
1.  Introduction
Black carbon (BC) is the second most important climate forcing agent with a net positive radiative effect 
(Bond et al., 2013). BC aerosols absorb radiation directly and warm the atmosphere, affect cloud forma-
tion and cloud lifetime (Garrett et al., 2004; Quaas, 2011), and modify the clouds optical properties (Sein-
feld, 2008). BC also interacts with the cryosphere by reducing the surface albedo of snow and ice and in-
tensifying melting (Callaghan et al., 2011; Hadley & Kirchstetter, 2012; Jacobi et al., 2019). BC found in the 
Arctic is transported mainly from high-latitudes and mid-latitudes through atmospheric pathways with 
seasonal characteristics governed by the polar vortex. Multi-annual variability of large-scale circulation 
patterns like NAO may also play a role (Eckhardt et al., 2003; Hirdman, Burkhart, et al., 2010). Emissions 
of BC are generated by fossil fuel and biomass incomplete combustion. Several modeling studies have sim-
ulated the BC annual variation in the Arctic. However, surface concentrations are generally underestimated 
by models and are in poor agreement with observations (Eckhardt et al., 2015; Sand et al., 2017; Shindell 
et al., 2008). The reasons for this discrepancy are uncertainties in BC emissions (Stohl et al., 2013; Winiger 
et al., 2016, 2017), as well as incomplete representation of wet scavenging and transport dynamics in models 
(Bond et al., 2013; Bourgeois & Bey, 2011). Observational data show declining trends in equivalent BC (eBC) 
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Plain Language Summary  Here, we investigate the effect of the most important large 
circulation patterns for the European Arctic, namely the North Atlantic Oscillation (NAO) and 
Scandinavian (SCAN) patterns on the light absorbing carbon aerosol reaching the highly important 
area experiencing the effects of climate change as found before. We report important first time findings 
for an extended observation record of 15 years of aerosol light absorbing carbon, which was never been 
employed before as a continuous long record, and we performed the first rigorous assessment of the 
impact of large atmospheric circulation patterns like NAO and SCAN on the transport of black carbon 
aerosol expressed as the climate relevant aerosol absorption coefficient (babs) for the first time. We find a 
significant 35% increase in babs at Zeppelin during one of the phases of the SCAN. However, a significant 
regional variability induced by both NAO and SCAN phases is revealed. These findings allow a better 
quantified estimate of the fate of emissions over the years in the Northern Hemisphere and a better 
assessment of their influence in the observed BC metrics in the Artic.
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surface concentrations at most Arctic stations, attributed to emission reductions in certain source areas 
(Breider et al., 2017; Eleftheriadis et al., 2009). Exploring the impact of general circulation changes on the 
available long-term observations of Arctic aerosol absorption coefficient (babs), adds to the understanding 
of the impact of the climate system variability on BC emissions source areas contributions to Arctic BC 
concentrations. Information on the causes of long-term variability in babs and eBC in the high European 
Arctic derived for different types of atmospheric circulation patterns, can narrow down the uncertainty 
of long-term forecasts and climate model trends (Collaud Coen et al., 2020; Schmeisser et al., 2018). This 
work employs long-term observations of the babs at the Zeppelin station on Svalbard in conjunction with 
the Flexpart transport model to provide a history of BC transport to this particular receptor, at the center 
of the European Arctic. The aim of this study is to assess the effect of multi-annual large-scale circulation 
patterns on light-absorbing aerosol concentration levels and the induced variations in source contributions 
from different geographical regions during the investigated 15 years.

2.  Measurements, Modeling and Statistical Analyses
The data presented here are obtained from aerosol black carbon measurements in the European Arctic 
at the GAW Zeppelin station, Ny-Ålesund Svalbard (475 m asl; 78°54’N, 11°53’E). Before 2001, data were 
obtained by means of AE-9 and AE-10 aethalometers (Eleftheriadis et al., 2004). Since 2001 measurements 
continued until 2019 by means of an AE-31 7-wavelength aethalometer model (Eleftheriadis et al., 2009). 
Here, the data set from August 1, 2001 to January 1, 2016 are analyzed. Α common inlet (snow-hood and 
stainless steel duct) is used to sample ambient air, which attains laboratory temperature (∼20°C) before 
reaching the aethalometer, hence operation at a relative humidity RH < 20% is ensured. Losses due to diffu-
sion were estimated to be insignificant at <4% due to the high flow rate (>35 lpm) in the inlet duct.

The aethalometer eBC data set for the 880  nm wavelength, is treated according to recent conversion 
schemes for obtaining aerosol absorption coefficients from light attenuation through loaded filters (Back-
man et al., 2017). Values are reported for the 880 nm wavelength. Regarding the compensation factor for the 
multi-scattering effect a value of 3.5 is applied (Backman et al., 2017), while the loading effect is found by 
a recent study to be insignificant for the high wavelengths of AE-31. Light absorbing carbon or eBC mass 
concentrations based on the refractory black carbon mass can be obtained from the reported absorption 
coefficients, applying a Mass Absorption Cross section (MAC) value (6.95 m2 g−1) derived at the same meas-
urement site for the reported wavelength (Zanatta et al., 2018), while there is further work on the variability 
of an MAC (Ohata et al., 2021). The babs reported here is the measured response of arctic light absorbing 
aerosol (Liu et al., 2020) with the absorption due not only to the associated elemental carbon content of the 
aerosol but also due to the occasional brown carbon content often present in biomass burning aerosol and 
the complex microphysical processes leading to absorption enhancement observed for a core-shell aerosol 
mixing state (Kahnert & Kanngießer, 2020). It is therefore a direct metric relevant to radiative transfer mod-
eling rather than directly representing the initial light absorbing carbon mass (Bond et al., 2013). Screening 
of measurements for eliminating erroneous data due to instrument malfunctions or local contamination 
was also conducted based on station logbooks and the quality assurance methodology as described in Laj 
et al. (2020). The percentage of the 3-h average babs missing values for the period August 9, 2001–December 
31, 2015 is 12.9% (12.5% in the winter period and 13.3% in the summer period). Large-scale atmospheric cir-
culation features are examined through the NAO and SCAN monthly indices downloaded from the website 
(https://www.cpc.ncep.noaa.gov/) of the Climate Prediction Center (CPC) of the National Weather Service 
(NWS). The procedure followed for the calculation of the monthly indices is based on the Rotated Principal 
Components Analysis (RPCA) (Barnston & Livezey, 1987). Although not uniquely defined, the NAO index 
describes the strength of the pressure dipole, between the Icelandic low and the Azores high (Hurrell, 1995; 
Hurrell et al., 2003). It extends as far as the mid-latitudes (Hurrell et al., 2003), while its impact is more 
pronounced in winter than in summer (Folland et al., 2009). In the negative NAO phase, the pressure and 
height dipole are weakened. The second circulation feature examined is SCAN (Barnston & Livezey, 1987). 
As the name implies its primary center of action is approximately over Scandinavia, forming a strong an-
ticyclonic positive geopotential height anomaly during its positive phase and a cyclonic negative height 
anomaly during the negative one.

https://www.cpc.ncep.noaa.gov/
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BC is simulated backwards for 12 days with the Lagrangian particle dispersion model Flexpart (version 
9.02) (Stohl et al., 2005), in the so-called “retroplume mode.” The model was driven by 3 h 1° × 1° ERA-In-
terim reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF). The com-
putational domain was resolved at 1° × 1° horizontal resolution and vertically up to 3 km agl. The first level 
was calculated up to 500 m agl, enough to enclose all types of surface BC emissions. 40,000 computational 
particles were released every 3 h. The particle release height extended from 25 m below to 25 m above the 
altitude of the station. For the BC tracer, a density of 1,400 kg m−3 was used as in Stohl et al. (2013), while 
each particle carried a mass size distribution with 0.35 μm mean diameter and 1.25 logarithmic standard 
deviation at the receptor. Also, the wet deposition parameters were selected according to Stohl et al. (2013). 
The choices of the simulated distribution and deposition parameters assume a coated relatively hydrophilic 
particle, as observed during the Arctic haze period (Zanatta et al., 2018).

The Flexpart output is a three-dimensional spatial field (longitude x, latitude y, altitude z) termed Potential 
Emission Sensitivity (S), with units in nanoseconds per cell. For the lowest vertical level of S, the so-called 
Footprint Potential Emission Sensitivity (SF) is obtained. babs measurements are averaged to fit the model 
time resolution. .

For processing the model result, we weigh the footprint values SF in each grid cell according to:
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In Equation 1 x, y are spatial coordinates and t is the discrete 3-h step of the backward simulation. SF(x, y, t) 
constitutes the residence time values of the spatial grid in each 3-h time step.  

FE S t  is the median of SF(x, y, 
t) at each step. A sequence of weights dependent on the median of the grid at each time step is formed. The 
median is chosen arbitrarily, as a measure of the residence time magnitude in each time step. The weighing 
process stresses cells with frequent high residence time values during the backward simulation.

Next, we calculate the response R of the 20% high quantile of babs:
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Equation 2 is the well-known Potential Source Contribution Function (PSCF) (Polissar et al., 2001), used 
for residence time analysis from back-trajectory models. S’

F is the weighted sensitivity of a period and S’
Fh is 

the weighted sensitivity of the 20% high quantile of measured babs values for the same period. The step-wise 
weighting process amplifies SFh more over SF at grid cells preferred by high measured babs values. These cor-
respond to source areas and transport pathways related to high babs values and are represented by the high 
values of R. Division with the maximum term in Equation 2 is necessary, in order to scale R and retain its 
probabilistic interpretation. The S´

Fh term is empirically filtered from the lowest 25% of its values to avoid 
spurious R values, occurring from nonsignificant residence times.

3.  Results
3.1.  Long-Term BC Absorption (babs) Measurements

babs measurements at Zeppelin cover almost 15 years (August/2001–December/2015). In Figure 1 the in-
tra-annual variability of 3 h babs averages for three different five-year periods is shown, namely as 2001–
2005, 2006–2010, and 2011–2015. The 5-year periods were chosen empirically as a reasonable length of time 
over the 15-year data set, in order to examine the overall changes in babs. For further analyses, we have split 
the annual cycle in two periods, November–April termed as the “Cold period” and May–October termed 
as the “Warm period.” There is a gradual decrease of babs values during the Cold period (Table 1) for the 
three 5-year periods (intra-seasonal median calculated from 3 h averages), which is most evident between 
the 2001–2005 and 2006–2010 periods. Similar decreasing Cold period trends (Table 1) have been reported 
by Hirdman, Burkhart, et al. (2010) and Sharma et al. (2013). In contrast, during the Warm period, babs has 
been relatively stable, apart from a slight increase of the median by 9.2% in 2006–2010 (Table 1). Table 1 
presents the 20% and 80% quantiles for each season and summarizes the basic statistical parameters as well 
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as the the mean strength of positive/negative NAO and SCAN indices and their frequency of occurrence for 
the examined periods. The cumulative anthropogenic (ECLIPSEv6, Klimont et al., 2017) total and open fires 
(GFED4.1s, Giglio et al., 2013) emission rates are shown over cells that score a PSCF value. Indices strength, 
frequency, and emission rates are calculated when monthly babs averages are available.

3.2.  Correlation of Large-Scale Atmospheric Circulation Patterns and babs Observations

We next considered the relation between two important tele-connection indices of the northern hemisphere 
and babs measured at Zeppelin. The first is the NAO index (Hurrell,  1995), the most prominent oscilla-

Figure 1.  Box-whisker plot of 3 h babs seasonal averages at Zeppelin, for three different 5-year periods. The 25, 50, and 
75 percentiles are shown with boxes while whiskers extend to 10% of the interquartile range of each y axis direction. 
Cross-marks (x) joined by lines in babs show the inter-annual means.

babs Mm−1 (eBC ng m−3) Warm period (May–October inclusive) Cold period (November–April)

Median 0.035 (7.3) 0.112 (23.4)

StDEV 0.133 (27.7) 0.202 (42.59)

80% quantile 0.082 (17.3) 0.293 (61.8)

20% quantile 0.015 (3.2) 0.046 (9.7)

2001–2005 2006–2010 2011–2015 2001–2005 2006–2010 2011–2015

Median 0.035 (7.3) 0.036 (7.6) 0.033 (6.9) 0.163 (34.4) 0.107 (22.6) 0.100 (21.1)

StDEV 0.078 (16.3) 0.184 (38.4) 0.120 (25.0) 0.239 (50.4) 0.187 (39.0) 0.162 (33.8)

Index strength 2001–2005 2006–2010 2011–2015 2001–2005 2006–2010 2011–2015

NAO+/NAO− 0.38/−0.67 0.97/−1.17 0.57/−1.23 0.82/−0.50 0.67/−0.81 1.10/−0.88

SCAN+/SCAN− 0.73/−0.74 0.77/−0.48 0.86/−0.81 0.86/−0.75 0.63/−0.67 0.80/−0.63

Frequency 2001–2005 2006–2010 2011–2015 2001–2005 2006–2010 2011–2015

NAO+/NAO− 11/16 8/19 11/19 15/11 14/14 26/4

SCAN+/SCAN− 12/14 13/14 14/16 14/12 14/14 14/16

Emission rates 2001–2005 2006–2010 2011–2015 2001–2005 2006–2010 2011–2015

Fossil fuels kg h−1 m−210−6 181 181 181 261 282 279

Open fires kg month−1 m−210−4 132 466 480 8 18 13

Note. The first four rows show the median, standard deviation (StDEV), upper and lower 20% quantiles of the Warm and Cold periods over the whole babs series 
and broken down in the three 5-year periods The next rows are the median and standard deviation of individual periods over the Cold and Warm periods. Values 
are babs (Mm−1) and in parenthesis converted to equivalent Black Carbon (see methods, eBC ng m−3). The mean strength of positive/negative NAO and SCAN 
indices as well their frequency of occurrence and the cumulative anthropogenic (ECLIPSEv6) total and open fires (GFED4.1s) emission rates are also included.

Table 1 
Statistics of 3 hr Mean babs Measurements
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tion mode of the North Atlantic sector, which is closely related and somewhat embedded in the Arctic 
Oscillation. Studies of Arctic measurements and model calculations have shown that during positive NAO 
phases the air pollution concentrations in the Arctic are generally enhanced, due to enhanced northward 
transport of air masses from Europe and North America (Bacer et al., 2016; Christoudias et al., 2012; Eck-
hardt et al., 2003). In a previous study (Hirdman, Burkhart, et al., 2010), the variations of NAO over the 
years were found to have little effect on the overall trend of eBC at Zeppelin. Here, we test this hypothesis 
on a much longer data set of 15 years instead of 7. It is also important that the parameter evaluated here is 
babs, a parameter with lower uncertainty than eBC and closely related to direct radiative forcing.

The second circulation index we study is the Scandinavian pattern (SCAN), due to the role of Scandinavia 
as a European gateway of air pollution to the Arctic (Hyvärinen et al., 2011; Winiger et al., 2016), the vicin-
ity of Scandinavia to Zeppelin, and the positive correlation of the SCAN index with the blocking activity 
over Scandinavia and western Siberia (Bueh & Nakamura, 2007). SCAN is usually well developed during 
the Cold period months (Bueh & Nakamura, 2007), and is mainly negative during the Arctic haze high 
pollution period for the years in study. From Figure  2a it is observed that NAO and SCAN are usually 
out of phase with opposite sign as indicated by the small overlap between them. Monthly babs in the Cold 
period is higher for SCAN− (0.211 Mm−1 median value) compared to SCAN+ (0.145 Mm−1 median value) 
conditions (Figure 2d). SCAN− is frequently combined with NAO+ (Figures 2a and 2b). During the Cold 
period, the NAO index is more frequently positive. Cold period babs median is lower for NAO+ (0.185 Mm−1) 
than NAO− (0.201 Mm−1), but NAO+ is more frequent, in line with Pozzoli et al. (2017). However, when 
considering the Cold period averages of NAO− (0.196 Mm−1) and NAO+ (0.186 Mm−1) the difference is less 
pronounced. NAO− is encountered most frequently in the middle 5 years of the Cold period. Overall, the 

Figure 2.  (a) Monthly means of babs and the corresponding monthly atmospheric circulation indices (North Atlantic Oscillation [NAO], Scandinavian pattern 
[SCAN]) over the entire period of available measurements. When indices have the same sign, overlap (gray) is used to denote the magnitude of the index with 
the smaller absolute value. Kernel density scatter plots shown for (b) the circulation pattern indices (NAO, SCAN), absorption coefficient babs versus (c) NAO 
and (d) SCAN index for the Cold period.
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SCAN+ babs values are higher with NAO− (0.56 Mm−1 median value) and lower with NAO+ (0.129 Mm−1 
median value). This can be at least partly attributed to the large frequency of NAO+ during the last period 
when babs is generally low (Table 1).

In the Warm period the relationship between babs and the NAO and SCAN indices is less pronounced. High-
est Warm period mean babs values (0.066 Mm−1 mean value) relate with NAO− at either phase of SCAN. 
Nevertheless, looking at the individual periods the highest babs is observed during positive SCAN phases in 
the middle 5 years (Table 1). Also, babs and SCAN index values co-vary. These differences are minor and diffi-
cult to accurately quantify, considering the low signal-to-noise ratio in the Warm period (Stone et al., 2014).

3.3.  Potential Source Areas of basb Measured at Zeppelin Over the 15-Year Period

The Flexpart BC tracer model was used for simulating backwards the light-absorbing aerosol arriving at 
Zeppelin. Simulations for 12 days backward in time were used. 12 days can be regarded as a maximum life-
time for the BC (Holopainen et al., 2020; Qi et al., 2017) and though there is not a global BC lifetime, Arctic 
BC lifetime is generally larger than in other areas (Lund et al., 2018). The wet and dry deposition schemes 
employed in the model constrain successfully the output for the BC tracer, while allowing robust simulation 
of aged particles.

We examined the source origin of BC observed at Zeppelin during the 15 years of this study by means of 
the PSCF of the 20% highest babs values for the Cold and the Warm periods (Figures 3a and 3b). As source 
regions, we consider areas in the first model layer, where most emissions occur. Though, one should be aware 
that when transport pathways intersect and merge over source regions, the PSCF values over the primary 
sources can be reduced and diffused, while high potential source contribution values can be observed over 
the pathways. Given a large enough data set, like the one presented here, possibly different pathways from the 
source regions would dampen high PSCF values along the transport pathways, resulting in the highest PSCF 
values occurring over the actual BC sources. However, few spurious maxima can still emerge as statistical 
artifacts, or along the persistent BC transport pathways. We find important Cold period hot spots located over 
Siberia at the Yamal-Nenets and Khanty-Mansiysk major gas flaring regions (Casadio et al., 2012; Huang & 
Fu, 2016) (Figure 3a). In a wide domain that includes the industrialized Volga region and northern-western 
Kazakhstan, the PSCF values are enhanced, indicating important sources mainly over Russia (Figure 3a). 
Eastern Siberia-Asia displays diffused and relatively lower PSCF values (Figure 3a) as a result of the small BC 
emissions in the area in the Cold period. Slightly elevated PSCF values appear near 60°N and ∼110°–135°E, 
where some power plants, gas flares, and residential emissions exist (Winiger et al., 2017) and their impact 
documented (Popovicheva et al., 2017). The elevated PSCF values above the Laptev Sea could be the effect of 
transport of emissions from north-eastern China (Popovicheva et al., 2019; Winiger et al., 2017), descending in 
the high Arctic after transport aloft, which is not visible in our PSCF analysis. Hirdman, Burkhart, et al. (2010) 
also reported an increased pollution transport frequency from East Asia for three high Arctic stations, due to 
increased regional emissions from these areas. Part of the gas flaring central northern Siberia region shown in 
the Cold period can also be found as a PSCF maximum in the warm season.

Influence from eastern North America is shown by direct northward transport across the Canadian archi-
pelago (Figure 3a). Over the Atlantic Ocean few localized source areas or pathways are found consisting 
of two distinct branches, converging toward the south of Greenland (Figure 3a). These features may well 
represent background BC originating from further south reinforced by gas flaring (e.g., Nova Scotia) and 
shipping emissions (Marelle et al., 2018). They are also observed to coincide with a NAO+ and SCAN− pat-
tern. The gas flaring region in Alberta-Northwest Territories is also identified in the Cold period PSCF (Fig-
ure 3a). Over North Canada and Alaska, an extended source region is located as a result of large-scale forest 
fires during the Warm period (Figure 3b). We also show the PSCF results separated in two sub data sets for 
the Cold and Warm periods (first and second column of Figure 3). The subsets correspond to the values 
obtained during months with positive and negative SCAN and NAO indices, respectively. The geometric 
mean values of the highest 20% absorption values for each sub data set used in the analysis, show a similar 
result in line with the analysis above, where only the SCAN pattern has a pronounced effect (cases c and 
d). The negative SCAN index is associated with 35% higher aerosol absorption measurements at Zeppelin, 
while in all other cases the geometric mean values of the highest 20% absorption values show no significant 
difference (cases e, f, k, l, m, and n).
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Figure 3.  Potential Source Contribution Function (PSCF) based on the Flexpart black Carbon (BC) tracer for the highest 20% of all babs values measured 
during the Cold (a) and the Warm (b) periods. In panels (c and d, k and l) we show the PSCF during the Cold period with SCAN−, SCAN+, NAO− and NAO+ 
respectively. In the panels (e and f, m and n) the corresponding cases for the Warm period are shown. The bar plots display the yearly averaged babs values, 
during the Cold (g), (i) and the Warm (h), (j) periods with different signs of atmospheric indices. In the top right corner of each map the geometric mean of the 
80% quantile of babs is displayed. The cyan x symbol indicates the location of the Zeppelin station and the purple dots active gas flares sites (2014).
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During the Cold period SCAN−, the source areas are limited to northeastern Europe and the Baltic, large 
areas of Western Russia and Caspian/Kazakhstan areas as well as the Yamal gas flaring region. On the other 
hand, when SCAN+ is dominant, the sources in eastern Europe extend much further to the south, while 
the Russian and Siberian sources are much more diffused across the whole regions to the east, where more 
source areas appear to play a role. The NAO−/NAO+ Cold periods are not associated with different overall 
absorption values and the source regions are quite similar. However, the NAO− period is associated with 
more localized source areas in Eurasia and a spread of sources from Northwest America, while the opposite 
is observed during NAO+, where the Eurasian sources are distributed mostly from Central Siberia and west-
wards. It should be noted that a recent study encompassing data from six arctic sites and for a three-year 
period has demonstrated that air mass pathways associated with high absorption values in the arctic may 
originate as far south as the Indian subcontinent (Backman et al., 2021), something not confirmed in the 
present study and with the Flexpart BC tracer methodology (Petäjä et al., 2020). During the Warm period of 
the year, some distinct influence of the transport patterns discussed is again visible. It is evident that during 
the SCAN− and NAO+, no influence from source areas south of the 60°N is observed across the whole hem-
isphere. This is associated with a retreating polar front during the Warm period. During the Warm period 
and under the influence of SCAN+ and NAO− the source areas are very similar. An important observation 
here is that the latter index patterns during the Warm period are the only cases when the direct influence 
of BC source areas from Western Europe is evident. Sources from wildfires in Alaska and Canada are also 
visible during these cases.

4.  Conclusions
Long-term babs measurements were analyzed from the perspective of variations in large-scale atmospheric 
circulation patterns. Distinct conclusions are drawn about the source areas, the transport pathways and 
their efficiency, as they reflect on babs magnitude at Zeppelin. Essentially, these changes cause modulations 
on babs seasonality. The results of the approach can be used as diagnostics in modeling calculations. Fur-
thermore, they point out the importance of modulated seasonality on absorbing BC aerosol trend estimates 
over the European Arctic.

The PSCF method, applied to backward simulations of a BC tracer and babs measurements, shows that the 
accumulated Cold period PSCF probabilities are largest over the northwestern part of Asia, followed by 
Europe, Eastern Asia, and North America, in decreasing order. In previous similar studies (Eleftheriadis 
et al., 2009; Hirdman, Sodemann, et al., 2010), Europe appeared less influential and Siberia dominant in 
the eBC high quantiles. It is also concluded that the combined assessment of the long observation record 
of aerosol absorbing carbon at the Zeppelin station and detailed transport modeling, is displaying a clearer 
than previously found influence of the large-scale circulation patterns active in this area of the High Arctic. 
Regarding the spatial variability of the contributing regions to the observed aerosol light absorption, the gas 
flaring emissions in Siberia, North Sea, Alberta, and Nova Scotia are quite well captured, as the PSCF sea-
sonal maps mirror the BC emission source areas from different source types displayed in Stohl et al. (2013). 
An important finding of this study is that the BC arriving in the European High Arctic is greatly affected 
during the colder period of the year by the sign of the SCAN index. During the Warm period, the extent of 
influence of the BC Eurasian source regions is limited to latitudes higher than 60°N, when NAO is positive 
or SCAN is negative. The latter is more pronounced for the European source regions.

These findings allow a better quantified estimate of the fate of emissions over the years in the Northern 
Hemisphere and a better assessment of their influence in the observed BC metrics in the Artic, in this case 
the babs. The circulation patterns appear to induce a long-term modulation which is also found to have 
consistent regional features. Ongoing climate change and disturbance of these features must be taken into 
account in the long-term trend analysis on the Arctic aerosol optical properties and BC concentrations.

Data Availability Statement
Atmospheric indices data can be found at: https://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml. 
The reader can obtain all the data supporting the conclusions of this work at the following public weblinks: 
https://zenodo.org/record/5036451, https://zenodo.org/record/4926452, https://zenodo.org/record/4927585, 

https://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
https://zenodo.org/record/5036451
https://zenodo.org/record/4926452
https://zenodo.org/record/4927585
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https://zenodo.org/record/4942618, https://zenodo.org/record/4943929, https://zenodo.org/record/4944979, 
https://zenodo.org/record/4945769, https://zenodo.org/record/4954128, https://zenodo.org/record/4954540, 
https://zenodo.org/record/4955999, https://zenodo.org/record/4963948, https://zenodo.org/record/4964787, 
https://zenodo.org/record/4965124, https://zenodo.org/record/4966330, https://zenodo.org/record/4971672, 
and https://zenodo.org/record/4972849.
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