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Abstract.

aseertain-aerosoHight-abserption-parameters—We investigated long-term changes using a harmonised 2+-year-22-year data set
of aerosol light absorption measurements, in conjunction with air mass history and aerosol source analysis. The measurements
were performed at Zeppelin Observatory(ZEP), Svalbard, from 2002 to 2622-2023. We report a statistically significant {s:s-)
decreasing long-term trend for the light absorption coefficient;-measured-at-the-site-for-the-entirety-of-the-dataset. However,
the last 7-years; 2046-20228 years, 2016 - 2023, showed a slightly-inereasing-s-s—trend-in-the-haze-seasonslight increase in the

magnitude of the light absorption coefficient for the Arctic haze season period. In addition, we observed an increasing trend in
the single scattering albedo from 2002 to 2622-2023. Five distinct source regionswere-identified;-the-, representing different

transport pathways, were identified. The trends involving air masses from the five regions showed decreasing absorption co-
efficients, except for the air masses influeneed-by-emissionsfrom Eurasia. We show that the changes in the occurrences of
each transport pathway cannot explain the reductions in the absorption coefficient observed at the Zeppelin station;-an-. An

increase in contributions of air masses from more marine regions, with lower absorption coefficients, is compensated by the-an

influence from high-emission regions. The proportion of air masses en route to Zeppelin, which have been influenced by active

fires has undergone a noticeable increase starting in 2015. However, this increase has not impacted the long-term trends in the
concentration of light-absorbing aerosol. Along with aerosol optical properties, we also show an increasing trend in accumu-

lated surface precipitation experienced by air masses en route to the Zeppelin Observatory. We argue that rainfallas-a-sink-of

aerosolplays-arole-in-the increase in precipitation, as experienced by air masses arriving at the station, can explain a quarter of

thelong-term endsin-the-absorption—coecthetentexplammeapproximately-aquarterof- the-overa end—A-deereastietrend-n
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reduction in the light absorption coefficient. We emphasise
that meteorological conditions en route to the Zeppelin Observatory are critical for understanding the observed trends.

Copyright statement. TEXT

1 Introduction

The Arctic region has-undergone-is undergoing increased rates of warming compared to the global average (Rantanen et al.,
2022), a phenomenon known as Arctic Amplification (AA). Although the main driver of AA is the increased concentra-
tions of greenhouse gases and related feedbacks in the climate system, suspended particles in the atmosphere, i.e. aerosol,
could still be an important factor in explaining AA (Shindell and Faluvegi, 2009; Hansen and Nazarenko, 2004). Despite
the relatively short lifetime of aerosol particles compared to other climate fereersforces (Liu and Matsui, 2021), they are
still able to exert a major influence on climate (Bond et al., 2013). Light-absorbing aerosol particles, such as black carbon
(BC), can induce radiative warming whilst being suspended in the atmosphere (Bond et al., 2013; AMAP, 2021). Furthermore,
the deposition of BE-light-absorbing aerosol on snow and ice increases the impact light-absorbing aerosols can have in all
semi-persistent snow areas, such as polar environments, by reducing the albedo and enhancing the melting of snow and ice.
(Hansen and Nazarenko, 2004; Skiles et al., 2018). Given the short lifetime of BC and its-their potential impact, any immediate
reductions can lead to reduced radiative fereings-forcing within a short period, making BC mitigation a highly pertinent issue
concerning the Arctic climate (Sand et al., 2016; AMAP, 2015).

Light-absorbing aerosols cover a broad range of aerosol types, with the major component being BC. BC can be of both
natural and anthropogenic origin, with BC being a product of incomplete combustion from biomass and fossil fuels (sources
include, for example, diesel engines, agricultural burning, wildfires, and residential heating). As a result, BC exists only as a

primary aerosol. E

an estimation much greater than the global average BC forcing; this is a result of the impact deposited BC has on reducing.
albedo in snow and ice-covered regions (AMAP, 2021). In addition, aged light-absorbing aerosols, of sufficient hygroscopicity

and size, can also act as cloud condensation nuclei (CCN) (Dalirian et al., 2018), and thus influence cloud properties. For most
Arctic sites, including sites on Svalbard, Europe and Asia are considered the main contributors to BC loadings (Winiger et al.,
2019; Backman et al., 2014; Shaw, 1982). It is well known that agricultural and boreal forest fire events can dominate aerosol
loading for periods at a time (Stohl et al., 2007). In summer the elemental carbon (EC; a mass-based BC analogue) typically

originates from biomass burning (BB) at lower latitudes (Winiger et al., 2019). In winter and spring, the proportion of Zeppelin
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EC from BB decreases (Winiger et al., 2015). Russian gas aring is considered another potential major source of BC, however,

in which mass concentrations are high during late winter and early spring, a period known as the Arctic Haze, and low during
summer (Shaw, 1995; Freud et al., 2017). The Arctic Haze phenomenon is the result of aerosol particles from areas of high
emission being transported to the Arctic under favourable transport conditions, with low removal, low turbulent mixing and
fewer frontal passages (Quinn et al., 2007; Garrett et al., 2011). The seasonality of the phenomenon is governed mainly by

andBC concentrations mea-
sured from the Arctic (Sharma et al., 2013; Collaud Coen et al., 2020a; Bodhaine and Dutton, 1993; Schmale et a@ie2022).

from Europe and the former Soviet Union (FSW)-partdueto-stricterpoliution-controls{Sharma-etal2013However,
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2 Materials and Methods
2.1 Measurement site

Measurements were carried out at the Zeppelin Observatory (78.90.88 E), hereafter referred to as ZEP. ZEP is located
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thatitis-dueto temperaturgnversionsbelow 500 mandthe infrequencyof northernwind._ows; asaresult,the observatory

regional and global monitoring networks including the Global Atmosphere Watch (WMO/GAW), Integrating Carbon Observa-
tion System (ICOS), The Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS) and European Monitoring and
Evaluation Programme (EMEP). For further details on the observatory and past research see Platt et al. (2022).

(see Fig. S1 in the supplementary information, Sl). Below follows a more detailed description of the instruments used for
deriving the 5, as well as a short introduction to the nephelometers used for measuring the particle light scattering coef cient
(hereafter sp). All instrumentation measuring aerosol particl@sentioned in this studywere connected to the same whole-

air inlet which follows guidelines set out by WMO/GAW for aerosol sampling (Zhongming et al., 2016), similar to the inlet

series was compared with data from an Aethalometer (Eleftheriadis et al., 2009; Stone et al., 2014; Sharma et al., 2013), which
is a lter-based multi-wavelength optical method.

2.2.2 Particwlate-SeotAbserption-Photometer

The custom-built Particle Soot Absorption Photometer (PSAP-ITM) with a manual Iter loader (hereafter referred to as "man-
ual PSAP") was developed by the Department of Applied Environmental Science (ITM) at Stockholm University. The manual
PSAP operated from March 2002 to March 2013 (see Fig S1), whereby it was effectively replaced by another PSAP-ITM, this
time with an automatic Iter-loader (hereafter, "automatic PSAP"). The automatic PSAP, using the same type of Iter and op-
erating principle, operated from November 2012 to October 2016. The manual and automatic PSAPs operated at a wavelengtt
of approximately 525 nm. For further details on the speci cs of the PSAP-ITM see Krecl et al. (2007, 2010).

The PSAP works by measuring the change in the light transmission through a collection Iter induced by laden aerosol
particles. The attenuation of light is measured relative to a reference Iter. The aerosol particles were collected on Tissuglass
E70-2075W lIters (Pall Corporation) with a diameter of 90 mm. Typically, the sample ow was around 1 friffhe sample
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spot for the custom-made PSAP is much smaller than the commercial instrumeBt19 mm in diameter), which allows for
lower detection limits for a given samplate-

.ow. For the PSAP, there are two main issues associated with measuringpstheamely the artefacts due to multiple
scattering from the lIter itself and light scattering particles, and the in uence of lter loading (see Mdiller et al. (2011a) for

high sensitivity and is simple, robust, and widely used.

2.2.2 Muli-Angle-Abserption-Phetometer

Multi-Angle Absorption Photometer (MAAP, Thermo Fisher Scienti ¢ Inc., Germany, Model 5012) measured from 2014 to
present. The MAAP utilises the same Iter-based principle as the PSAP. However, the MAAP measures the incident radiation
penetrating through the Iter and simultaneously the radiation scattered back from the lter at two detection andla8

and 165 (Petzold and Schdnlinner, 2004). The MAAP derives an absorption coef cient using radiative transfer calculations,
developed by Hanel (1987), with modi cations suitable for the evaluation of MAAP data developed by Kopp et al. (1999). The
radiative transfer model takes into account multiple scattering effects between the particle-loaded lIter layer and the particle-
free Iter matrix and also the scattering within the aerosol layer. MAAP has been widely used as a reference method (Asmi
et al., 2021; Mdiller et al., 2011a). The operational wavelength of the MAAP is assumed to be 637 nm (Petzold et al., 2005;
Mdller et al., 2011a).

2.2.2 Nephelometers

Two integrating nephelometers (Ecotech Pty Ltd., Australia, model Aurora 3000 and TSI Inc., USA, model 3563) were used
at ZEP throughout this study. The T&

and Ecotech perform
measurements at three Wavelengthsé(50 550, 700 nm and=450, 525, 635 nm respectively). Nephelometerscagerlarly

Ogren (1998) and Muller et al. (2011b) were used to correct both the TSI and Ecotech nephelometer data respectively and
applied to the hourly arithmetic means.
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2.3 otetreoihment

black carbon (eBC), only the optical-derived absorption coef cient is utilised.
For this study, the operational wavelength of the MAARG37 nm.is used for all-optical properties that depend on the
choice of , unless otherwise stated;, measurements from instruments with different operational wavelengths were adjusted
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valid (i.e. measurements >0 M) despite the differences in sensitivity of the MAAP and PSAPs. It is understood that

measurements below the detection limits exhibit large erdessmi-etal{(2021shewedforanAretiesite with-1-hrtempeoral
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2.2.2 Harmonisation

The analysis includes the harmonisation of over twenty yeacsth of absorption coef cient measurements from various
instrument measurements. It should be noted that this work is not an intercomparison of instrumentation under controlled
settings; for such work see for example Asmi et al. (2021); Ogren et al. (2017); Sinha et al. (2017b). Instead, the aim here is
to describe the evolution of the measurements over time, given all the changes to instrumentation at ZEP fror2@802 to

The temporal evolution for the relation between the measurements recorded by the MAAP and automatic PSAP is fairly
constant (see Fig. S2), as such applying a single correction factor (i.e. 0.61) to the measurements from the automatic PSAF
seemed justi ed (see Fig.1). As a result of the comparison between the measurements of the manual PSAP and the auto
matic PSAP with the aforementioned CF applied, a constant value of 1.30 for this CF was applied to the manual PSAP
measurements. Moreover, the period in which the automatic PSAP and manual PSAP overlapped is limited to winter and
early spring, which could have implications for this CF. Comparisons of how the measurements from the various instruments

a resultof the seasonatycle of SSA and

The harmonisation allows for the generation of a time series that acts as one of the longest sets of measuremgints for
the Arctic (with Alert, Kevo and Barrow having longer time series, see Schmale et al., 2022).
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2.2.3 Trend analysis

Aerosol optical properties are typically not normally distributed, and as a result, many statistical methods are not suitable, for

against outliers. For all other variables though, including the accumulated back trajectory precipitation (ATP), number of active
Aumbersres and emissions of black carbon, the arithmetic mean is utilised to perform the trend analysis.

In accordance with previous trend analysis studies (Collaud Coen et al., 2020a, 2013; Asmi et al., 2013), the Mann-Kendall
test, Seasonal Mann-Kendall test (hereafter “MK test” and “Seasonal MK test”) and Theil-Sen estimator (TS) are utilised to
estimate the statistical signi cance (s.s.) and magnitude of various long-term trends respectively. The MK is performed on a
two-tailed signi cance test of 95% to ascertain the s.s. The MK test and TS are non-parametric and are thus suitable for use
with o5 and sp. A combination of daily, monthly and seasonal arithmetic means & medians are used throughout the study, to
provide a range of resolutions that incorporate a range of data amount and degrees of autocorrelation. For daily averages, whe

the data is more likely to be plagued by autocorrelation, the data is “pre-whitened” using the three prewhitening method (3PW)
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2.3.2 Air mass backward trajectory analysis

Back trajectories were classi ed into different air transportation pathways usinmgeans clustering method. Thidearn.cluster
Python package is usaudthin scikit-learn v.1.2.1 (Pedregosa et al., 2011). Tmeans clustering algorithm was performed

on coordinates transformed from geographic (i.e. latitude, longitude and altitude) to their equivalent Cartesian coordinates (i.e.
X,¥,2). Thek-means clustering was performed on back trajectory ensembles (i.e. 27 back trajectogi@shpeur). Further-
more, the data were temporally collocated with the absorgtigh cient data set such that only timestamps in which both data

sets had valid data were used. In order to assign a cluster to each measurement a criterion was imposed such that more the
50% of the27ensembl7-ensemble had to have been assigned the same cluster. By specifying this criteriof ®@2data

enabled a spatial overview of the various source regions. However, there is still the possibility that, given the spatial limitations,

various source regions are beyond the reach of 10-day back trajectories.

11
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The Global Emission Fire Database (GFED) combines information from different satellite and in situ data (Van Der Werf et al.,
2017). The fourth version of the GFED is used in partnership with the HYSPLIT back trajectory data to estimate the res and
subsequent BC emissions which could potentially be transported to ZEP. In addition to GFED, the number of active forest res
recorded by MODIS was used to provide a re count for each back trajectory. For the GFED, it was combined with HYSPLIT
340 by summing up the emissions of BC within each traversed grid cell. The number of active res was combined with HYSPLIT
by summing up the number of active res within eachx1 grid and then counting the number of total active res for each
grid a back trajectory traversed over whilst in the mixing layer, as de ned by the HYSPLIT model (see example Fig. S7). Li
et al. (2020) found large uncertainties predicting the effects of BB effects with trajectory models, however, noted that the use

of ensemble means displayed the best performance.

12
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is acombinationof a long-term increase insp (Heslin-Rees et al., 2020) in conjunction with a decreasejin(aspresented

3.2 Sources, sinks and transport

380 3.2.1 Ceneentrationweightedirajectoeries

; ap Measured at ZEP is weighted based on the time back trajectories spend traversing each grid cell within the mixing layer.
CWT mappings possess information on sources, sinks and transport. Grid cells with higher CWT values suggiest that

massegrom these areas contribute more to the absorption coef cient measured at ZEP. It is apparent that regions around

14
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Essentially, the trend is calculated for each and every grid cell on an annual reqelstesenatrendwasalseperformed

Figure 3 signi es that the largest declines in the CWT valseurredin-the FSU-regien{i-e-centratEurasiagluring the
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TheEurasiarcontinenthasbeenshownto beoneof themos

""" nﬂ)f ap

200010 2010, with “Russia +” exhibiting one of the largestrelative reductions.Previousanalysisof long-termtrendshas

3.3 Transport

3.3.1 Trajectory source analysis

in Fig. 4. Typically, air masses arriving from Siberia (cluster 4 in Fig.4) and Eurasia (cluster 5 in Fig. 4) exhibit the highest
average concentrations ofp, with the average values corresponding to 0.14 Mrand 0.20 Mm ! respectivelyCluster3

and clusters 2 and 5 contributing to 11% of the air masses. These average contributions vary throughout theamaral he

frequeneypfthevariouselusterswasexaminedsee g-S12)-TFheNA cluster is most present during the summer monibigy
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