 660 nm. During the in-
tercomparison period, the absorption coefficient ranged be-
tween the detection limit (0.013Mm~! for MAAP and
0.002Mm~! for PSAP) (Asmi et al., 2021) and 2.8 Mm ™',
with an average value of 0.22 Mm™!. PSAP agrees well with
the MAAP data, with a Pearson coefficient of 0.93. The lin-
ear fit is characterized by a slope equal to 0.982 (£0.005) and
an intercept of 0.042 (£0.002). The relationship between the
two time series is comparable to the one reported by Asmi
et al. (2021) during an intercomparison field experiment in
northern Finland, with absorption coefficient values similar
to those observed during this study. The agreement between
the MAAP and PSAP time series corroborates the suitability
of the correction algorithm described in Sect. 2.2 (Virkkula,
2010).
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3.2 eBC seasonality

eBC was then derived from the absorption coefficient time
series at 660 nm, assuming a constant mass absorption cross
section (MAC) equal to 10.2m?g~!, in agreement with the
MAC calculated by Ohata et al. (2021) with instrument
techniques similar to the ones employed in this study (see
Sect. S1 and Table S1 in the Supplement).

Figure 3 shows the monthly variability of eBC concentra-
tions from 2018 to 2021. Only months characterized by an
hourly temporal coverage larger than 50 % are reported to
guarantee data representativeness (Rose et al., 2021). eBC
concentrations averaged 22 ngm > (£20ngm~>) during the
cold season (November—April) and 11 ngm™> (£11ngm™3)
during the warm season (May—October). The highest eBC
monthly averages were observed from January to April, cor-
responding to the Arctic haze period, while the lowest ones
were recorded between June and October. The observed
eBC seasonality agrees with previous studies from Svalbard
(Eleftheriadis et al., 2009; Stathopoulos et al., 2021). The av-
erage eBC concentrations measured at the Zeppelin Obser-
vatory, at about 1 km from GAL and at 474 m altitude, aver-
aged 21 and 7ngm™3 in the cold and warm seasons, respec-
tively, in the period 2011-2015 (Stathopoulos et al., 2021).
Higher seasonal averages were instead reported in previous
years (Eleftheriadis et al., 2009), in agreement with a de-
crease in BC concentrations in the Arctic during the last 3
decades (Schmale et al., 2022). Increased vertical mixing in
the lower troposphere and more frequent precipitation dur-
ing summer promote aerosol dilution and removal processes
in the warmer period, leading to a reduction in the surface
eBC concentration (Stohl, 2006; Garrett et al., 2011). Fur-
thermore, the extension of the Arctic front towards lower lat-
itudes during the cold period facilitates the transport of pol-
luted air masses from populated regions in northern Europe
and Russia (Quinn et al., 2015; Stohl, 2006).

Figure 3 shows some variability of the eBC monthly statis-
tics from one year to another. Statistically significant dif-
ferences were observed mainly during the cold and transi-
tion periods. In 2018, March and May showed significantly
lower eBC concentrations compared to the same months of
the other investigated years, while in 2020, February and Oc-
tober were characterized by slightly larger concentrations.
January and November 2021 exhibited lower and higher eBC
values relative to the other monthly means, respectively. Dur-
ing the warm period, the largest difference was observed in
July 2020, when the mean eBC concentration was higher
compared to the same months of the remaining analysed
years.

3.3 Analysis of drivers controlling eBC variability

In this section we use GAMs to identify and discuss the ex-
planatory variables that best describe the variability of eBC
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in the European Arctic and to understand how they link to
the synoptic-scale circulation and local meteorology.

To facilitate the interpretation of the covariate effect, we
first investigated the correlation among them. Figure S3 re-
ports the Pearson correlation matrices for the cold and warm
periods. Wind speed correlated with boundary layer height,
because local wind promoted atmospheric vertical instabil-
ity. As expected, the NAO and AO correlated with each other
and anticorrelated with the GBI, since they describe oppo-
site pressure fields (Hanna et al., 2014). During the cold sea-
son, atmospheric pressure correlated with the GBI and anti-
correlated with the AO, because a positive GBI phase and a
negative AO phase are characterized by a high-pressure sys-
tem over the Arctic region. The correlation weakened in the
warm season due to the lower variability of the GBI and AO
indices.

3.3.1 Cold season

Table 1 reports the covariates selected for the cold season
GAM together with the deviance explained by the model af-
ter the addition of each variable and the corresponding p val-
ues. Low p values indicate a high significance of the rela-
tionship between In(eBC) and the explanatory variable. The
smoothed functions describing the dependency of the eBC
on each covariate are shown in Fig. 4. In each box, the verti-
cal axis shows the additive effect of one specific covariate on
the eBC concentration as a function of the covariate values
reported on the horizontal axis.

The first variable selected for the definition of the cold
season GAM was tJul, which alone accounted for 19 % of
the eBC variance (Fig. 4a). Although DOY was the second
variable with the highest deviance explained in the univari-
ate models (16 %), it was not selected as an explanatory vari-
able during the multivariate model definition (Sect. 2.6), in-
dicating that truncated Julian day already accounted for the
seasonal variability that would have been described by the
DOY. To clarify the impact of truncated Julian day, Fig. 5a
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Table 1. Explanatory variables of cold season and warm season
GAMs. The order of the variables corresponds to the selection order
during the GAM definition. Deviance explained is the cumulative
value of each variable and the preceding ones, while the p values are
indicative of each variable’s statistical significance (for all variables
larger than 99.9 %).

Cold season Deviance p value
explained
Truncated Julian day (tJul) 0.19 <2x10716
Pressure (press) 0.29 3.87 x 1073
Temperature (temp) 0.35 1.91 x107°
BLH 0.40 <2.0x 10716
GBI 0.44 7.74 x 1073
Relative humidity (RH) 0.47 2.84 x 1074

reports the monthly average of eBC concentrations derived
by the GAM using this covariate alone. Truncated Julian
day combines the effects of drivers that are characterized
by a clear seasonal and interannual variability. On average,
modelled eBC concentrations were similar in November and
December and increased by a factor of 2 from November
to April, with some interannual differences. Previous stud-
ies attributed BC seasonal variability to the increase in wet
scavenging efficiency in the colder months (Arctic haze) and
the retreat of the Arctic front during the warmer months,
the latter reducing the source regions potentially able to im-
pact the Arctic air quality (Stohl, 2006; Garrett et al., 2011;
Freud et al., 2017). To investigate the relative significance of
these two effects, Fig. 5a reports the monthly precipitation
and BC emissions integrated along trajectories. BC monthly
emissions were calculated by multiplying the back-trajectory
residence time maps from LAGRANTO analysis by the BC
emission flux maps, and thus they take into account the Arc-
tic front seasonal variability. BC emissions did not explain
the model eBC trend; in fact, they increased from Novem-
ber to December and then decreased progressively during the
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15596 S. Gilardoni et al.: Drivers controlling black carbon temporal variability
(@) o~ (b) o~ (c) «
S S S
O O O
2 [ [
[ [ [5) [ [9] [
S a a S
pomy o om m Ly e — A —
18200 18800 19400 960 980 1000 1020 245 255 265 275
tJul press (hPa) temp (K)
(d) o (e) « ) o
S < S
E o | / :g ] \/\/\ E . /\
(@] (@] O
[a [ [
() [ () [ (4] [
N a a

yuin
T 1 1 I I T T T 1

0 400 800 1200
BLH (m)

4900 5100 5300 5500
GBI (m)

T LIS R B .
40 60 80

RH (%)

Figure 4. Smooth functions of the variables contributing to defining the eBC concentration in the cold season GAM. In each plot, the y axis
reports the change in the eBC concentration relative to the seasonal average; an eBC factor equal to 41 corresponds to an increase in the eBC
concentration equal to 100 % relative to the cold season average. The tick marks on the x axis show the distribution of the predictor values

across their variability ranges.

(a) Cold Season (b)
T T 1 T T .
— €
e g
o =500 =
~ o
~ °
3 +
Rl =
Q =
3 o
m
[}

0

—— BC GFED+EDGAR emissions (ton)
BC EDGAR emissions (ton)
— Integrated precipitation (cm)

Warm Season

T T T T T T T
20L &1000
120 =
%, 5
o =
10k - #-500 S
ﬂ .......... N G &
fis® |:| =1 3
0 ||:| |D|:| H:||:| | | W0 o
NS > &
TILFS
[ eBC 2018
[ eBC 2019
eBC 2020
[ eBC 2021

Figure 5. eBC concentration predicted by truncated Julian day in the cold season (panel a) and by truncated Julian day together with DOY
in the warm season (panel b); the blue lines indicate the monthly precipitation integrated along back-trajectories, while the green lines
correspond to BC emission monthly averages excluding (dotted lines) and including (continuous lines) open burning emissions.

following months. Instead, the integrated precipitation was
comparable in November and December and then decreased
progressively from December to April, showing an opposite
trend compared to the eBC-predicted values. Monthly aver-
ages of eBC derived from truncated Julian day weakly anti-
correlated with the precipitation rate along back-trajectories
(r = —0.43), whilst the predicted eBC showed no link with
BC emission variability (r = —0.11) (Fig. S4), indicating
that scavenging efficiency had a stronger impact on eBC sea-
sonality than emission variability. The anticorrelation (neg-
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ative r value) indicates that an increase in precipitation rate
was associated with a decrease in surface eBC concentration,
as expected due to wet scavenging.

The second selected covariate was surface atmospheric
pressure, which explained 29 % of the eBC variance in
combination with truncated Julian day (Fig. 4b). Statisti-
cally significant effects were observed for pressure above
1010 hPa. In particular, when pressure increased from 1010
to 1025 hPa, eBC decreased by 70 %. The threshold value
of 1010 hPa is relatively high when compared to the average
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surface pressure recorded during the cold season (1000 hPa)
and the average values reported for the same location in pre-
vious years (about 1006 hPa) (Maturilli et al., 2013; Mazzola
et al., 2016). Figure S5 reports the average sea level pressure
(SLP) maps derived from ERAS re-analysis and correspond-
ing to the periods characterized by pressure at GAL higher
than 1010 hPa and the entire cold season. In the first case, the
SLP over the Arctic was higher than the average, and a cen-
tre of high pressure was localized over Svalbard. The differ-
ence in the local SLP corresponds to substantially different
synoptic-scale SLP patterns, and hence local pressure can be
considered a proxy for large-scale synoptic circulation. High-
pressure patterns over the Arctic in winter weaken westerly
flows over the Atlantic Ocean and prevent the advection of
air masses from the European continent to the higher lati-
tudes (Maturilli and Kayser, 2017). Thus, the reduction in
eBC concentration at high surface pressure observed in this
study is explained by a blocking of pollution transport from
lower latitudes.

The third selected variable was surface temperature, ex-
plaining 35 % of the eBC variance, in combination with trun-
cated Julian day and surface pressure (Fig. 4c). A significant
impact of this covariate was observed at values between 255
and 270K (corresponding to 75 % of the data points), when
a 10K temperature rise led to a drop in eBC concentration
by 32 % on average. Increase in temperature corresponds to
the transport of warmer and more humid air masses to Sval-
bard (Maturilli and Kayser, 2017; You et al., 2022). The cold
season mean specific humidity was 1.5 gkg™!, while it aver-
aged 2.2 gkg~! when the temperature was higher than 265 K.
The relative increase in specific humidity suggests that air
masses reached Svalbard after spending most of their time
over the ocean rather than over the continental areas, where
most of the emissions originate. Figure 6a and ¢ compare
the average sea level pressure over the Northern Hemisphere
and the residence time of back-trajectories reaching GAL
when local temperature was lower or higher than 265 K. Un-
der colder conditions, a strong pressure gradient between
Siberia and the Eurasian Arctic supported the transport of
air masses from northern Siberia to higher latitudes, favour-
ing the transport of air pollutants to Svalbard. Conversely,
when temperature at GAL was relatively higher, the Siberian
anticyclone weakened while the pressure over the European
Arctic increased, blocking the transport of air masses from
the polluted European and Asian mainland while favouring
transport from the Atlantic Ocean sector. Figure 6b and d
report the probability residence time maps corresponding to
the two conditions and clearly show that when the temper-
ature at GAL was higher, air masses spent more time over
the Fram Strait; this led to a decrease in the observed eBC
concentration.

BLH increased the deviance explained by the GAM up
to 40 % (Fig. 4d). The effect of this covariate was partic-
ularly significant when BLH was shallow (below 600 m).
In fact, eBC increased by about 40 % when BLH increased
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from 100 to 600 m. Rader et al. (2021) observed that anthro-
pogenic aerosol is transported great distances towards the
European Arctic in the lower free troposphere, and then it
might mix down in the boundary layer in areas with complex
orography such as Ny-;\lesund in Svalbard. It follows that
a higher boundary layer favours downward mixing of BC
from the free troposphere, increasing the observed concen-
trations at sea level. Furthermore, in the cold season, shal-
low boundary layer conditions at GAL were dominated by
very weak flow from the south-west, while increasing BLH
was associated with the shift in the prevailing wind direc-
tion towards east-southeast and an increasing wind speed
(Fig. S6a—d). Winds from east-southeast correspond to the
descending movements of air masses along the slope of the
glaciers at the western edge of the Kongsfjord, promoted by
sea breeze and terrain orography (Sjoblom et al., 2012). It
is likely that such descending air masses contributed to the
transport of pollutants from the lower free troposphere to-
wards GAL.

The GBI and relative humidity (RH), the two remaining
variables included in the cold season GAM, increased the
deviance explained by the model up to 47 % and had a small
effect on the eBC level (Fig. 4e and f, respectively). eBC con-
centration increased when the GBI was smaller than 5100 m
(Fig. 4e) due to the weakening of the blocking system trig-
gered by the high pressure over Greenland (Dekhtyareva et
al., 2022). The effect of relative humidity above 50 % was a
slight reduction in eBC concentration, likely due to the local
in-cloud and below-cloud scavenging (Fig. 4f). When rela-
tive humidity was lower than 50 %, the effect on eBC was
characterized by a large uncertainty due to the small number
of data points in this humidity range.

3.3.2 Warm season

Table 2 shows the covariates selected for the warm season
GAM (May-October), while Fig. 7 reports the smoothed
functions describing the link between eBC and the selected
covariates.

The first two selected covariates were truncated Julian day
and DOY, which together explained 22 % of the eBC vari-
ance (Fig. 7a and b, respectively). We discuss them together
as they describe processes characterized by a smooth interan-
nual and seasonal variability. The selection of both truncated
Julian day and DOY as explanatory variables indicates larger
interannual differences in the seasonal trends compared to
what was observed during the cold season, when the selec-
tion of a truncated Julian day excluded DOY from the model.
Figure 5b reports the modelled eBC concentration derived
from DOY and truncated Julian day. The monthly modelled
eBC averages show minimum values in July and then in-
crease during the following months, with different rates dur-
ing the different years. On average, estimates of eBC con-
centrations decreased by 80 % from May to July and then in-
creased by 53 % to 77 % from July to October. The seasonal
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Table 2. As in Table 1 but for the warm season. The p values are
indicative of each variable’s statistical significance (** corresponds
to a significance larger than 99.9 % and * to a significance larger
than 95 %).

Warm season Deviance p value
explained
Truncated Julian day (tJul)  0.13 <2x10716"
Day of the year (DOY) 0.22 <2x10716"
Temperature (temp) 0.32 <2x 107167
Relative humidity (RH) 0.36 721 x 10757
Radiation (Rad) 0.40 459 x 1072
BLH 0.43 3.45x 107"
AO 0.46 138 x 1072

variability of BC emissions is not linked to the modelled eBC
(Fig. 5b). Conversely, precipitation integrated along back-
trajectories increased by a factor of 2 from May to July and
then decreased till the end of summer, mirroring the trend of
modelled eBC. Monthly averages of modelled eBC clearly
anticorrelated with precipitation (r = —0.70), indicating that
eBC variability was strongly affected by the efficiency of re-
moval processes during transport. This was particularly evi-
dent in the warm season, which showed higher precipitation
values than the cold season (Fig. S4). The correlation with
monthly emissions was instead negligible (R = —0.13).

The third selected variable was temperature, which to-
gether with truncated Julian day and DOY explained 32 %
of the eBC variance (Fig. 7c). Statistically significant effects
were observed for temperatures above 275 K, when eBC in-
creased by about 88 % when temperature increased by 10 K.
Higher temperature in the Arctic could be due to diabatic
warming, adiabatic warming due to subsidence, or intrusion
of air masses from lower latitudes (Papritz, 2020). The analy-
sis of meteorological parameters during transport shows that
only a limited number of back-trajectories arriving at GAL
during warmer days (average temperature higher than 278 K)
experienced diabatic warming before arriving at the observa-
tory (10 %). Furthermore, we investigated adiabatic warming
due to subsidence based on the maximum pressure increase
experienced by the back-trajectories during the last 2 d before
reaching GAL (Binder et al., 2017). The frequency distribu-
tion of maximum pressure rise in Fig. 8a shows a slightly
higher frequency of back-trajectories undergoing a pressure
increment between 50 and 100 hPa on warmer days com-
pared to colder days. The pressure change indicates the sub-
sidence from the lower free troposphere just before reaching
the observatory. Finally, to study the intrusion of air masses
from lower latitudes, the histograms in Fig. 8b report the fre-
quency distribution of the minimum latitudes reached by the
back-trajectories up to 7 d before arriving at GAL as a func-
tion of the average daily temperature. The histogram com-
parison indicates that it was more likely that air masses orig-
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inated from regions south of the 70th parallel during warmer
days (62 % of the time) than during colder days (40 % of
the time). To further validate these results, Fig. S7a and ¢
show the average sea level pressure, while Fig. S7b and c
report the residence time maps corresponding to 7d back-
trajectories reaching GAL during the warm season. Colder
temperatures (7 < 278 K, 69 % of the time) at the observa-
tory corresponded to the arrival of air masses that spent more
time over the Arctic Ocean and Greenland coasts (Fig. S7e).
On the other hand, warmer temperature periods (7" > 278 K,
31 % of the time) were characterized by a lower-pressure sys-
tem over the North Atlantic Ocean that favoured the transport
of air masses from lower latitudes and through northern Eu-
rope and Russia (Fig. S7e). To summarize, the higher eBC
concentrations observed at GAL during warmer days can be
due to the effective transport of polluted air masses from
lower latitudes as well as the intrusion of pollution from the
lower free troposphere.

RH was selected at the fourth step and increased the model
deviance explained up to 36 % (Fig. 7d). Dry conditions at
GAL (RH below 70 %) corresponded to a reduction in eBC
concentration by about 30 %. No effect was observed for
higher RH. The average specific humidity was 2.5 + 1.1 and
3.9+ 1.0gkg™" when RH was lower and higher than 70 %,
respectively. Figure S8 reports the analysis of specific hu-
midity and pressure along back-trajectories arriving at GAL
under dry and wet conditions. In both cases, specific humid-
ity progressively increased along the trajectories, indicating
that wet scavenging could not explain the lower eBC concen-
trations observed on drier days. Conversely, low RH at GAL
corresponded to the arrival of air masses that spent most of
their time at higher altitudes compared to air masses arriving
under wetter conditions. Likely, air masses moving at higher
altitudes could not collect water and pollutants from the sur-
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face of the ocean and land and resulted in a lower specific
humidity and a lower eBC concentration at GAL.

The next variable included in the warm season GAM was
radiation (Fig. 7e), which brought the model deviance ex-
plained to 40 %. eBC concentration increased by 23 % when
radiation increased from 50 W m~2 to more than 100 Wm™2,
likely due to the decreased probability of aerosol scaveng-
ing from low-level clouds and drizzle. This is confirmed by
the reduction in the radiation impact when cloud height was
added to the model as a factor covariate. In particular, the ef-
fect of low-level clouds (clouds below 500 m) in the warm
period was a reduction in eBC concentration by 23 % on
average. Low-level clouds are usually associated with rain
and drizzle, with the latter not well captured by cumulative
hourly precipitation measurements (Nystuen, 1999).

The last covariates added to the model were BLH and AO
(Fig. 7f and g, respectively), which brought the deviance ex-
plained up to 46 %. The warm season BLH had an opposite
effect compared to the one observed in the cold season. In
fact, when BLH decreased from 400 m to less than 100 m,
the eBC concentration increased by about 60 % (Fig. 7f). The
effect of BLH is likely controlled by the dominating wind cir-
culation during shallow boundary layer conditions (Fig. S6e—
g). When BLH was lower than 100 m, circulation was mainly
characterized by winds from the east and east-southeast. This
wind pattern was triggered by air masses descending along
the slope of the glaciers at the western edge of the Kongs-
fjord (Sjoblom et al., 2012), which promoted the transport
of pollutants form higher altitudes and their intrusion into
the shallow boundary layer (GraBl et al., 2022). Furthermore,
the weak wind speed favoured eBC accumulation. Days with
BLH between 100 and 400 m were instead characterized by
progressively higher wind speed and more frequent winds
from the south-west (from the Brgggerbreen glacier) and
north-east (from the entrance of the fjord). Likely, the lower
altitude of the mountain ridge to the south-west compared to
the western edge of the fjord did not allow effective transport
of pollutants from the lower free troposphere. Similarly, the
entrance of air masses from the ocean direction at sustained
wind speed (2 to 8 ms~!) contributed to pollutant dispersion.
Finally, for a BLH larger than 400 m, the model uncertainty
increased and the effect of BLH became less clear.

The effect of the AO (Fig. 7g) goes in the same direction as
the NAO impact observed at the Zeppelin Observatory during
the warm season, with higher eBC during the AO (or NAO)
negative phase (Stathopoulos et al., 2021). A negative AO
phase corresponds to weaker polar winds and potential intru-
sion of polluted air masses from lower latitudes. In addition,
Christoudias et al. (2012) reported that a positive NAO phase
is associated with increased precipitation over northern Eu-
rope. Since the NAO and AO phases correlated during the
investigated period, the reduction in eBC during high AO pe-
riods could also be attributed to the enhanced BC scavenging
during transport to the Arctic.

Atmos. Chem. Phys., 23, 15589-15607, 2023
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3.4 Unaccounted-for synoptic-scale circulation patterns
and model performance

Stathopoulos et al. (2021) observed that eBC variability at
the Zeppelin Observatory (Svalbard), at about 1km from
GAL, was affected by SCAN. SCAN is a measure of the
pressure difference between northern and southern Europe,
and a positive index indicates a blocking activity over Scan-
dinavia and western Siberia. Negative SCAN values are gen-
erally associated with a higher eBC concentration at Svalbard
due to favourable pollution transport from northern Eura-
sia, especially in the cold period (Stathopoulos et al., 2021).
The effect was less clear during the warm season, although
the authors reported a link between a negative SCAN phase
and a high eBC concentration during the most recent years
(Stathopoulos et al., 2021). Since SCAN was available at a
monthly time resolution, it was not included in the GAM
definition, but we investigated its effect on monthly eBC
concentrations and model biases. During this study, eBC
monthly averages were larger for the negative SCAN phase
and smaller for the positive phase, in agreement with the
impact described by Stathopoulos et al. (2021). SCAN ex-
plained only 4 % of the model bias variability in the cold
season (Fig. S9a), indicating that the effect of such an in-
dex was already captured by one of the variables included
in the model, likely temperature. In fact, the average sea
level pressure map associated with a high surface temper-
ature and a high eBC concentration (Fig. 6a) corresponds
to the SCAN negative-phase pressure pattern. Conversely,
SCAN explained 31 % of the model bias variability in the
warm period (Fig. S9b). In particular, months with a strong
negative SCAN index (smaller than —2) were associated with
the largest monthly biases. Adding SCAN to GAM would
likely help to improve GAMs in the warm period.

To test the impact of a potential unaccounted-for synoptic-
scale circulation pattern in the cold period, we first calcu-
lated the average cold season SLP map from 30 to 90° N, we
then calculated the SLP anomalies (the difference between
each daily map and the cold period average map), and fi-
nally we investigated the correlation between the anomaly
time series in each cell and the time series of the GAM resid-
uals (the differences between the measured eBC concentra-
tion and the eBC simulated by the cold season model). Fig-
ure 9 reports the map of the Pearson correlation coefficients
and shows that higher residuals were associated with low-
pressure anomalies over Scandinavia and western Russia and
with high-pressure anomalies over the Atlantic Ocean be-
tween Spain and the Azores. The lowest Pearson correlation
coefficient (r) between residual time series and SLP anoma-
lies was observed in the region between 55 and 65° N and
between 42 and 50°E (r = —0.21), while the highest cor-
relation was reported for the region between 30 and 45° N
and between 10 and 22° W (r = 0.19). We re-ran the GAM,
adding the SLP difference between these two regions as a
predictor variable. The SLP difference did not reduce the
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Figure 9. Correlation map of SLP anomalies during the cold pe-
riod and GAM residuals during the same season (panel a). Resi-
dence time probability map for 7 d back-trajectories when the pres-
sure gradient between western Russia and the Atlantic Ocean was
larger than 20 hPa (panel b).

statistical significance of the other covariates contributing to
the model but slightly attenuated their effect. In particular,
when pressure increased from 1010 to 1025 hPa, eBC de-
creased by 63 % instead of 70 %, while the temperature in-
crease from 255 to 265 K reduced the eBC concentration by
24 % instead of 32 %. Finally, eBC increased by 33 % instead
of 40 % when BLH increased from 100 to 600 m.

The use of an SLP gradient as a covariate increased the
deviance explained by the model significantly (from 47 %
to 52%). The eBC dependency on the pressure gradient
was linear and the average eBC concentration increased by
67 % when the pressure difference increased from values
lower than —10hPa to higher than 20 hPa (i.e. lower pres-
sure over western Russia and higher pressure over the At-
lantic). Figure 9b reports the probability time map of the
back-trajectories reaching GAL when the pressure difference
between the two regions was larger than 20 hPa. The map
shows that, for larger pressure gradients, trajectories moved
over central and northern Russia before reaching the Arc-
tic. The high-pressure difference between the two regions
likely accelerated the transport of air masses over southern
Europe, and then the low-pressure system over western Rus-
sia favoured rapid movement of such air masses towards the
Arctic. These results indicate that transport through northern
Russia is a very effective pathway for pollution into the Eu-
ropean Arctic.

The deviances explained by cold and warm season GAMs
were comparable to the ones previously published for mod-
els investigating particulate matter (PM) variability. For ex-
ample, the deviance explained by GAMs describing fine and
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Figure 10. Comparison between measured and modelled eBC con-
centrations during the cold (panel a) and warm (panel b) seasons;
the red dotted line indicates the factor of 2 area. Panel (c) shows the
time trends of modelled and measured eBC monthly averages.

coarse aerosol mass concentrations at European urban and
rural sites ranged between 28 % and 75 % (Barmpadimos et
al., 2012), while consistently smaller values were reported in
remote areas (38 %—45 %) (Barmpadimos et al., 2011). eBC
hourly concentrations at GAL were often of the same order
of magnitude as the analytical quantification limit (2ngm™3,
assuming the limit of quantification to be equal to 10 times
the blank standard deviation from Asmi et al., 2021). As a
consequence, the measurement uncertainty might reduce the
fraction of variance that could be described by the model,
leading to a relatively lower deviance explained (Barmpadi-
mos et al., 2012). The mean square errors (MSEs) were 2.8
and 2.6ngm™3 in the cold and warm seasons, respectively.
To investigate GAM performance, Fig. 10a and b report the
scatter plots of modelled versus observed concentrations dur-
ing the two seasons. Most of the points were close to the 1-to-
1 line, and the fraction of data with a modelled-to-observed
eBC ratio between 0.5 and 2 (Chang and Hanna, 2004) was
equal to 72% and 71 % in the cold and warm periods, re-
spectively. GAMs underpredicted eBC during both seasons
for concentrations larger than 50ngm~3, likely due to the
difficulties the model has in describing the behaviour of an
underrepresented eBC concentration range. In fact, the eBC
daily average was larger than 50 ngm™> only during 9 % and
1 % of the time in the cold and warm seasons, respectively.
Figure 10c shows that, overall, the model reproduces well the
observed seasonal and interannual variability of the monthly
eBC averages (Fig. 10c).
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4 Conclusions

Black carbon is a short-lived climate forcer that plays a cru-
cial role in the Arctic climate system. Nevertheless, most cli-
mate models still fail in reproducing its atmospheric con-
centration seasonal changes at high latitudes. We analyse
equivalent black carbon (eBC) concentration variability dur-
ing 4 years at the Gruvebadet Atmospheric Laboratory, in the
Svalbard archipelago, to understand the impact of local- and
synoptic-scale processes on black carbon seasonality in the
European Arctic.

To study eBC variability, we deployed generalized addi-
tive models that allowed us to describe eBC concentration
as the sum of multiple factors, each of them depending on a
single covariate, without assuming a linear relationship with
the predicted variable (eBC). We tested local meteorological
observations, ERAS reanalysis products, and general circula-
tion indices as covariates. Compared to previous studies that
investigated the impact of a single variable or process at a
time (Stathopoulos et al., 2021; Eckhardt et al., 2003), the
GAM approach allowed us to evaluate simultaneously the ef-
fect of multiple variables, disentangling their relative contri-
bution. Both cold and warm season eBC concentrations were
equally well explained by the GAMs.

eBC concentration showed clear seasonal differences, with
higher values in late winter and spring and lower concentra-
tions in summer. We observed a weak to moderate correla-
tion between the seasonal variabilities of eBC and removal
processes taking place at the regional scale during transport
from lower latitudes. We observed that precipitation amount
integrated during transport is a key factor controlling aerosol
seasonality, especially during the warm season, when precip-
itation rate is higher. On the other hand, the link between
emission variability and eBC concentration was not as clear,
even if BC emission inventories were used in connection with
back-trajectories, to account for the changes in air mass cir-
culation patterns. Although with some caution due to the fact
that anthropogenic BC emissions were only available for a
single reference year (i.e. 2018), the results presented here
agree with the conclusions, based on tracer analysis, that wet
scavenging controls the seasonal cycle of pollutant concen-
trations observed in the Arctic (Garrett et al., 2011).

Local temperature explained a significant fraction of the
eBC variance during both the cold and warm periods but
with opposite effects. During the cold season, higher concen-
trations were observed for temperatures at GAL lower than
265 K. Stohl (2006) reported that effective pollution trans-
port to the Arctic lower troposphere requires the penetration
of the polar dome from sideways. This route is possible for
air masses characterized by low potential temperature; 85 %
of the back-trajectories reaching GAL during cold days expe-
rienced diabatic cooling (potential temperature decrease) up
to 1d before reaching the observatory. The average cooling
rate was —1.6 Kd™!, which is higher than the rate expected
from radiative cooling but in agreement with diabatic cool-
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ing due to contact with snow-covered ground (Stohl, 2006).
This result agrees with back-trajectories showing the poten-
tial impact of air masses from northern Siberia during colder
days.

During the warm season, eBC concentration almost dou-
bled when temperature increased from 275 to 285 K. Back-
trajectory analysis confirms that higher temperatures in Sval-
bard corresponded to the intrusion of polluted and warmer air
masses from lower latitudes, where BC sources are located.
Warm air intrusions have been particularly investigated dur-
ing winter for their contribution to reduction in sea ice con-
centration and impact on cloud radiative forcing (Woods et
al., 2013; Woods and Caballero, 2016; Zhang et al., 2023).
By contrast, studies of summer events are limited, although
the presence of sunlight in this season makes climate im-
plications even more complex (Tjernstrom et al., 2019; You
et al., 2021). Recently, a few studies reported a correlation
between pollution transport to the Arctic with warm air in-
trusion based on the analysis of single events in summer
and late spring (Bossioli et al., 2021; Dada et al., 2022).
Our results verified the consistency of such a pattern with
longer time series and highlighted the need to further inves-
tigate the implications of warm air intrusion in the warm pe-
riods, when the background aerosol concentration is lower,
and these events can alter substantially aerosol population
climate-relevant properties (Dada et al., 2022).

Among synoptic-scale meteorology descriptors, SCAN
might contribute to the temporal eBC variability in the warm
seasons, although the lack of a daily time resolution for this
index did not allow us to test it as a predictor in the GAM.
In the cold period, higher eBC concentrations were observed
for a positive pressure gradient between northern and south-
ern Europe that favoured the transport of polluted air masses
from central and northern Russia.

In closing, eBC concentrations in the European Arctic are
modulated by effective scavenging of pollution during trans-
port (eBC reduction) and by synoptic-scale meteorological
processes that promote effective transport from lower lati-
tudes, such as diabatic cooling of air masses moving over
snow-covered ground, intrusion of warm air from lower lat-
itudes, and specific sea level pressure patterns. Changes in
these processes exacerbated by climate change will have an
impact on the pollution burden of the future Arctic and con-
centration temporal variability.

Data availability. Hourly eBC and meteorological data time series
from the Gruvebadet observatory are available at https://data.iadc.
cnr.it/erddap/tabledap/ebc_2010_2020.html (Mazzola and Gilar-
doni, 2022) and https://data.iadc.cnr.it/erddap/tabledap/cct_meteo_
d2.html (Viola et al., 2021). eBC daily data are available
at https://data.iadc.cnr.it/erddap/tabledap/gilardoni_acp_ebc_2023.
html, (Gilardoni, 2023a) while daily meteorological data can
be found at https://data.iadc.cnr.it/erddap/tabledap/gilardoni_acp_
met_2023.html (Gilardoni, 2023b).
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