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Abstract. Even though the Arctic is remote, aerosol properties observed there are strongly influenced by anthro-
pogenic emissions from outside the Arctic. This is particularly true for the so-called Arctic haze season (January
through April). In summer (June through September), when atmospheric transport patterns change, and precip-
itation is more frequent, local Arctic sources, i.e., natural sources of aerosols and precursors, play an important
role. Over the last few decades, significant reductions in anthropogenic emissions have taken place. At the same
time a large body of literature shows evidence that the Arctic is undergoing fundamental environmental changes
due to climate forcing, leading to enhanced emissions by natural processes that may impact aerosol properties.

In this study, we analyze 9 aerosol chemical species and 4 particle optical properties from 10 Arctic observato-
ries (Alert, Kevo, Pallas, Summit, Thule, Tiksi, Barrow/Utqiaġvik, Villum, and Gruvebadet and Zeppelin Obser-
vatory – both at Ny-Ålesund Research Station) to understand changes in anthropogenic and natural aerosol con-
tributions. Variables include equivalent black carbon, particulate sulfate, nitrate, ammonium, methanesulfonic
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acid, sodium, iron, calcium and potassium, as well as scattering and absorption coefficients, single scattering
albedo and scattering Ångström exponent.

First, annual cycles are investigated, which despite anthropogenic emission reductions still show the Arctic
haze phenomenon. Second, long-term trends are studied using the Mann–Kendall Theil–Sen slope method. We
find in total 41 significant trends over full station records, i.e., spanning more than a decade, compared to 26
significant decadal trends. The majority of significantly declining trends is from anthropogenic tracers and oc-
curred during the haze period, driven by emission changes between 1990 and 2000. For the summer period, no
uniform picture of trends has emerged. Twenty-six percent of trends, i.e., 19 out of 73, are significant, and of
those 5 are positive and 14 are negative. Negative trends include not only anthropogenic tracers such as equiva-
lent black carbon at Kevo, but also natural indicators such as methanesulfonic acid and non-sea-salt calcium at
Alert. Positive trends are observed for sulfate at Gruvebadet.

No clear evidence of a significant change in the natural aerosol contribution can be observed yet. However, test-
ing the sensitivity of the Mann–Kendall Theil–Sen method, we find that monotonic changes of around 5 % yr−1

in an aerosol property are needed to detect a significant trend within one decade. This highlights that long-term
efforts well beyond a decade are needed to capture smaller changes. It is particularly important to understand
the ongoing natural changes in the Arctic, where interannual variability can be high, such as with forest fire
emissions and their influence on the aerosol population.

To investigate the climate-change-induced influence on the aerosol population and the resulting climate feed-
back, long-term observations of tracers more specific to natural sources are needed, as well as of particle mi-
crophysical properties such as size distributions, which can be used to identify changes in particle populations
which are not well captured by mass-oriented methods such as bulk chemical composition.

1 Introduction

Despite its remoteness, the Arctic is one of the main re-
ceptors of anthropogenic air pollutant emissions from the
Northern Hemisphere (AMAP, 2015; Barrie, 1986; Quinn et
al., 2007; Shaw, 1995; Heidam, 1981). Arctic air pollution
has been in focus for several decades, because of the detri-
mental effects on ecosystems, for example through acidifi-
cation (AMAP, 2006) and deposition of pollutants that bio-
accumulate especially in the marine food web (Rigét et al.,
2019), and due to climate impacts (Sand et al., 2015). The
Arctic Monitoring and Assessment Programme (AMAP) has
issued a number of reports on the effects of short-lived cli-
mate forcers (AMAP, 2011, 2015) and found in the 2015
report that the Arctic equilibrium temperature response is
in total +0.35 ◦C due to forcing from black carbon (BC)
in the atmosphere (+0.40 ◦C), BC on snow (+0.22 ◦C), at-
mospheric organic carbon (−0.04 ◦C) and particulate sulfate
(−0.23 ◦C). The summary for policy makers of the most re-
cent AMAP report shows that the Arctic has warmed by
0.28 ◦C per decade between 1990 and 2015 due to reduc-
tions in SO2 emissions. Reduction in BC emissions have led
to a cooling of about 0.06 ◦C per decade, whereas the CO2
increase contributed 0.29 ◦C per decade (AMAP, 2021).

Surface monitoring sites around the Arctic (Fig. 1) have
been operated to determine air pollutants transported to
the Arctic since as early as the 1960s at Kevo, Finland
(Dutkiewicz et al., 2014; Yli-Tuomi et al., 2003b; Laing
et al., 2014a); the 1970s at Barrow/Utqiaġvik, USA (Bod-
haine and Dutton, 1993), and at Zeppelin, Ny-Ålesund Re-

search Station (Platt et al., 2021); the 1980s at Alert, Canada
(Sturges and Barrie, 1989); the 1990s at Villum Research
Station, Greenland (Nguyen et al., 2016; Heidam et al.,
1999); and more recently at a number of other observatories
such as Summit, Greenland (Schmeisser et al., 2018); Tiksi,
Russia (Asmi et al., 2016); Gruvebadet, Ny-Ålesund Re-
search Station (Gilardoni et al., 2020; Traversi et al., 2021);
Thule, Greenland (Becagli et al., 2019); and at Pallas, Fin-
land (Aaltonen et al., 2006; Lohila et al., 2015). Observa-
tions at these stations cover a wide range of aerosol prop-
erties including their chemical composition, i.e., particulate
sulfate (SO2−

4 ), nitrate (NO−3 ), ammonium (NH+4 ), mainly
based on filter collection and subsequent laboratory analy-
sis, and optical properties such as scattering and absorption
coefficients and derived equivalent black carbon (EBC) con-
centrations. Using the Eclipse V4.0a emission inventory and
state-of-the-art models, AMAP (2015) found that emission
sources in East and South Asia and Russia are the largest
contributors to black carbon burden in the Arctic, with par-
ticularly large contributions of domestic sources in East and
South Asia, and emissions from wildfires and gas flaring in
Russia. Depending on the location of the observations, differ-
ent source regions become relevant (Backman et al., 2021).
Based on Lagrangian transport model simulations, Hird-
man et al. (2010b) showed for Zeppelin, Barrow/Utqiaġvik
and Alert that northern Eurasia is the main source region,
whereas emissions from North America are less influential,
supporting earlier work by Hopke et al. (1995) and Polis-
sar et al. (2001). The Summit observatory located above
3000 m a.s.l. is more susceptible to emissions of Southern
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Figure 1. Locations of observatories discussed in this study.
The blue shading represents sea ice concentration (15 Septem-
ber 2018), reported as a fraction of covered surface (Maslanik
and Stroeve, 1999). The base map is from Natural Earth II (https:
//www.naturalearthdata.com/, last access: 1 March 2021).

Europe (Hirdman et al., 2010b), since those are uplifted
and arrive at the Arctic further aloft. From a near-sea-level
surface observatory perspective, emissions in Asia and par-
ticularly southern Asia are less important because they are
transported through the higher troposphere and do not sig-
nificantly influence boundary layer measurements (AMAP,
2015; Shindell et al., 2008). The seasonality of BC can
be very different depending on the altitude. Mahmood et
al. (2016) showed that, for example, BC in the upper tropo-
sphere is only weakly influenced by wet deposition in strati-
form clouds, whereas lower tropospheric Arctic BC concen-
trations are highly sensitive to wet deposition.

The surface aerosol observations have created a large data
resource (for a history on monitoring sites, see Platt et al.,
2021), which has been analyzed for seasonal cycles. The
seasonal cycle of aerosols in the Arctic is generally driven
by atmospheric transport patterns, which, during winter and
early spring, favor long-range transport from mid-latitudes,
and removal processes are minimal allowing for long aerosol
lifetimes and accumulation of pollutants (e.g., Stohl, 2006).
This leads to the build-up of air pollution, the so-called Arc-
tic haze (Heidam, 1981; Barrie, 1986; Schnell, 1984; Radke
et al., 1976). During summer, the Arctic front is located far
to the north and the Arctic dome largely prevents the trans-
port of particles from sources at mid-latitude from reach-
ing the high Arctic (Bozem et al., 2019). The summertime
Arctic atmosphere is much less stratified, and frequent pre-
cipitation removes aerosols efficiently, while simultaneously,
conditions for long-range transport of pollution are also less
frequent. Hence, the summer boundary layer is character-

ized by much lower aerosol concentrations, predominantly
reflecting local and regional emissions. Overall, the season-
ality of aerosol properties at Arctic sites depends on the ge-
ographical sectors, and on how the specific sites are con-
nected to upstream pollution sources through atmospheric
transport. Sharma et al. (2019) analyzed annual cycles of 20
aerosol constituents at Alert. In brief, for all anthropogenic
tracers they find a winter peak and a summer minimum, as
expected. For some natural tracers, such as iodine, methane-
sulfonic acid (MSA) and mineral dust, they find two modes,
one in spring and the other in summer/fall. For mineral dust
the spring peak represents long-range-transported dust, while
the summer/fall peak reflects more local emissions when the
snow cover is at a minimum. Similarly, for MSA, an oxi-
dation product from dimethyl sulfide (DMS), which is de-
rived from marine microbial activity, the spring maximum
reflects long-range transport, while the summer maximum
is due to more local emissions. The reasons for the iodine
pattern are not entirely clear but they are related likely to
the return of the sun in spring and freeze-up processes in
fall (Baccarini et al., 2020). For other natural tracers, such
as sodium (Na+) and chloride (Cl−), which mainly origi-
nate from sea salt, they find a winter maximum, which is
driven by sublimating blowing snow leaving behind salt par-
ticles (Huang and Jaeglé, 2017; Fenger et al., 2013). Quinn et
al. (2007) reported annual cycles of anthropogenic haze trac-
ers for Barrow/Utqiaġvik, Alert, Villum, Zeppelin and sev-
eral other Eurasian stations. Eckhardt et al. (2015) compiled
annual BC and SO2−

4 data from the same four stations, as
well as Tiksi and Pallas in addition for a model evaluation.
Backman et al. (2017) systematically evaluated Aethalome-
ter measurements of black carbon from Barrow/Utqiaġvik,
Alert, Zeppelin, Summit, Pallas and Tiksi, and Schmeisser
et al. (2018) used the same data for a systematic analysis
of seasonal cycles of aerosol optical parameters. Moschos et
al. (2022a, b) used filter-based analysis of major ions, black
carbon and organic carbon to conduct a pan-Arctic source
apportionment of total suspended particle mass and PM10
(particulate matter with a diameter smaller than or equal
to 10 µm), revealing that organic aerosol is as abundant in
summer as in winter, where natural sources dominate the
summer. While the seasonal patterns of the aerosol scatter-
ing and absorption coefficients follow the pattern of anthro-
pogenic tracers in the Arctic for four of the sites, Summit
and Pallas show unique signals, where the maximum is in
summer rather than winter. This difference is attributed to
the higher load of natural aerosol emissions from the boreal
forest around Pallas (Tunved et al., 2006, 2003) and the long-
range transport of fire emissions to Summit during summer
(Stohl et al., 2006).

The same data as discussed above in the context of an-
nual cycle studies have been used for the purpose of long-
term trend analyses. The longest time series of black carbon
measurements was collected at Kevo, Finland, where annual
concentrations decreased by 73 % between about 1970 and
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2010 (Dutkiewicz et al., 2014). Sharma et al. (2006) found a
33 % decline between 1989 and 2003 for Barrow/Utqiaġvik
during the haze season. The analysis was updated by Sharma
et al. (2013), who found a roughly 40 % decrease for Bar-
row/Utqiaġvik, Alert and Zeppelin between 1990 and 2009.
More recent work by Sharma et al. (2019) extended the anal-
ysis until 2013, reporting a roughly 50 % decrease in black
carbon since 1990 during the haze season. The authors as-
cribe the decline firstly to the economic changes in the for-
mer Soviet Union and secondly to air quality policies in Eu-
rope. The aerosol absorption coefficient can also be used to
describe the influence of black carbon, an absorbing aerosol.
Collaud Coen et al. (2020b) performed trend analyses and
found significant trends at Barrow/Utqiaġvik over a 10-year
horizon of −9.91 % yr−1 (longer periods did not have a sig-
nificant trend) and −0.90 % yr−1 at Tiksi. Alert features a
positive trend of 2.77 % yr−1 over 10-year horizons. The data
sets they used ended in 2016–2018 depending on the site.
Observations for SO2−

4 are analogous for Alert, also with
a 50 % decline over the same period (Sharma et al., 2019).
Hirdman et al. (2010a) derived trends based on annual ge-
ometric mean data and found a 21.5 % decline at Zeppelin
between 1990 and 2008 in non-sea-salt sulfate (nssSO2−

4 )
and no trend for Barrow/Utqiaġvik between 1997 and 2006.
The absence of a trend at the latter station is potentially due
to the short time period investigated. For Zeppelin, Platt et
al. (2021) found a decline of 44 % between 1990 and 2019.
The difference to findings by Hirdman et al. (2010a) can
be explained by the use of different data sets and seasonal
vs. annual aggregates. EBC and nssSO2−

4 are typical anthro-
pogenic combustion tracers during the haze season and there-
fore show significant negative trends at several stations dur-
ing winter in the past few decades (Dutkiewicz et al., 2014;
Sharma et al., 2019). For summer, a much smaller number
of significantly decreasing concentrations has been reported.
This is partly because during summer, anthropogenic emis-
sions are transported much less effectively to the Arctic, and
EBC as well as nssSO2−

4 can also be emitted or derived from
natural sources such as wildfires and marine organisms, re-
spectively.

The Arctic is undergoing rapid and unprecedented socio-
economic as well as environmental changes. The region is
warming 2 to 3 times faster than the global average, a phe-
nomenon called Arctic amplification (Serreze and Barry,
2011). Sea ice has declined by more than 30 % since the
1970s (Meier et al., 2014), marine microbial activity is
changing significantly (Arrigo et al., 2012) and an increase
in wildfire occurrence of up to 50 % in the circumboreal re-
gion is expected by the end of the century (Flannigan et al.,
2009). These changes may have important implications for
natural aerosol emissions and abundance (Schmale et al.,
2021), particularly in summer, when for example BC and
OC are emitted from wildfires. Despite the increase in fire
emissions in higher latitudes in the past few years, no in-
crease in the trends during the fire seasons has been shown

so far. This could be related to the wildfire plume injection
heights, which might reach higher altitudes, and BC and OC
could then be transported further aloft and not captured by
surface observations. However, knowledge on plume injec-
tions heights are still uncertain (Rémy et al., 2017; Ke et al.,
2021). From carbon source apportionment studies based on
isotopic ratios, it is known that biomass burning dominates
the summertime EBC signal (Winiger et al., 2019). How-
ever, there are no long-term isotopic observations, and thus
it is unknown whether the summertime dominance is a new
phenomenon or not. In terms of socio-economic changes,
impacts of emissions from oil fields (e.g., Prudhoe Bay in
Alaska), shipping (e.g., in Resolute Bay, Canada), flaring
(e.g., in Siberia) and Arctic urban areas have been found
to change aerosol composition as well as cloud properties
(Kolesar et al., 2017; Aliabadi et al., 2015; Schmale et al.,
2018; Gunsch et al., 2017).

nssSO2−
4 can originate from the oxidation of DMS to SO2

and further to sulfuric acid (Hoffmann et al., 2016), which
can then condense onto preexisting particles and contribute
to cloud condensation nuclei or form new ones (Hodshire et
al., 2019; Beck et al., 2020; Schmale and Baccarini, 2021;
Park et al., 2021). DMS is also converted into MSA in the
atmosphere (Hoffmann et al., 2016). It is hypothesized that
retreating sea ice allows for more algal blooms in the Arc-
tic Ocean, which would result in more DMS emissions and
hence more particulate MSA, a unique tracer for this change.
Galí et al. (2019) showed a significant increase in DMS emis-
sions between 1998 and 2016 north of 70◦ N. A few studies
have investigated the trends of particulate MSA and summer-
time nssSO2−

4 in the Arctic. Recently, Moffett et al. (2020)
found for Barrow/Utqiaġvik that MSA and nssSO2−

4 in-
creased by 2.5 % and 2.1 % (July to September), respec-
tively, in the period 1998 to 2017. The authors find a positive
correlation with ambient temperature and hypothesize that
the trend might result from a mixture of causes, which in-
clude retreating sea ice, warmer sea surface temperature and
temperature-dependent atmospheric chemical reactions. At
Alert, Sharma et al. (2019) found no significant trend in MSA
between 1998 and 2013. However, there was a 4 % increase
per year (July to August) between 1998 and 2008 (Sharma et
al., 2012), reflecting natural variability rather than the effect
of sea ice retreat. MSA measured at Kevo showed increasing
monthly trends in June and July from 1980 to 2010. In July,
the trend peaked in 2002–2003 and then declined (Laing et
al., 2013). Overall they found a strong correlation of MSA
in June and July with the monthly sea surface temperature
anomalies from 30◦W to 80◦ E and 40 to 90◦ N. A study
of MSA concentrations at Gruvebadet, Svalbard, and Thule,
Greenland, between 2010 and 2017 showed that the relation-
ship between retreating sea ice and particulate MSA is com-
plex and likely not direct (Becagli et al., 2019). While con-
centrations seem to have a positive trend at Gruvebadet, they
tend to decline at Thule, while sea ice is retreating in both lo-
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cations. The presence of algae responsible for the production
of DMS precursors in the water is necessary for DMS re-
lease to the atmosphere and subsequent production of MSA.
A modeling study has shown that even if more DMS is emit-
ted, it does not mean that higher particulate MSA is observed
at the surface stations, because MSA might be incorporated
into cloud condensation nuclei (CCN) which are preferen-
tially removed from the atmosphere through wet deposition
further amplified by the fact that there is an increase in pre-
cipitating clouds with retreating sea ice (Mahmood et al.,
2019).

Another important natural aerosol component around the
Arctic is sea spray, composed of sea salt and organics.
Modeling studies have investigated the climatic effects fol-
lowing the hypothesis that retreating sea ice will lead to
more sea spray production (Browse et al., 2014; Struthers
et al., 2011). However, long-term observations that show an
increased contribution of sea spray are scarce. Increasing
trends in sea salt produced by the sea spray were identi-
fied at Alert in 34 years of measurements of Na+ and Cl−

(Sharma et al., 2019). Recently, Heslin-Rees et al. (2020)
have analyzed long-term trends of aerosol optical proper-
ties from Zeppelin, Svalbard. They found that the scattering
Ångström exponent (SAE) became significantly smaller over
time. A smaller SAE indicates in general larger particle di-
ameters, and hence the results provide evidence for a change
in particle diameters towards larger sizes. Given that coarse-
mode particle sources in the Arctic are limited, long-range-
transported mineral dust or local soil dust are other potential
sources, but sea spray is the main contributing factor. The
authors find, however, that the increased coarse mode is a
result of changing atmospheric air mass advection patterns
rather than enhancement of sea spray production in regions
with retreated sea ice. In winter, Na+ is dominated by blow-
ing snow signals. Higher sea salt contributions at Alert from
January to March (Sharma et al., 2019) are found to be due to
wind-driven resuspension of sea salt originally deposited on
the snowpack from long range transport of sea salt from the
North Atlantic Ocean. This contribution is more important
than that from frost flowers (Huang and Jaeglé, 2017) as sup-
ported by sulfur isotope analysis (Seguin et al., 2014). May et
al. (2016) investigated particulate Na+ at Barrow/Utqiaġvik
in winter and found that sea spray emissions most likely from
open leads or open water were responsible for a consider-
able fraction of sea salt, rather than blowing snow. This might
be an indication for a shift in sea salt sources during winter.
However, no long-term analyses have been done. Generally,
the Arctic is windier in winter than in summer, with the high-
est wind speeds between January and April, and the lowest
in July and August, based on the 40-year ERA5 climatology
(Rinke et al., 2021). Based on a trend analysis on several re-
analysis products Vessey et al. (2020) found that there is no
significant change in storminess in any season in the Arctic.
This does, however, not mean that there are not Arctic re-

gional changes over time, just that they are not captured by
Arctic-wide data aggregates (Atkinson, 2005).

Summarizing the large body of literature treating annual
cycles and long-term trends at Arctic observatories, we find
three main approaches: (i) studies investigated a limited num-
ber of aerosol properties across multiple stations for a short
period (e.g., the systematic comparison of optical properties
(Schmeisser et al., 2018) or BC and SO2−

4 (Eckhardt et al.,
2015), (ii) studies focused on one station entirely reporting
a large number of parameters for seasonal cycle and trend
analyses (e.g., Sharma et al., 2019), or (iii) studies discussed
long-term trends of a small number of anthropogenic tracers
across multiple stations over different periods (e.g., Quinn
et al., 2007; Collaud Coen et al., 2020b). The resulting gaps
are a missing pan-Arctic synthesis of anthropogenic and nat-
ural seasonal and long-term trend patterns over comparable
periods, as well as a joint consideration of chemical and op-
tical aerosol properties and their seasonal and long-term co-
evolution.

To close these gaps, here, we discuss seasonal cycles of 9
chemical and 4 optical properties across 10 stations averaged
over the same time period, and we derive decadal trends per
variable and station, which can be compared to each other.
We further include anthropogenic as well as natural aerosol
tracers. The purpose of this study is twofold: we aim (i) to re-
veal similarities and differences in seasonal patterns to high-
light the regional nature of the Arctic aerosol regimes, and
(ii) to contrast anthropogenic and natural aerosol long-term
trends against decreasing anthropogenic emissions and dis-
cuss these trends in the context of environmental changes.
This study follows chapter 5 of the recently released assess-
ment report of short-lived climate forcers in the Arctic by
the Arctic Monitoring and Assessment Programme (AMAP,
2021).

2 Methods

2.1 Data and data treatment

We obtained final, corrected data either from a publicly ac-
cessible data repository (EBAS, http://ebas.nilu.no/, last ac-
cess: 27 December 2021) or through personal communica-
tion with station PIs (see Table 1). Temporal data resolu-
tion varied from hourly for aerosol optical properties to sev-
eral days for chemical components. Figure 1 shows the lo-
cation of the 10 observatories where various in situ mea-
surements were conducted. The chemical variables we con-
sider include particulate sulfate (SO2−

4 ), nitrate (NO−3 ), am-
monium (NH+4 ), MSA, sodium (Na+), non-sea-salt calcium
(nssCa2+), non-sea-salt potassium (nssK+) and iron (Fe). We
calculated the nss components Ca2+ and K+ based on their
abundance in sea salt relative to the Na+ concentration (Pil-
son, 2012). The former can be regarded as tracers for soil dust
and the latter for biomass burning (e.g., Sharma et al., 2019).
Table 1 gives an overview of the measurement methodol-
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ogy for each species at the different sampling sites. We also
consider equivalent black carbon (EBC), which was derived
from filter absorption measurements, including Aethalome-
ters. The details of conversion from attenuation and absorp-
tion measurements are provided in Table 2.

We also report four different optical properties, the scatter-
ing (σsp) and absorption (σap) coefficients at 550 nm, single
scattering albedo (SSA) at 550 nm, and scattering Ångström
exponent at 550/450 (SAE). While the first two variables de-
pend on the total aerosol concentration, i.e., extensive proper-
ties, the SSA and SAE are intensive properties which do not
depend on loading. The SSA is a measure of how much the
aerosol population is able to scatter light relative to the ex-
tinction (absorption+ scattering), i.e., a value of SSA equal
to 1 indicates a purely scattering aerosol. SSA was calcu-
lated by dividing the scattering coefficient by the sum of the
scattering and absorption coefficients. The SAE describes the
wavelength dependence of the aerosol scattering coefficient
and can be interpreted as a measure of particle size, where
larger particles have smaller SAE values (Delene and Ogren,
2002). We calculated SAE based on the following Eq. (1):

SAE=−
log(σsp450 )− log(σsp550 )
log(λ450)− log(λ550)

(1)

where σsp is the scattering coefficient at the indicated
wavelength (λ). Values below the limit of detection of
0.045 Mm−1 for σsp were not used in the calculation of the
SAE since they were found to be close to the detection limit.
Table 2 provides details for the conversion to σap at 550 nm
from other wavelengths.

Not all species are available for every station. Table 1 gives
an overview of the variables and the periods for which they
were obtained at each station.

In this study, we only used quality-checked and assured
data sets from the sources provided in Table 1. EBAS data
are level 2, and only data points with a red flag code as given
in the EBAS data submission manual (https://ebas-submit.
nilu.no/temps, last access: 27 December 2021) were omit-
ted. Data from other sources or personal communication are
equivalent to EBAS standards.

2.2 Annual cycles and trend calculations

For the annual cycles, we calculated the median and in-
terquartile range from all data points per month for the avail-
able periods. To derive the anomaly, we subtracted the over-
all median value and normalized by the overall interquartile
range. The overall values are based on all data entries avail-
able for the given time period. They are shown in the box
plots in Fig. 2. Note that data for Gruvebadet are available
only since 2018 for all winter months.

We derived long-term trends for all variables, where data
from at least five consecutive years were available. Trends
are calculated for the haze season (January, February, March,

April, JFMA) and the summer season (June, July, Au-
gust, September, JJAS) following the example of Quinn et
al. (2009) for data obtained at Barrow/Utqiaġvik. This allows
for comparison with previously derived trends for aerosol
properties at Arctic stations. The haze season is dominated
by anthropogenic emissions, while the summer season re-
flects a mix of anthropogenic and natural emissions. The
seasonal separation hence allows tracking of the evolution
of anthropogenic and natural influences more specifically.
It also avoids the need for prior deseasonalization, i.e., re-
moval of the seasonal component, of the data. Note that,
for MSA, we divided the seasons into April–May and June–
August, because there were not enough data above the de-
tection limit before and after. A similar approach to sepa-
rate data to derive seasonal trends has been introduced by
Hirsch et al. (1982). Trend significance was tested with the
non-parametric Mann–Kendall test on each season. Non-
parametric means that no prior assumption of a specific dis-
tribution is necessary. The test has been widely applied to
environmental data sets including in the Arctic (Tunved and
Ström, 2019; Skov et al., 2020; Heslin-Rees et al., 2020;
Collaud Coen et al., 2020b, a), not least because of its non-
parametric nature and its tolerance of missing values. The
null hypothesis of the test is that no trend exists. We defined
a trend to be significant if the p value is smaller that or equal
to 0.05 (green dots and upward pointing arrows in Table 3).
Trends with a p value between 0.05 and 0.1 are marked or-
ange and larger values (p value>0.1) in red (Fig. 3). The
results of the Mann–Kendall test are strongly dependent on
autocorrelation, whereby a positive autocorrelation increases
the likelihood that a trend is determined when there is none
(Kulkarni and von Storch, 1995). To avoid an autocorrela-
tion signal, and to accommodate the highly diverse time res-
olution of the data set, we calculate seasonal median values.
The slopes of the trends were calculated using the Theil–
Sen slope estimator, another non-parametric method. Sig-
nificance and slope were derived for the entire time series
and on a decadal basis. Values for specific decades allow
for intercomparison between variables and stations. How-
ever, decadal values are also given if there are at least five
consecutive years of data within a decade. Hence the time
periods within decades are not equal in all cases and for all
stations. Figure 3 shows with the grey bars for which years
which variables are available per station. At Villum, a large
time gap exists between 2003 and 2007. We derived trends
separately for before and after the gap.

It is important to note that the Mann–Kendall test requires
a monotonic trend for the time period over which it is cal-
culated. This is often the case for anthropogenic tracers dur-
ing the haze season. However, some variables do not show a
monotonic behavior. For example, at Alert MSA exhibited a
significant negative trend between 1981 and 1999 and a non-
significant positive trend thereafter (Sharma et al., 2019). To
reflect this, we split the data set and calculated trends sepa-
rately.

Atmos. Chem. Phys., 22, 3067–3096, 2022 https://doi.org/10.5194/acp-22-3067-2022
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3 Results

3.1 Annual cycles

3.1.1 Chemical composition

Figure 2 shows the statistical distribution of concentrations
per chemical species, as box plots for each station on the
right side and as monthly anomalies of the normalized con-
centrations as annual cycles on the left side.

SO2−
4 makes up the highest concentrations at each sta-

tion with medians between 0.1 and 0.3 µg m−3, followed
by Na+ (0.05 to 0.15 µg m−3). NH+4 , NO−3 , EBC, Fe and
nssCa2+ all range between 0.01 and 0.06 µg m−3. nssK+ (ex-
cept for Kevo) and MSA exhibit smaller concentrations be-
tween 0.003 and 0.015 µg m−3. EBC, SO2

4, NO−3 and NH+4
are typical anthropogenic tracers during the Arctic haze
season where the highest levels are observed. Their dom-
inant sources in the mid-latitudes are fossil fuel combus-
tion (EBC, SO2−

4 , NO−3 ), residential heating (EBC) and agri-
culture (NH+4 ) (AMAP, 2015). With regards to EBC, Tiksi
(71◦ N) and Kevo (69.4◦ N) experience the highest concen-
trations and the largest variability, likely a result of their
proximity to both anthropogenic source regions and poten-
tial local influences as well. The annual cycles are similar
for all stations showing the typically elevated concentrations
during the haze period. However, Zeppelin experiences rel-
atively lower concentrations in January and February. The
difference among these stations might be due to the compar-
ison of different years and not necessarily physical aerosol
processes. At Summit, which has a different seasonal pat-
tern (notably the absence of winter haze, due to its elevation),
EBC peaks later.

Alert, Zeppelin, Barrow/Utqiaġvik and Villum are compa-
rable in their SO2−

4 concentrations and variability. The four
stations show almost identical annual cycles with the char-
acteristic haze peak in late winter/early spring and the min-
imum in summer. Kevo’s annual cycle is very similar to the
aforementioned stations; however, absolute concentrations
are about a factor of 3 higher. This difference is partly be-
cause of its relative vicinity to emission sources, and partly
because the time series goes back to the 1960s when concen-
trations were higher in general. Thule and Gruvebadet show
a more pronounced relative increase in April. NH+4 and SO2−

4
are very similar in their annual cycles, which is consistent
with the formation of ammonium sulfate or ammonium bisul-
fate. At Barrow/Utqiaġvik NH+4 concentrations are roughly
twice as high as at Alert, Zeppelin and Villum, indicating
higher availability of NH+4 and less acidic particles since the
SO2−

4 concentrations are similar at all three stations. The box
and whisker plots at Villum, Zeppelin and Alert are similar.
NO−3 concentrations are higher than those of NH+4 at Villum
and Zeppelin and variable. This result could be related to at-
mospheric chemical processes of particulate NO−3 formation,
which depends on the aerosol acidity, water content and am-

Atmos. Chem. Phys., 22, 3067–3096, 2022 https://doi.org/10.5194/acp-22-3067-2022
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Table 2. Conversion factors for absorption coefficients at 550 nm and for the derivation of EBC concentrations.

Station Absorption coefficient conversion to 550 nm Instrument used to
derive EBC

MAC Cref value References for conversions

Alert PSAP/CLAP: λ= 530 nm, converted to σap at
550 nm assuming an Ångström exponent of 1

Aethalometer,
AE06, 880 nm

19 m2 g−1 no Cref applied Sharma et al. (2004, 2006,
2013, 2019)

Aethalometer,
AE31 880 nm

16.6 m2 g−1 no Cref applied Sharma et al. (2004, 2006,
2013, 2019)

Barrow/Utqiaġvik PSAP: λ= 528 nm converted to σap at 550 nm
assuming an Ångström exponent of 1

PSAP 1-λ 10 m2 g−1 Bond et al. (1999)

PSAP: λ= 530 nm converted to σap at 550 nm
assuming an Ångström exponent of 1

PSAP 3-λ 10 m2 g−1 Bond et al. (1999);
Ogren (2010)

CLAP: λ= 528 nm converted to σap at 550 nm
assuming an Ångström exponent of 1

CLAP 3-λ 10 m2 g−1 Bond et al. (1999);
Ogren (2010)

Zeppelin Aethalometer,
AE 31, 880 nm

15.9 m2 g−1 no Cref applied Eleftheriadis et al. (2009)

PSAP λ= 528 nm converted to σap at 550 nm
assuming an Ångström exponent of 1

Bond et al. (1999);
Ogren (2010)

Gruvebadet PSAP λ= 530 nm converted to σap at 550 nm
assuming an Ångström exponent of 1

PSAP 3-λ 10 m2 g−1 This study

Tiksi Aethalometer AE31, λ= 880 nm,
MAC= 16.6 m2 g−1, Cref = 3.5 for
conversion to σap at 550

Aethalometer
AE 31, 880 nm

16.6 m2 g−1 no Cref applied Popovicheva et al. (2019)

Summit CLAP, λ= 550 nm CLAP 3-λ 10 m2 g−1 Bond et al. (1999);
Ogren (2010)

Pallas MAAP, λ= 637 nm, converted to σap at 550 nm
assuming an Ångström exponent of 1

This study

bient temperature (see the discussion of the long-term trends
for more details).

The other chemical tracers are less uniformly distributed
throughout the year, and there are significant differences
among the stations. MSA is an oxidation product formed
from DMS, which is derived from marine algae. It is hence
associated with the presence of open water (or marginal sea
ice zones), nutrients, sunlight and DMS-producing algae as
is reflected in the annual cycle. At all stations, a characteris-
tic spring bloom peak in April–May is visible (Becagli et
al., 2019; Moffett et al., 2020), except at Kevo where the
peak occurs in June–July. In August, Barrow/Utqiaġvik fea-
tures a second and even higher peak, likely influenced by re-
gional phytoplankton blooms (Moffett et al., 2020; Quinn et
al., 2002). The other three stations do not show such strong
signals, and their highest MSA peaks are confined to spring,
when southerly air masses transport MSA from productive
waters in the mid-latitudes (Sharma et al., 2019).

Another natural contribution to aerosol is Na+, which
originates from sea spray and salt-laden blowing snow. The
annual cycles at Alert and Barrow/Utqiaġvik are similar with
the highest concentrations in winter, which is evidence of
mixed contributions from blowing snow (Huang and Jaeglé,
2017) and southerly advection of sea spray (Quinn et al.,
2002). Zeppelin shows lower enhancement during winter
likely because of its elevation (476 m a.s.l.). Villum features
an annual cycle very similar to Alert, albeit with less en-

hancement between November and December. Pallas shows
a “flat” annual cycle, hence exhibiting less variability, poten-
tially due to the geographic location, while Kevo exhibits a
late spring peak.

nssCa2+ and Fe have been used as mineral and soil dust
tracers by Sharma et al. (2019) for Alert, where they show
a spring and autumn peak. The spring peak has been in-
terpreted as long-range-transported dust from Asian deserts
based on a Lagrangian model study (Groot Zwaaftink et al.,
2016), whereas the autumn peak corresponds to minimum
snow coverage and hence potential local soil dust sources.
The latter could also be the case for Villum for nssCa2+

and Fe, where the main peak in nssCa2+ occurs in autumn,
but the actual source is difficult to pinpoint (Nguyen et al.,
2013; Heidam et al., 2004). The peak in Fe at Villum dur-
ing the haze season could stem from long-range transport
of air masses from source regions in the easterly direction,
where mineral dust emissions from Asian deserts may play a
significant role. Barrow/Utqiaġvik exhibits a strong nssCa2+

enhancement between January and February, which has been
interpreted as a signal of long-range-transported dust from
Eurasia (Quinn et al., 2002). At Zeppelin, Kevo and Pal-
las the annual cycles do not show any pronounced features.
Overall, the least similarity is seen in nssCa2+ between all
stations compared to other tracers.

nssK+ can be interpreted as a biomass burning tracer origi-
nating from domestic wood burning and agricultural or forest

https://doi.org/10.5194/acp-22-3067-2022 Atmos. Chem. Phys., 22, 3067–3096, 2022
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Figure 2.

fires contributing during different times of the year. At Alert
and Barrow/Utqiaġvik the annual cycle of nssK+ is similar to
that of typical anthropogenic tracers, e.g., EBC, and has been
identified as a haze tracer at Barrow/Utqiaġvik by Quinn et
al. (2002). Based on carbon isotope measurements and La-
grangian dispersion modeling it has been shown that domes-
tic wood burning is an important source of black carbon in
winter (Stohl et al., 2013; Winiger et al., 2019). Hence, it is

conceivable that nssK+ could also be an indication of do-
mestic wood burning. However, at Villum nssK+ has been
found to also potentially originate from fossil fuel burning
(Nguyen et al., 2013; Heidam et al., 2004). At Kevo, the an-
nual cycle of the tracer is most similar to SO2−

4 , and differ-
ent from EC. However, previous research has shown that EC
and nssK+ are correlated, and hence wood burning is a likely
driver of the signal (Yli-Tuomi et al., 2003b). The seasonal
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Figure 2. The left column shows annual cycles of aerosol chemical compounds and physical properties for each available data set as anomaly.
The data are normalized by the median and interquartile range (see Methods). Colors represent stations given in the right column of the figure
(see panel b). The right column provides statistical values (median, interquartile range, and 10th and 90th percentiles) per variable and station.
Chemical compounds were derived from the following size ranges (see also Table 1): TSP for Alert and Villum, PM10 for Zeppelin, and
PM1 for Barrow/Utqiaġvik.

cycle of nssK+ at Villum shows a late summer enhancement
from soil dust (Heidam et al., 2004). At Zeppelin nssK+ re-
mains enhanced throughout May to September. The presence
of nssK+ and its interpretation as biomass burning marker is
in agreement with carbon isotope source apportionment by
Winiger et al. (2019), who show an elevated level of 60 %
biomass burning contribution to black carbon at the station.

It has been shown for Zeppelin that long-range transport of
agricultural fires can have a strong impact on the aerosol pop-
ulation in spring (Stohl et al., 2007). At Pallas, nssK+ does
not exhibit a typical Arctic haze pattern, but rather a peak in
summer pointing towards wildfires (Mielonen et al., 2010).
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Figure 3.

3.1.2 Optical properties

Figure 2 also shows aerosol optical properties, which are
tightly linked to the chemical composition and absolute
aerosol mass for the scattering and absorption coefficients.
Similar figures showing the absolute values as annual cycles
have been discussed in Schmeisser et al. (2018) for data be-
tween 2012 and 2014, and by Quinn et al. (2002) and De-
lene and Ogren (2002) for Barrow/Utqiaġvik for 1997 to
2000. Here, we show all data available for this study (see Ta-
ble 3). The annual cycle of σsp reflects the higher aerosol bur-
den during the haze season and the low concentrations dur-

ing summer for the observatories at Alert, Barrow/Utqiaġvik,
Zeppelin, Gruvebadet and Tiksi. The slight decrease in SSA
at Gruvebadet in July and August is likely due to the im-
pact of forest fire emissions, as suggested by higher aerosol
concentrations of biomass burning tracers in this period of
the year (Turetta et al., 2016; Feltracco et al., 2020). Pallas
and Summit exhibit an opposite behavior with peak values
in spring and summer, respectively. Pallas, being located rel-
atively far south is much more influenced by Eurasian an-
thropogenic emissions being downwind (easterlies prevail)
of significant emission sources (Aaltonen et al., 2006; Asmi
et al., 2011) and also by biogenic emissions from the sur-
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Figure 3. Significant trends (p<0.05) per variable and station for the entire time period over which data are available. For Villum we
considered the time period 2008–2016 here. MSA is given for the months of April–May and June–July–August.

rounding boreal forest (Hyvärinen et al., 2011; Tunved et
al., 2006). Summit is located at 3238 m a.s.l. and is there-
fore not affected by winter haze, which manifests itself in
the lower layers of the atmosphere. It is, however, subject to
long-range transport of biomass burning and anthropogenic
emissions during spring and summer (Schmale et al., 2011;
Thomas et al., 2017; Stohl et al., 2006). The σap is closely re-
lated to EBC (and correlated 1 : 1 for all stations where EBC
was derived with a uniform mass absorption cross section,
except at Kevo where a thermal–optical method was used;
see Table 2) and both variables follow a similar annual cycle
(Fig. 2a, u) with the maximum values during the haze period
at Alert, Barrow/Utqiaġvik, Tiksi, Gruvebadet and Zeppelin.
Summit shows much lower σap values and follows a different
annual cycle with a maximum in spring and summer, compa-
rable to the observation of σsp. Here again, the influence of
long-range-transported biomass burning emissions as well as
emissions from other anthropogenic sources that can reach
Summit throughout spring and summer is evident as well as
the absence of haze pollution in winter. SSA, an inherent
aerosol property independent of the absolute abundance of
aerosol derived for Alert, Barrow/Utqiaġvik, Zeppelin, Gru-
vebadet, Tiksi, Pallas and Summit, peaks in autumn and re-
flects the minimum in the σap during that time of the year. At
Pallas SSA peaks earlier in summer than at the other stations
and also drops more strongly during winter, likely due to the
anthropogenic influence in winter and the stronger boreal for-
est contribution in summer. The lower SSA at Summit in au-
tumn compared to the other stations has been interpreted by
Schmeisser et al. (2018) as a darker background aerosol due
to increased local air traffic from the station (despite a pol-

lution sector quality-controlled data product). SAE, another
intensive property, behaves similarly at all six stations (Alert,
Pallas, Summit, Barrow/Utqiaġvik, Tiksi and Zeppelin) with
a peak in spring lasting through early summer. Given that
larger SAE values are indicative of smaller particle diame-
ters, this behavior is in agreement with the annual cycle of
the particle number size distributions as discussed for exam-
ple in Croft et al. (2016) and Freud et al. (2017) due to the
absence of larger submicron modes. During the SAE peak,
more frequent new particle formation enhances the Aitken
mode population, while regular wet deposition depletes the
coarser particles acting as cloud condensation nuclei (Freud
et al., 2017).

3.2 Trend calculations based on Mann–Kendall and
Theil–Sen’s slope

Tables 3 and 4 give an overview and summary of the cal-
culated trends and their significance for all stations and pa-
rameters. The left part of the figure provides the significance
of the overall trend as a numeric value and optically by a
colored marker (green means significant at a p value< 0.05;
see Methods) split by haze (JFMA) and summer (JJAS) sea-
sons. An upward- or downward-pointing arrow, only for sig-
nificant trends, represents the direction of the slope, and the
value indicates the change per year in the unit of the variable
as indicated in the leftmost column. To the right the duration
of the measurements are shown as grey bars, and within each
decade the marker and arrow indicate the decadal trends and
their significance. Numerical values are given in Supplement
Fig. S1. Generally, the optical property records represent the
last two decades and are shorter than chemical records at sev-
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eral stations, which date back about three decades. For MSA,
the record across stations is fragmented, with only Alert,
Kevo and Barrow/Utqiaġvik providing decadal information.

3.2.1 Long-term trends of SO2−
4

, NH+
4

, NO−
3

and EBC

For the full period of each measurement, during the haze sea-
son 30 % of the trends are significant (p<0.05), with 20 neg-
ative and 3 positive trends. For the summer, 26 % of overall
trends are significant with 14 negative and 5 positive trends.
We show all 41 significant trends in Fig. 3. In winter, typ-
ical haze tracers such as EBC, SO2−

4 and NH+4 make up 9
of the 20 significant and full period negative trends at Alert,
Zeppelin, Pallas and Kevo. This is consistent with the reduc-
tion of air pollution emissions in North America, Europe and
Russia, which we show in Fig. 4 based on the ECLIPSEv6b
(Höglund-Isaksson et al., 2020) and CMIP6 emission data
between 1970 and 2014 (Hoesly et al., 2018). For BC, the
emissions data show a gradual decrease from 1970 to 2000
for the Western Arctic (Western Arctic refers to the USA and
Canada), while emissions in the Eastern Arctic (Eastern Arc-
tic refers to the Kingdom of Denmark, Finland, Iceland, Nor-
way, the Russian Federation and Sweden) and the rest of Eu-
rope show a strong decrease between 1990 and 2000. Asia
(Japan, People’s Republic of China, Republic of India, Re-
public of Korea, Republic of Singapore) shows a decrease in
the 1990s and a subsequent increase since the early 2000s.
The EBC trend at Kevo reflects the sharp decline in 1990,
and at Alert most of the EBC concentration decline also hap-
pened before 2000, reflecting primarily the economic change
in the former Soviet Union (Dutkiewicz et al., 2014; Sharma
et al., 2019). However, a significant decadal winter trend is
only visible for Alert and Barrow/Utqiaġvik in the 1990s.
Otherwise, decadal trends are not significant. After the year
2000 emissions declined slightly in the Eastern Arctic and
the rest of Europe. In the Western Arctic they slightly in-
creased up until 2005 and then decreased up until 2008 while
then staying at the same level. In Asia emissions were on
the rise until 2008 and then declined, while in the rest of
the world emissions increased. Arctic EBC concentrations,
which are mostly impacted by the Eastern and Western Arc-
tic as well as Europe (Backman et al., 2021), show neither a
decline nor incline from 2000 onwards during winter.

To demonstrate the influence of short-term variability in
the last decade on the significance of trends, we tested the re-
quired yearly rate of increase or decrease in EBC concentra-
tions to detect a significant trend (p value<0.05) within the
last 10 or close to 10 years of measurements at the follow-
ing stations: Alert (2007–2017), Zeppelin (2007–2017), Bar-
row/Utqiaġvik (2009–2019), Gruvebadet (2011–2018), and
Tiksi (2010–2018). We calculated the trend line for the years
given in parenthesis, de-trended the EBC concentration data
with it and then added xi % of EBC increase per year in
steps of 1 (i.e., x1 = 1 %, x2 = 2 % and so on) until the trend
emerged as significant. The results for Alert and Zeppelin are

5 % yr−1, for Barrow/Utqiaġvik 6 % yr1, for Tiksi 11 % yr−1,
and for Gruvebadet 16 % yr−1. Hence, the present-day short-
term variability requires relatively large changes to occur to
derive significant trends with the Mann–Kendall Theil–Sen
method for time periods less than 10 years. This explains why
trends on the order of 1 % or less per year cannot be signif-
icant over single decades but are significant over a record of
20 or more years (as for the case of EBC at Zeppelin in win-
ter; see Fig. 3). Therefore, even if none of the EBC trends
in the haze season turned out to be significant for the 2010–
2019 period (in contrast with previous decades), such “stag-
nation” must be considered carefully. In addition, detection
of a 1 % change would not reflect large changes in air quality.
The absence of trend detection over shorter periods also high-
lights the importance of maintaining monitoring activities at
the Arctic observatories in the long run, as decadal changes
(occurring over periods of >10 years) in atmospheric com-
position can be detected with more statistical certainty.

SO2 emissions, a precursor to particulate SO2−
4 , decreased

strongly in Europe and the Western Arctic countries since
1980 due to clean-air policies such as UNECE LRTAP and
the US Clean Air Act. SO2 emissions showed a clear dip
between 1990 and 2000 in the Eastern Arctic, probably due
to the economic change in the former Soviet Union. Else-
where emissions increased strongly, except for the late 1990s
in Asia. Winter concentration trends at Alert, Kevo and Zep-
pelin follow the pattern of strong emission decline in the
1990s, showing the strongest decline in this decade and then
leveling off. There is only one significant decadal winter-
time trend for SO2−

4 , which occurred at Alert in the decade
of the strongest SO2 emission reductions, 1990–2000. There
are only few observations of NH+4 , and only Alert and Pal-
las show a negative overall trend during the haze season.
NH+4 forms ammonium bisulfate and, to a lesser extent, am-
monium sulfate in the particle phase and hence follows the
trend of SO2−

4 . This is also observed at the other two stations
that measured NH+4 , Barrow/Utqiaġvik and Villum, but the
p values do not indicate significance for the overall period
(0.05<p value<0.1).

NO−3 shows an opposing significant trend, i.e., positive, at
Alert compared to SO2−

4 . The favored partitioning into the
particle phase is likely the main reason, as it is for the simi-
lar trend observed during summer at Alert. It is important to
keep in mind that Alert is the only site where a measurement
record longer than 30 years has been acquired. The positive
trend at Alert is opposite to the emission reduction efforts of
NOx (see Fig. 4), the precursor to NO−3 . However, with the
reduction in particle acidity, mainly caused by lower emis-
sions of SO2 and subsequent formation of particulate sul-
fate, more particulate nitrate can be formed (Sharma et al.,
2019). In addition, cold temperatures and high particle water
content will favor the partitioning of nitrate into the aerosol
phase (Guo et al., 2016; Shah et al., 2018). The analysis of
NO−3 clearly shows that not only emission changes are rele-
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Table 3. Data coverage and trends. The grey bars on the right side indicate data availability per station and variable. The p values and slopes
on the left side indicate the overall trends characteristics per station and variables separated by season (JFMA and JJAS). Round markers
indicate the significance of the trend, where green corresponds to a p value<0.05, orange to 0.05<p value<0.10, and red p value>0.10.
The arrows indicate whether the trend is positive or negative. Decadal trend significance and direction are given by markers only in the
respective time period. The two left (right) symbols correspond to JFMA (JJAS). Chemical compounds were derived from the following size
ranges (see also Table 1): TSP for Alert and Villum, PM10 for Zeppelin, and PM1 for Barrow/Utqiaġvik. NA means there are not enough
values above detection limit to calculate a p value.
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Table 4. Summary of derived significant trends per season (JFMA and JJAS) for the full period of each data set and per decade. The
percentage of significant (sign.) trends is calculated from the total number of trends (column 2) evaluated for the given time period. There
are 26 significant decadal trends.

Period No. of trends Total sign. JFMA JJAS

Sign. pos. Sign. neg. Percent sign. Sign. pos. Sign. neg. Percent sign.

Full period 73 41 3 20 30.1 % 5 14 26.0 %
1970 6 1 1 0 16.7 % 0 0 0.0 %
1980 16 1 0 0 0.0 % 0 1 6.3 %
1990 26 5 0 4 15.4 % 0 1 3.8 %
2000 41 10 2 2 9.8 % 3 3 14.6 %
2010 51 9 1 2 5.9 % 3 3 11.8 %

Figure 4. Anthropogenic emissions of SO2 (a), NO2 (b), BC (c) and BC from biomass burning (d). Anthropogenic emissions are based on
ECLIPSE v6B (Höglund-Isaksson et al., 2020). Data from before 1990 are based on CMIP6 (Hoesly et al., 2018; van Marle et al., 2017)
scaled linearly to match ECLIPSE v6B. Biomass burning data are from CMIP6. The Western Arctic region refers to the following countries:
USA and Canada; Eastern Arctic region: Kingdom of Denmark, Finland, Iceland, Norway, the Russian Federation and Sweden. The grouping
follows the report of the Arctic Monitoring and Assessment Programme on short-lived climate forcers and refers to entire countries (AMAP,
2021).

vant for chemical trends of Arctic aerosols, but also the type
of dominating chemical reactions that change due to an al-
tered chemical composition of the atmosphere.

Some of the above discussed tracers also show significant
trends during summer for the overall period: five negative
and two positive. EBC decreased at Kevo, here again with al-
most a step change in the 1990s, due to the site’s proximity to
the former Soviet Union which collapsed in the 1990s. Sul-
fate decreased significantly at Kevo and Pallas between 2005
and 2020, and Villum over the period from 2008 to 2017.
Enhanced microbial activity during the summer has been hy-
pothesized to be a responsible factor for particle mass forma-
tion at Villum (Dall’Osto et al., 2018), even though the sum-

mer trend is negative. However, the aforementioned study fo-
cused on the smallest particles, while the filter-based deter-
mination of SO2−

4 targets the accumulation mode and even
larger particles. Similar new-particle-formation studies have
been conducted for Zeppelin and Gruvebadet (Becagli et al.,
2019; Dall’Osto et al., 2017; Beck et al., 2020; Dall’Osto et
al., 2019), where only at Gruvebadet are SO2−

4 trends pos-
itive and significant during summer. A plausibility check,
on whether marine microbial activity is the driving factor,
could be done using MSA concentrations. While those are
not available at Villum or Gruvebadet, no significant trend
in MSA has been found at Zeppelin station, close to Gruve-
badet. The absence of an MSA trend might be an indication
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that reaction pathways are too complex to expect a directly
measurable concentration effect in both particulate SO2−

4 and
MSA based on microbial activity. Also note that Villum is
dominated by sea ice for 10 months of the year. Mahmood et
al. (2019) found that enhanced microbial emissions can lead
to higher CCN number concentrations, which implies a sub-
sequent removal of the corresponding emission products by
wet deposition and hence might not be observed at perma-
nent stations. The increase in SO2−

4 around Svalbard is likely
not due to increased shipping activities, e.g., from tourism.
Eckhardt et al. (2013) show a strong influence in summer on
sulfur from ships directly in Kongsfjorden, but on an annual
basis this is a small effect. Moreover, recently new emission
regulations require low-sulfur-content fuel.

Generally, observatories that started measurements only
after the year 2000 detect neither significant haze nor sum-
mer trends for anthropogenic tracers, because most of the air
pollution reduction happened prior to that.

3.2.2 Long-term trends of MSA, Na+, nssK+, nssCa2+

and Fe

The other chemical constituents are responsible for 16 sig-
nificant trends, 7 in winter and 9 in summer. All are negative,
except for MSA at Kevo. Focusing on MSA first, at Kevo
concentrations started increasing in the 1980s. The signif-
icant positive trend has been identified before by Laing et
al. (2013), who found significant correlations with both in-
creasing sea surface temperature in the source regions (Bar-
ents, Norwegian and Greenland seas) and declining sea ice
coverage. Warmer sea water and less sea ice are generally
interpreted as leading towards higher marine microbial pro-
ductivity. Interestingly, at Alert, the concentrations of this ion
show negative trends for the haze and summer seasons be-
tween 1980 and 1999. Here, the haze season concentrations
were related to long-range transport from more southerly
latitudes, while the summer season concentrations were re-
lated to more regional Arctic ocean sources (Sharma et al.,
2019). Hence reasons for the two seasonal trends might be
different and could reflect both variability in marine biolog-
ical activity as well as long-range transport patterns and re-
moval processes en route. Within the decade 2000 to 2010,
the summer trend turns significant and positive as discussed
in Sharma et al. (2012). The overall trend of MSA at Bar-
row/Utqiaġvik in the haze season is negative for the period
between 1998 and 2012 (not shown for reasons discussed
below). The summer trend is not significant over this period
at this station. Conversely, concentrations increased signif-
icantly at Barrow/Utqiaġvik during the summer season be-
tween 1999 and 2007 as discussed in Quinn et al. (2009).
Note that they used July through September for the summer
months, while here we use June through August. Calculat-
ing trends over the decade 2000 to 2010 hence results in no
significant trend at Barrow/Utqiaġvik (p value of 0.09 and
negative slope). This seeming contradiction is an important

point, because the newly available longer time series shows
that Quinn et al. (2009) described a development over a pe-
riod which happened to show an increase, but which is not
necessarily indicative of the longer-term trend. Recently the
Barrow/Utqiaġvik MSA time series was extended by Mof-
fett et al. (2020), who found an overall positive trend for July
through September between 1998 and 2017, further under-
lining the argument that trend calculations over different pe-
riods can lead to different results. This is particularly true for
MSA concentrations which do not seem to follow a mono-
tonic long-term trend but instead show substantial variability
over timescales of 5 to 15 years, which renders the Mann–
Kendall approach inappropriate for further investigation.

Na+ can also be regarded as a natural tracer, i.e., for sea
spray its dominant source. No significant positive trend is
observed, despite the fact that the potential for more sea spray
aerosol formation due to retreating sea ice is often referred to
in the literature (Browse et al., 2014; Struthers et al., 2011).
However, not observing increased Na+ concentrations does
not mean that there is no enhanced sea spray production. Sea
salt particles are efficient CCN and hence may preferentially
be removed from the atmosphere by wet deposition as has
been shown for other hygroscopic substances (Mahmood et
al., 2019), or air mass transport patterns can change (Heslin-
Rees et al., 2020).

nssCa2+ shows negative trends at Kevo and Pallas during
winter and summer. Given the stations’ vicinity to industrial
emissions in the east and southeast, which have been iden-
tified as source regions previously (Yli-Tuomi et al., 2003a;
Laing et al., 2014b), the decline could be related to chang-
ing industrial activities but warrants more detailed investiga-
tion. nssCa2+ has also been interpreted as a soluble tracer for
mineral and soil dust and shows a negative trend at Alert in
summer, which is consistent with the results by Sharma et
al. (2019). There is no evident explanation for the decrease,
particularly given the decreasing snow cover and potential lo-
cal sources of dust in late summer (see discussion of annual
cycles). Sharma et al. (2019) hypothesize that long-range
dust transport could play a role in this context.

Iron is another dust tracer and exhibits a similar annual
cycle compared to nssCa2+ at Alert, and the summer trend
is also negative, supporting the hypothesis of similar sources
and/or processes. However, the haze trend of Fe is also neg-
ative, while the nssCa2+ trend is not significant, indicating
that, at least during winter, sources might be different for the
two constituents. The shape of the long-term concentration
curve of Fe is similar to that of EBC, SO2−

4 and NH+4 , with
the strongest decline in the mid-1990s. Given that Fe is emit-
ted in fossil fuel combustion in addition to originating from
soil dust (Matsui et al., 2018), this observation points towards
an anthropogenic contribution to Fe observed at Alert. At
Kevo, the Fe long-term trend is also negative. Even though
Fe trends have not specifically been investigated, Laing et al.
(2014a, b) looked at source regions and long-term trends of
trace metals at Kevo and found a general significant decline
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due to changed industrial activities. It is likely that Fe stems
from the same or related sources, because the seasonal cycle
is similar to the investigated trace metals.

Only at Kevo were significant and negative trends for
nssK+ found for both the haze and summer seasons. As dis-
cussed for the seasonal cycles, this tracer is likely related
to decreased domestic wood burning. Given the peak dur-
ing the haze season, typical for anthropogenic emissions, and
the similarity to the EC trend, the source could additionally
be related to industrial activity and its decline in the source
regions (Dutkiewicz et al., 2014). However, this has not ex-
plicitly been investigated.

Given the recent increase in fire activity in the Arctic,
one might have expected an emerging trend in nssK+ as a
biomass burning tracer. Reasons for the absence of a general
upward trend may be that biomass burning emissions are car-
ried further aloft in the troposphere and are not well captured
at the surface, and that station records do not cover the last
years, where the strongest emissions in consecutive years oc-
curred (McCarty et al., 2021).

3.2.3 Long-term trends of optical properties

Aerosol optical properties, measured in situ at the surface,
have also changed significantly at several stations during the
last few decades. Significant trends are observed in the scat-
tering coefficient at Barrow/Utqiaġvik and Zeppelin during
winter, and at Zeppelin during summer with regard to the
overall time period. At Barrow/Utqiaġvik, the trend is nega-
tive during the haze period for all observations (1998–2019),
and for both haze and summer seasons in the recent decade
(2010–2019). Note that these overall and recent decreasing
trends in scattering coefficient during winter are consistent
with Collaud Coen et al. (2020b). However, they did not find
a significant trend in scattering coefficient during the sum-
mer months at Barrow/Utqiaġvik for the most recent decade,
though they used different seasonal definitions as well as dif-
ferent time aggregations. The scattering coefficient can be
interpreted as a measure of the total measured aerosol con-
centrations and thus provides evidence of a decline in overall
particulate matter, if hygroscopic growth or swelling is pre-
vented through drying particles before measurements, which
is the case at the discussed sites. At most stations, Na+,
SO2−

4 and organics make up most of the mass (Petäjä et al.,
2020) and are also known to scatter light rather than absorb
it. A direct comparison with the aerosol mass is difficult for
Barrow/Utqiaġvik, because most of the chemical and opti-
cal data only overlap between 1997–2013. However, using
linear regression Quinn et al. (2002) have shown for data be-
tween 1997 and 2000 that Na+ exerts a dominant role on the
winter aerosol scattering coefficient, while SO2−

4 dominates
the spring scattering. Aerosol filter samples have been taken
throughout the full period (1997–present), but data were not
available beyond 2013 for this work. Future analysis will
help answer the question of whether an anthropogenic or nat-

ural source, or both, contribute to the observed decline. Con-
versely, at Zeppelin the overall summer and winter trends
are positive for σsp and strongly driven by changes in the
decade between 2000 and 2010. The SAE and σsp trends
have been discussed in detail by Heslin-Rees et al. (2020),
who found that the increased scattering signal is likely due
to an increased presence of coarse-mode particles. This is
reflected by the significant negative trend in the SAE (also
for both seasons in their publication). While it could be hy-
pothesized that the retreat of sea ice is responsible, Heslin-
Rees et al. (2020) found that a change in the atmospheric
circulation, in which increased advection of air masses from
the southwest, i.e., the Atlantic, can explain the observations.
The conclusion is that more sea spray aerosol is transported
towards Zeppelin contributing to the increased coarse-mode
particles. This is not confirmed by the derived trends of sea-
salt particles with the same method (Na+; see previous sec-
tion). Here trends in Na+ were not found to be significant for
the Zeppelin station. However, the physico-chemical charac-
terization of coarse-mode aerosols at Gruvebadet (Song et
al., 2021; Udisti et al., 2016) showed the occurrence of sev-
eral populations of anthropogenic, sea-salt and crustal parti-
cles exhibiting distinct coarse-mode size distributions, which
complicates the attribution of trends in SAE to individual
changes in emissions.

The absorption coefficient, which is mostly related to
the presence of combustion-related aerosol and, to a much
lesser extent, to mineral dust, exhibits negative trends for
the overall time periods of observations at Barrow/Utqiaġvik
and Zeppelin in winter, consistent with the wintertime
trends for absorption coefficient reported in Collaud Coen
et al. (2020b). These trends are in line with the decreasing
EBC concentrations during the haze season, where the EBC
trend is significant at Zeppelin, while at Barrow/Utqiaġvik
the p value is 0.09.

Pallas shows a negative decadal trend for SAE between
2000 and 2009 in summer. Collaud Coen et al. (2013) and
Lihavainen et al. (2015) showed a significant negative trend
for that period in winter, although no significant trend is re-
ported in Collaud Coen et al. (2020b). Thereafter variability
has become larger between the years and the amplitude of the
signal also increased, for which no particular reason has been
found. In contrast, Collaud Coen et al. (2020b) observed both
increasing and decreasing statistically significant SAE trends
at various Arctic sites depending on the period and season
considered.

4 Discussion

The results presented above reflect the effort, which has been
made to characterize the aerosol chemical and optical proper-
ties across the Arctic over several decades, and they highlight
the importance of this long-term effort. Importantly, to obtain
a pan-Arctic view, records must be taken over the same pe-

Atmos. Chem. Phys., 22, 3067–3096, 2022 https://doi.org/10.5194/acp-22-3067-2022



J. Schmale et al.: Pan-Arctic aerosol trends 3085

riod of time. Based on the data set behind this study, in the
1980s, on average, measurements of 16 variables (chemical
and optical) were carried out each year at any station con-
sidered here. In the 1990s the number increased to 31, and
further to 58 variables in the 2000s. In the latest decade, an-
nual measurements of 66 variables were available on aver-
age. Note that not all data might have been released for the
most recent years and hence the number is a lower estimate.
We also limited the selection of aerosol variables measured to
meet the objectives of the presented study (long-term trends).

The data allow us to draw conclusions on how changes
in emissions, processes and transport in the Northern Hemi-
sphere have changed the aerosol properties across the Arc-
tic. Note that the methodology applied here, i.e., the Mann–
Kendall significance test and Theil–Sen slope estimator, re-
lies on monotonic change. Hence, time series which do not
change monotonically are less likely to exhibit a significant
trend (see for example the MSA concentration at Alert).
We find in total 41 significant trends over full records, i.e.,
spanning more than a decade, compared to 26 significant
decadal trends (Table 3). The majority of significantly de-
clining trends in anthropogenic tracers occurred during the
haze period and was driven by changes in the 1990. Even
though the decade from 1990 to 1999 stands out, only 5 of
the 26 trends calculated for this decade are significant. This
result means that long-term observations that cover multi-
ple decades are extremely valuable and necessary to docu-
ment the anthropogenic influence on the Arctic aerosol con-
centration. In addition, it can be concluded that observations
which started after the 1990s cannot reflect the most impor-
tant decline of the anthropogenic aerosol concentration in the
Arctic in the recent past. Nevertheless, the more recently es-
tablished monitoring activities will provide valuable insight
into recent trends in the years to come with respect to an-
thropogenic emission changes within (Kolesar et al., 2017;
Aliabadi et al., 2015; Schmale et al., 2018) and outside of
the Arctic, as well as to potential changes in natural emis-
sions based on climate feedback mechanisms. For example,
we find from the recent records that EBC concentrations ap-
pear to be stagnating, i.e., no significant change is observed.
Because trends in the latest decade are not significant, con-
tinuing observations in the future is critical to understand the
present-day development. The newly established time series
at additional geographical locations will help evaluate this
trend in the future, particularly in light of the current black
carbon reduction policies, such as those initiated by the Arc-
tic Council countries through the Fairbanks Declaration 2017
(Arctic Council, 2017), and whether those policies will have
an effect across the Arctic.

Anthropogenic influence has not been restricted to the
haze season. Several significant negative trends in summer
for EBC, SO2−

4 and Fe seem to demonstrate this, because
there are corresponding negative trends during the haze pe-
riod as well. With the decline of anthropogenic air pollu-
tion, natural aerosol components emerge more strongly now

in summer than previously and are hence responsible for the
larger part of the summertime aerosol climate effects, includ-
ing both the direct and indirect effects. The vanishing an-
thropogenic summer influence coincides with rapid and un-
precedented environmental change in the high northern lat-
itudes. September Arctic sea ice is retreating by 13.1 % per
decade since 1979 compared to the 1981–2010 average (Arc-
tic Sea Ice Minimum, 2020). Sea ice retreat creates more
open ocean, which creates larger fetch for wave development
(Casas-Prat and Wang, 2020) and hence more sea spray emis-
sion. DMS emissions have increased by 33 % per decade in
ice-free water since 1998 (Galí et al., 2019). Boreal forest
fires are also becoming more frequent and severe (Rogers et
al., 2020). For example, BC emissions have roughly doubled
from 2010 to 2020 from wildfires north of 60◦ N (McCarty
et al., 2021). Warmer temperatures, which are the main cause
of enhanced fire activity, also cause enhanced biogenic emis-
sions, such as isoprene (a secondary organic aerosol precur-
sor originating from vegetation; Arneth et al., 2016). These
and other ongoing and anticipated environmental changes
(e.g., changed wind and air mass transport patterns) will have
an effect on the natural contribution to aerosol properties and
concentrations (Schmale et al., 2021). However, the trend
analyses of natural aerosol tracers used in this study do not
show strong or unambiguous evidence for such changes yet.
There can be several reasons. With respect to SO2−

4 , there
could be compensating effects of reduced SO2 emissions and
increased DMS emissions. For example, a high interannual
variability in natural sources hinders the detection of long-
term trends. Additionally the complex relationships between
natural emissions, atmospheric transport, chemical reactions,
particle removal processes and observed airborne aerosol
concentrations mean that an increase in emissions does not
automatically translate to enhanced concentrations of corre-
sponding end products or the species itself. Furthermore, our
analyses are conducted with the Mann–Kendall Theil–Sen
slope test only. Other methods might yield different results.
For example, increased wave breaking on a more ice-free
ocean should lead to higher Na+ concentrations. However,
only two of the six stations that report Na+ show a signif-
icant and negative trend in summer at Kevo and Pallas, and
winter at Kevo. This could be due to the inherently large vari-
ability in the Na+ signal, which hence requires longer data
sets to extract a monotonic signal with the Mann–Kendall
Theil–Sen methodology. For Alert, if the Na+ concentration
for the first 5 years of the record and the last 5 years are
averaged, there is a 20 % increase in Na+. It could also be
due to the preferential wet scavenging of Na+ due to its high
hygroscopicity. In addition to the chemical signature, which
can document changes in sea spray aerosol, size distribution
data can provide indications and improve such analysis. Us-
ing the SAE, Heslin-Rees et al. (2020) showed an increase
in coarse-mode particles at Zeppelin, which is likely due to
an increase in observations of sea spray emissions and atmo-
spheric transport changes. At Zeppelin, the source is the mid-
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latitude Atlantic rather than the increasingly ice-free Arctic
Ocean. While at Alert, the SAE trend was not found to be
significant, it nevertheless has a low p value of 0.09 and a
negative slope, which is consistent with the decrease in Na+.

Concerning marine biogenic emissions, observations of
MSA concentrations provide mixed results. At Kevo the
summer concentrations clearly increased since the 1980s,
while at Barrow/Utqiaġvik the MSA time series from 1997 to
2017 shows an increase (Moffett et al., 2020). Measurements
at Alert do not indicate a significant upward trend between
1981 and 2018, but rather a negative trend between 1981
and 1999, and a positive trend in the decade 2000 to 2009 in
MSA. Becagli et al. (2019) find a positive trend in the most
recent decade at Gruvebadet on Svalbard and a negative one
at Thule, Greenland. Our analyses in this study show simi-
lar trends for the two latter stations, but no significance. In
a modeling study Browse et al. (2014) found that enhanced
marine biogenic emissions do contribute to enhanced aerosol
concentrations, but they also cause increased wet deposition,
such that higher concentrations of marine biogenic tracers
might not be measured at the observatories.

Regarding the potential increase in biomass burning
aerosol, there is no observatory indicating a significant posi-
tive trend in relevant components (e.g., EBC, absorption co-
efficient, nssK+). The absence of positive trends might be
due to atmospheric transport patterns, meaning observatories
might not be located in the regions that are consistently in-
fluenced by enhanced biomass burning. Importantly, biomass
burning emissions are also ejected higher aloft into the at-
mosphere, meaning surface stations might not capture these
layers due to down-limited mixing in the stratified polar at-
mosphere. It could also partly be owing to the lack of obser-
vations of more specific tracers for biomass burning.

Less snow cover in summer might lead to the hypothe-
sis that enhanced local soil dust emissions can contribute to
the aerosol burden at Arctic sites. While soil dust tracer data
were available for six stations, none of them showed a sig-
nificant increase for the overall period, during neither winter
nor summer. In contrast, summer nssCa2+ declined at Alert,
indicating that long-range transport is potentially the more
important factor at this station. Moreover, the negative sum-
mer trends at Kevo and Pallas and negative winter trend at
Kevo might reflect a decline in anthropogenic contributions
rather than natural emissions.

The current absence of significant trends in natural aerosol
components might be a result of the choice of aerosol trac-
ers measured at the observatories. While MSA is a unique
tracer for marine biogenic emissions, and the Na+ signal
is governed by sea salt (Udisti et al., 2016), there is a lack
of unique tracers for dust and terrestrial biogenic emissions.
Those need to be identified using statistical tools or mod-
els. For the latter, observations and speciation of organic
aerosol with spatial coverage in the Arctic, and in particular
secondary organic aerosol, are desperately needed for bet-
ter source apportionment (Petäjä et al., 2020; Moschos et al.,

2022b). Analyses based on short-term efforts clearly show
the potential of various analysis techniques (mass spectrom-
etry or Fourier transform infrared spectral analysis) to isolate
signatures of anthropogenic versus natural organic aerosol
contribution (Fu et al., 2009; Kawamura et al., 2010; Leaitch
et al., 2018; Willis et al., 2017). Isotopic analyses of carbon,
nitrogen and sulfur can also provide more details on sources.
This has been demonstrated by carbon isotope analyses on
atmospheric and deposited aerosols (Rodríguez et al., 2020;
Winiger et al., 2019). Nitrogen isotopic analysis has been
used to elucidate the NOx budget in the Arctic; however,
the study was more focused on trace gas chemistry rather
than aerosol source apportionment (Morin et al., 2008). Sul-
fur isotopic analysis has been applied a limited number of
times for shorter-term data sets in the Arctic to distinguish
anthropogenic, biogenic and sea salt contributions (Ghahre-
maninezhad et al., 2016; Seguin et al., 2014). This can also
be achieved by online mass spectrometry as has been done
at Villum (Nielsen et al., 2019). Also, microphysical prop-
erties such as particle size distributions can reveal changes
that bulk aerosol composition cannot. For example, chemical
analyses are mostly mass based, and hence changes in par-
ticles with smaller diameters are not well captured by such
analysis. Those, however, have already been shown to reflect
enhanced contribution of marine biogenic emissions to new
particle formation and growth (Dall’Osto et al., 2017; Beck et
al., 2020). In addition, optical properties can reflect changes
in particle size distributions, for example the SAE at Zep-
pelin, where the aerosol population seems to evolve in a way
that larger particles dominate. While this is attributed to more
frequent observations of sea spray from the Atlantic (Heslin-
Rees et al., 2020), the chemical measurements of Na+ at
Zeppelin did not capture this change at the 95th percentile
significance level. However, a combination of chemical and
optical measurements can shed more light on particle origin
and driving factors of climate-relevant optical aerosol proper-
ties (Quinn et al., 2002). Despite the large data set discussed
here, the chemical and optical observations only coincide
marginally. Hence, long-term trends of their co-evolution are
not investigated, but such a study would provide very useful
insights, particularly adding detailed size distribution infor-
mation.

5 Conclusions and outlook

We presented and analyzed more than 1200 cumulative years
of measurements of aerosol chemical and optical properties
recorded at 10 surface observatories across the Arctic be-
tween 1965 and 2020. Variables include EBC, SO2−

4 , NO−3 ,
NH4+, MSA, Na+, nssCa2+, nssK+, Fe, scattering and ab-
sorption coefficients, SSA, and SAE (see Tables 1 and 3).

Annual cycles of all variables clearly show that the win-
tertime is still dominated by anthropogenic haze across the
whole Arctic, while the summer is more strongly influ-
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enced by natural aerosol components. Significantly decreas-
ing long-term trends of anthropogenic tracers provide evi-
dence of the decline of anthropogenic emissions further south
which is observed during the haze season at Arctic sites.
The strongest decline in SO2 and BC emissions took place
in the 1990s and is visible in large decreases in particulate
sulfate and EBC in the North American and European Arc-
tic. Available data from the Eastern Arctic covers only the
most recent decades and hence could not capture the change.
In the recent past, EBC concentrations seemed to stagnate or
slightly increase (although not significantly at the 95th per-
centile significance level). We calculated that concentration
increases of at least 5 % yr−1 are currently needed to detect
a significant trend per decade, due to the interannual vari-
ability of EBC concentrations. Lower rates of change are de-
tectable only over longer periods of time. Future data will
show whether recent efforts by the Arctic Council members
in reducing emissions, particularly of black carbon, are ef-
fective (Arctic Council, 2017).

Among all long-term trends, 30 % are significant in the
haze season where 20 out of 23 show a decline. The three
positive trends include NO−3 at Alert and scattering coeffi-
cient as well as SSA at Zeppelin. Despite NOx emissions de-
creasing at mid-latitudes, particulate nitrate might increase
at Alert due to atmospheric chemical processes favoring ni-
trate partitioning into particles due to the less acidic aerosol
(less sulfate). At Zeppelin the enhanced scattering coeffi-
cient comes along with a decrease in the SAE, indicating a
stronger contribution of larger particles, i.e., sea spray from
the mid-latitude Atlantic (Heslin-Rees et al., 2020).

For the summer period, no uniform picture of trends has
emerged. Twenty-six percent of trends, i.e., 19 out of 73, are
significant, whereby 5 are positive and 14 negative. Nega-
tive trends include not only anthropogenic tracers such as
EBC at Kevo, but also natural indicators such as MSA and
nssCa2+ at Alert. Positive trends are observed for NO−3 at
Alert and SO2−

4 at Gruvebadet. The latter could be related
to enhanced marine biogenic emissions, but analogous sig-
nificant trends in MSA were not found there. Only at Kevo
is the long-term trend significant and positive. Other tracers,
such as nssK+ and Na+, which potentially carry natural sig-
nals of biomass burning and sea salt, respectively, only show
significant trends at Kevo and Pallas, where they are more
likely representative of anthropogenic activities. Hence, no
clear evidence of a significant change in the natural aerosol
contribution can be seen yet, despite the evident sea ice de-
cline, increased DMS, and increased fire and terrestrial vege-
tation emissions (Arneth et al., 2016; Galí et al., 2019; Arctic
Sea Ice Minimum, 2020; Rogers et al., 2020). This points to-
wards five main action items for monitoring Arctic aerosol.

First, long-term observations targeted at natural aerosol
tracers are needed. Increased natural particle and precur-
sor emissions might produce signal enhancements, which
are small compared to the inherent natural signal variability.

Hence, new trends might not yet be visible but might emerge
in the years to come. They are important indicators of feed-
back mechanisms in Arctic amplification.

Second, the location of an observatory matters for which
trends might emerge as significant or not. Not every observa-
tory will exhibit all types of natural aerosol changes clearly.
For example, Becagli et al. (2019) found a difference in MSA
trends between Gruvebadet and Thule, likely due to different
evolution of marine ecosystems. A natural-change hotspot
map of the Arctic combined with simulations of atmospheric
transport and aerosol processes can suggest areas that re-
quire new measurement efforts. Moreover, most stations are
located near sea level, and only Summit provides valuable
insights into processes further aloft including in the free tro-
posphere. Only comprehensive measurements at all Arctic
observatories discussed here, and ideally additional ones in
the Eastern Arctic, are able to address the complexity and
variability of aerosol sources and processes across the region.

Third, an assessment of whether the currently monitored
aerosol properties are appropriate to capture changes in nat-
ural aerosol compounds is needed. Source apportionment
based on speciated organic aerosol components is currently
lacking except for a few short-term case studies (Moschos
et al., 2022b). Those together with isotopic analyses of car-
bon, nitrogen and sulfur can shed light on natural aerosol
changes. Microphysical properties such as the size distribu-
tion and inherent optical characteristics (e.g., the single scat-
tering albedo and scattering Ångström exponent) can further
reveal changes in the number, size and composition and thus
origin of particles, which chemical analyses alone, especially
of bulk aerosols, cannot. Moreover, aerosol microphysical
and optical properties are directly connected to aerosol cli-
mate effects.

Fourth, continuing the existing long-term efforts is essen-
tial. Only long-term time series can document Arctic change
and further our understanding of Arctic climate and biogeo-
chemical processes.

Fifth, standard operation procedures for the measurement
of particle properties are needed such that they can be com-
pared (e.g., same cut-off size on the inlets). For optical prop-
erties the Global Atmosphere Watch network provides rec-
ommendations for harmonized measurements. Furthermore,
observatory operators should be encouraged to publish the
data in a timely fashion and in established formats (see de-
tails in Laj et al., 2020).

In summary, aerosol properties are an important tool to
analyze changes in anthropogenic and natural atmospheric
chemical influences on the Arctic. Tremendous monitoring
efforts have already been conducted, which have helped to
understand the implications for past, present and future Arc-
tic climate change. The decision to start regular monitoring
of key anthropogenic components in the early 1990s – or
even before – turned out to be important and timely, because
it enabled us to capture a remarkable change in the concen-
trations of anthropogenic climate-forcing agents in the Arc-
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tic lower atmosphere that occurred in the late twentieth cen-
tury. Establishing specifically targeted observations for the
ongoing and future change of natural aerosols is essential to
developing improved scenarios of their climatic and biogeo-
chemical effects on the Arctic. Continuation of the monitor-
ing programs targeting changes in variables during the haze
season linked to anthropogenic emissions at mid-latitudes is
a prerequisite to give further evidence of the declining trends
determined today and for their quantification in global cli-
mate and earth system models.
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Chem. Phys., 17, 10879–10892, https://doi.org/10.5194/acp-17-
10879-2017, 2017.

Guo, H., Sullivan, A. P., Campuzano-Jost, P., Schroder, J. C., Lopez-
Hilfiker, F. D., Dibb, J. E., Jimenez, J. L., Thornton, J. A.,
Brown, S. S., Nenes, A., and Weber, R. J.: Fine particle pH
and the partitioning of nitric acid during winter in the northeast-
ern United States, J. Geophys. Res.-Atmos., 121, 10355-10376,
https://doi.org/10.1002/2016JD025311, 2016.

Heidam, N. Z.: On the origin of the arctic aerosol: A
statistical approach, Atmos. Environ., 15, 1421–1427,
https://doi.org/10.1016/0004-6981(81)90348-6, 1981.

Heidam, N. Z., Wåhlin, P., and Christensen, J. H.: Tro-
pospheric Gases and Aerosols in Northeast Green-

land, 56, 261–278, https://doi.org/10.1175/1520-
0469(1999)056<0261:TGAAIN>2.0.CO;2, 1999.

Heidam, N. Z., Christensen, J., Wåhlin, P., and Skov, H.:
Arctic atmospheric contaminants in NE Greenland: lev-
els, variations, origins, transport, transformations and
trends 1990–2001, Sci. Total Environ., 331, 5–28,
https://doi.org/10.1016/j.scitotenv.2004.03.033, 2004.

Heslin-Rees, D., Burgos, M., Hansson, H.-C., Krejci, R., Ström,
J., Tunved, P., and Zieger, P.: From a polar to a marine envi-
ronment: has the changing Arctic led to a shift in aerosol light
scattering properties?, Atmos. Chem. Phys., 20, 13671–13686,
https://doi.org/10.5194/acp-20-13671-2020, 2020.

Hirdman, D., Burkhart, J. F., Sodemann, H., Eckhardt, S., Jefferson,
A., Quinn, P. K., Sharma, S., Ström, J., and Stohl, A.: Long-term
trends of black carbon and sulphate aerosol in the Arctic: changes
in atmospheric transport and source region emissions, Atmos.
Chem. Phys., 10, 9351–9368, https://doi.org/10.5194/acp-10-
9351-2010, 2010a.

Hirdman, D., Sodemann, H., Eckhardt, S., Burkhart, J. F., Jeffer-
son, A., Mefford, T., Quinn, P. K., Sharma, S., Ström, J., and
Stohl, A.: Source identification of short-lived air pollutants in
the Arctic using statistical analysis of measurement data and par-
ticle dispersion model output, Atmos. Chem. Phys., 10, 669–693,
https://doi.org/10.5194/acp-10-669-2010, 2010b.

Hirsch, R. M., Slack, J. R., and Smith, R. A.: Techniques of trend
analysis for monthly water quality data, Water Resour. Res., 18,
107–121, https://doi.org/10.1029/WR018i001p00107, 1982.

Hodshire, A. L., Campuzano-Jost, P., Kodros, J. K., Croft, B., Nault,
B. A., Schroder, J. C., Jimenez, J. L., and Pierce, J. R.: The
potential role of methanesulfonic acid (MSA) in aerosol for-
mation and growth and the associated radiative forcings, At-
mos. Chem. Phys., 19, 3137–3160, https://doi.org/10.5194/acp-
19-3137-2019, 2019.

Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-
Maenhout, G., Pitkanen, T., Seibert, J. J., Vu, L., Andres, R.
J., Bolt, R. M., Bond, T. C., Dawidowski, L., Kholod, N.,
Kurokawa, J.-I., Li, M., Liu, L., Lu, Z., Moura, M. C. P.,
O’Rourke, P. R., and Zhang, Q.: Historical (1750–2014) anthro-
pogenic emissions of reactive gases and aerosols from the Com-
munity Emissions Data System (CEDS), Geosci. Model Dev., 11,
369–408, https://doi.org/10.5194/gmd-11-369-2018, 2018.

Hoffmann, E. H., Tilgner, A., Schrödner, R., Bräuer, P., Wolke,
R., and Herrmann, H.: An advanced modeling study on the im-
pacts and atmospheric implications of multiphase dimethyl sul-
fide chemistry, P. Natl. Acad. Sci. USA, 113, 11776–11781,
https://doi.org/10.1073/pnas.1606320113, 2016.

Höglund-Isaksson, L., Gómez-Sanabria, A., Klimont, Z., Rafaj,
P., and Schöpp, W.: Technical potentials and costs for reducing
global anthropogenic methane emissions in the 2050 timeframe
– results from the GAINS model, Environmental Research
Communications, 2, 025004, https://doi.org/10.1088/2515-
7620/ab7457, 2020.

Hopke, P. K., Barrie, L. A., Li, S.-M., Cheng, M.-D., Li, C., and
Xie, Y.: Possible sources and preferred pathways for biogenic
and non-sea-salt sulfur for the high Arctic, J. Geophys. Res.-
Atmos., 100, 16595–16603, https://doi.org/10.1029/95JD01712,
1995.

Huang, J. and Jaeglé, L.: Wintertime enhancements of sea salt
aerosol in polar regions consistent with a sea ice source

https://doi.org/10.5194/acp-22-3067-2022 Atmos. Chem. Phys., 22, 3067–3096, 2022

https://doi.org/10.1016/j.scitotenv.2019.136089
https://doi.org/10.5194/acp-13-1569-2013
https://doi.org/10.1111/j.1365-2486.2008.01660.x
https://doi.org/10.5194/acp-17-8101-2017
https://doi.org/10.5194/acp-17-8101-2017
https://doi.org/10.1021/es803669a
https://doi.org/10.1073/pnas.1904378116
https://doi.org/10.5194/acp-16-5191-2016
https://doi.org/10.5194/acp-16-5191-2016
https://doi.org/10.5281/zenodo.4707201
https://doi.org/10.1002/2016JD025482
https://doi.org/10.5194/acp-17-10879-2017
https://doi.org/10.5194/acp-17-10879-2017
https://doi.org/10.1002/2016JD025311
https://doi.org/10.1016/0004-6981(81)90348-6
https://doi.org/10.1175/1520-0469(1999)056<0261:TGAAIN>2.0.CO;2
https://doi.org/10.1175/1520-0469(1999)056<0261:TGAAIN>2.0.CO;2
https://doi.org/10.1016/j.scitotenv.2004.03.033
https://doi.org/10.5194/acp-20-13671-2020
https://doi.org/10.5194/acp-10-9351-2010
https://doi.org/10.5194/acp-10-9351-2010
https://doi.org/10.5194/acp-10-669-2010
https://doi.org/10.1029/WR018i001p00107
https://doi.org/10.5194/acp-19-3137-2019
https://doi.org/10.5194/acp-19-3137-2019
https://doi.org/10.5194/gmd-11-369-2018
https://doi.org/10.1073/pnas.1606320113
https://doi.org/10.1088/2515-7620/ab7457
https://doi.org/10.1088/2515-7620/ab7457
https://doi.org/10.1029/95JD01712


3092 J. Schmale et al.: Pan-Arctic aerosol trends

from blowing snow, Atmos. Chem. Phys., 17, 3699–3712,
https://doi.org/10.5194/acp-17-3699-2017, 2017.

Hyvärinen, A.-P., Kolmonen, P., Kerminen, V.-M., Virkkula,
A., Leskinen, A., Komppula, M., Hatakka, J., Burkhart,
J., Stohl, A., Aalto, P., Kulmala, M., Lehtinen, K. E.
J., Viisanen, Y., and Lihavainen, H.: Aerosol black car-
bon at five background measurement sites over Finland, a
gateway to the Arctic, Atmos. Environ., 45, 4042–4050,
https://doi.org/10.1016/j.atmosenv.2011.04.026, 2011.

Kawamura, K., Kasukabe, H., and Barrie, L. A.: Secondary for-
mation of water-soluble organic acids and alpha-dicarbonyls
and their contributions to total carbon and water-soluble or-
ganic carbon: Photochemical aging of organic aerosols in
the Arctic spring, J. Geophys. Res.-Atmos., 115, D21306,
https://doi.org/10.1029/2010jd014299, 2010.

Ke, Z., Wang, Y., Zou, Y., Song, Y., and Liu, Y.: Global Wildfire
Plume-Rise Data Set and Parameterizations for Climate Model
Applications, J. Geophys. Res.-Atmos., 126, e2020JD033085,
https://doi.org/10.1029/2020JD033085, 2021.

Kolesar, K. R., Cellini, J., Peterson, P. K., Jefferson, A., Tuch,
T., Birmili, W., Wiedensohler, A., and Pratt, K. A.: Effect
of Prudhoe Bay emissions on atmospheric aerosol growth
events observed in Utqiagvik (Barrow), Alaska, 152, 146–155,
https://doi.org/10.1016/j.atmosenv.2016.12.019, 2017.

Kulkarni, A. and von Storch, H.: Monte Carlo experiments on the
effect of serial correlation on the Mann-Kendall test of trend, Me-
teorol. Z., 4, 82–85, 1995.

Laing, J. R., Hopke, P. K., Hopke, E. F., Husain, L., Dutkiewicz, V.
A., Paatero, J., and Viisanen, Y.: Long-term trends of biogenic
sulfur aerosol and its relationship with sea surface temperature
in Arctic Finland, J. Geophys. Res.-Atmos., 118, 11770-11776,
https://doi.org/10.1002/2013JD020384, 2013.

Laing, J. R., Hopke, P. K., Hopke, E. F., Husain, L., Dutkiewicz,
V. A., Paatero, J., and Viisanen, Y.: Long-term particle mea-
surements in Finnish Arctic: Part I – Chemical composi-
tion and trace metal solubility, Atmos. Environ., 88, 275–284,
https://doi.org/10.1016/j.atmosenv.2014.03.002, 2014a.

Laing, J. R., Hopke, P. K., Hopke, E. F., Husain, L., Dutkiewicz,
V. A., Paatero, J., and Viisanen, Yrjö.: Long-term particle
measurements in Finnish Arctic: Part II – Trend analysis and
source location identification, Atmos. Environ., 88, 285–296,
https://doi.org/10.1016/j.atmosenv.2014.01.015, 2014b.

Laj, P., Bigi, A., Rose, C., Andrews, E., Lund Myhre, C., Collaud
Coen, M., Lin, Y., Wiedensohler, A., Schulz, M., Ogren, J. A.,
Fiebig, M., Gliß, J., Mortier, A., Pandolfi, M., Petäja, T., Kim,
S.-W., Aas, W., Putaud, J.-P., Mayol-Bracero, O., Keywood,
M., Labrador, L., Aalto, P., Ahlberg, E., Alados Arboledas, L.,
Alastuey, A., Andrade, M., Artíñano, B., Ausmeel, S., Arsov, T.,
Asmi, E., Backman, J., Baltensperger, U., Bastian, S., Bath, O.,
Beukes, J. P., Brem, B. T., Bukowiecki, N., Conil, S., Couret,
C., Day, D., Dayantolis, W., Degorska, A., Eleftheriadis, K., Fet-
fatzis, P., Favez, O., Flentje, H., Gini, M. I., Gregorič, A., Gysel-
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