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Abstract.

Black carbon (BC), the most efficient atmospheric aerosol for absorbing light in the visible spectrum, exerts a warming

effect on a region undergoing unprecedented climatic changes. Here, BC is studied indirectly using filter-based methods to

ascertain aerosol light absorption parameters. We investigated long-term changes using a harmonised 21-year data set of light

absorption measurements, in conjunction with air mass source analysis. The measurements were performed at Zeppelin Ob-5

servatory (ZEP), Svalbard, from 2002 to 2022. 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 data set. However, the last 7 years, 2016-2022, showed

a slightly increasing s.s. trend in the haze season. In addition, we observed an increasing trend in the single scattering albedo

from 2002 to 2022. Five distinct source regions were identified; the trends involving air masses from the five regions showed

decreasing absorption coefficients, except for the air masses influenced by emissions from Eurasia. We show that the changes in10

the occurrences of each transport pathway cannot explain the reductions in the absorption coefficient observed at the Zeppelin

station; an increase in contributions of air masses from more marine regions, with lower absorption coefficients, is compen-

sated by the influence from high-emission regions. Along with aerosol optical properties, we also show an increasing trend

in accumulated surface precipitation experienced by air masses en route to the Zeppelin Observatory. We argue that rainfall,

as a sink of aerosol, plays a role in the long-term trends in the absorption coefficient, explaining approximately a quarter of15

the overall trend. A decreasing trend in the scavenging ratio further suggests an increase in the aerosol removal processes.

We note that there is an increasing potential influence from active forest fires, particularly in the last few summers (i.e. 2015 -

2022). Active fires have been shown to have a significant impact on the mean seasonal absorption coefficient especially during

northern hemispheric summer. However, no noticeable alteration in annual long-term trends can be observed.
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1 Introduction

The Arctic region has undergone increased rates of warming compared to the global average (Rantanen et al., 2022), a phe-

nomenon known as Arctic Amplification (AA). Although the main driver of AA is the increased concentrations of greenhouse

gases and related feedbacks in the climate system, suspended particles in the atmosphere, i.e. aerosol, could still be an impor-

tant factor in explaining AA (Shindell and Faluvegi, 2009; Hansen and Nazarenko, 2004). Despite the relatively short lifetime25

of aerosol particles compared to other climate forcers, they are still able to exert a major influence on climate. Light-absorbing

aerosol particles, such as black carbon (BC), can induce radiative warming whilst being suspended in the atmosphere. Further-

more, the deposition of BC 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. Given the short lifetime

of BC and its potential impact, any immediate reductions can lead to reduced radiative forcings within a short period, making30

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. BC can be measured by utilising a specific property, the ability to attenuate light, at a given wavelength (λ). The35

light absorption coefficient (σap) describes the amount of attenuation, per given length unit. The Arctic surface temperature

response to the direct effects of light-absorbing particles is considered significant (AMAP, 2015). 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 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 and40

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 EC from BB decreases (Winiger et al., 2015). Russian gas flaring is considered

another potential major source of BC, however, direct measurement of its respective contribution is lacking (Winiger et al.,

2019).45

Like other aerosol particles, BC can be transported over large distances, ending up in pristine environments such as the

Arctic. Aerosols in the Arctic exhibit a pronounced seasonality (Tunved et al., 2013), 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.,50

2007; Garrett et al., 2011). The seasonality of the phenomenon is governed mainly by removal processes (Garrett et al., 2011).

The Arctic Haze demonstrates the potential anthropogenic influence regions further south can have on the Arctic.

To understand whether the transformations, most notably the increase in sea surface temperatures, taking place in the Arctic

can be linked to changes in aerosol concentrations, long-term monitoring of key meteorological and aerosol parameters is
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required. The Arctic poses numerous challenges when it comes to carrying out measurements. The techniques required need55

to be particularly sensitive, due to the low aerosol loadings. (i.e. approximately in the tens of ng/m−3) (Sinha et al., 2017a;

?). The anthropogenic influence on the Arctic from regions further south has been established for decades (Shaw, 1982;

Stohl et al., 2007). Furthermore, the continuous monitoring of atmospheric pollutants in the Arctic has given rise to some

important long-term time series showing changes in atmospheric composition taking place. For certain sites, it is now possible

to analyse the changes observed in aerosol properties on a climatic time scale, making sites such as the Zeppelin Observatory60

of great importance when aiming to perform a statistically robust analysis (Platt et al., 2022). The advent of cleaner combustion

techniques has led to significant declines in sulphate aerosol loadings (Acosta Navarro et al., 2016); however, during the same

period BC global emissions continued to increase due to increased emissions mainly from Asia (Klimont et al., 2017; Schmale

et al., 2022). The use of in situ surface measurements allows for the monitoring of air pollutants without having to rely on

emission inventories, which are associated with large uncertainties (Winiger et al., 2019; Bond et al., 2013). Numerous studies65

have reported on the decline in BC concentrations measured from the Arctic (Sharma et al., 2013; Collaud Coen et al., 2020;

Bodhaine and Dutton, 1993; Schmale et al., 2022). The time series presented here is over two decades long as a result of the

successful harmonisation of the measurement series. Many have hypothesised that the decrease in BC concentrations in the

Arctic is the result of reductions in pollution from Europe and the former Soviet Union (FSU), in part due to stricter pollution

controls (Sharma et al., 2013). However, there is a lack of studies which substantiate the factors for the observed trends in70

BC concentrations in the Arctic. In particular, the role that aerosol sinks could play when it comes to trends has received little

attention (Garrett et al., 2011). This lack of investigation into the role scavenging can have on aerosol concentrations could be

one of the reasons why models overestimate observed BC (Sharma et al., 2013), and also why there is a pronounced difference

between trends in atmospheric and BC ice core measurements (Ruppel et al., 2017, 2014).

In this study, in situ measurements of atmospheric light-absorbing aerosol particles are used to explore how concentrations75

have changed over two decades from 2002 to 2022. In the knowledge that concentrations of BC in the Arctic depend on a

range of factors including emissions, meteorological conditions and atmospheric dynamics promoting certain transportation

pathways, and the effectiveness of various removal processes in the atmosphere, multiple factors within the context of sources,

sinks, and transport will be analysed. To understand how aerosols can be influenced by changes in wet scavenging, this study

will examine the long-term trends in the surface accumulated precipitation en route towards the Zeppelin Observatory. In this80

study, our objective is to explore the links between Arctic BC concentrations and wet removal processes over the course of

a climatically relevant time period. The main research questions that this work aims to tackle are as follows: (i) What are

the long-term trends in the absorption coefficient (σap) and the single scattering albedo (SSA) at the Zeppelin Observatory?

(ii) What are the key factors controlling these trends (e.g. changes in scavenging, transport pathways and/or sources)? (iii)

Can precipitation explain clean-day events (i.e. when σap is low)? (iv) Are the calculated long-term trends in σap influenced85

by extreme events (e.g. boreal forest fires for dirty and high precipitation rates for clean events)?, (vi) Which source regions

contribute most to observed BC concentration at Zeppelin Observatory?

3

https://doi.org/10.5194/egusphere-2023-940
Preprint. Discussion started: 12 May 2023
c© Author(s) 2023. CC BY 4.0 License.



2 Materials and Methods

2.1 Measurement site

Measurements were carried out at the Zeppelin Observatory (78.90◦N, 11.88◦E), hereafter referred to as ZEP. ZEP is located90

close to the research village Ny-Ålesund, on the western edge of Svalbard within the Kongsfjorden. ZEP is situated atop a

mountain at an altitude of 474 m a.s.l., its distance from the nearby research village, wind conditions and the stratification

of air masses mean that the measurements are not so affected by local pollution. The remoteness of the observatory, and the

pristine environment that it is located in, means that it is representative of regional background Arctic conditions. ZEP is

part of several regional and global monitoring networks including the Global Atmosphere Watch (WMO/GAW), Integrating95

Carbon Observation 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).

2.2 Description of Instrumentation:

The absorption coefficient measurements are from a range of different instrumentation (see Fig. S1 in the supplementary

information, SI). Below follows a more detailed description of the instruments used for deriving the σap, as well as a short100

introduction to the nephelometers used for measuring the particle light scattering coefficient (hereafter σsp). All instrumentation

measuring aerosol particles, mentioned in this study, were 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 described by Weingartner et al. (1999).

The station itself and the whole-air inlet are both slightly heated, meaning no additional drying of the aerosol is required as

the relative humidity of sample air inside the station is kept below 30-40%. In addition, the absorption coefficient from the105

homogenised time series was compared with data from an Aethalometer (Eleftheriadis et al., 2009; Stone et al., 2014; Sharma

et al., 2013), which is a filter-based multi-wavelength optical method.

2.2.1 Particulate Soot Absorption Photometer

The custom-built Particle Soot Absorption Photometer (PSAP-ITM) with a manual filter loader (hereafter referred to as "man-

ual PSAP") was developed by the Department of Applied Environmental Science (ITM) at Stockholm University. The manual110

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 filter-loader (hereafter, "automatic PSAP"). The automatic PSAP, using the same type of filter and op-

erating principle, operated from November 2012 to October 2016. The manual and automatic PSAPs operated at a wavelength

of approximately 525 nm. For further details on the specifics of the PSAP-ITM see Krecl et al. (2007, 2010).

The PSAP works by measuring the change in the light transmission through a collection filter induced by laden aerosol115

particles. The attenuation of light is measured relative to a reference filter. The aerosol particles were collected on Tissuglass

E70-2075W filters (Pall Corporation) with a diameter of 90 mm. Typically, the sample flow was around 1 l min−1. The sample
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spot for the custom-made PSAP is much smaller than the commercial instrument (≈ 3.19 mm in diameter), which allows for

lower detection limits for a given sample rate.

For the PSAP, there are two main issues associated with measuring the σap, namely the artefacts due to multiple scattering120

from the filter itself and light scattering particles, and the influence of filter loading (see Müller et al. (2011a) for further

details). Despite the artefacts related to filter-based aerosol absorption measurements, this method exhibits high sensitivity and

is simple, robust, and widely used.

2.2.2 Multi Angle Absorption Photometer

Multi-Angle Absorption Photometer (MAAP, Thermo Fisher Scientific Inc., Germany, Model 5012) measured from 2014 to125

present. The MAAP utilises the same filter-based principle as the PSAP. However, the MAAP measures the incident radiation

penetrating through the filter and simultaneously the radiation scattered back from the filter at two detection angles θ = 130◦

and 165◦ (Petzold and Schönlinner, 2004). The MAAP derives an absorption coefficient using radiative transfer calculations,

developed by Hänel (1987), with modifications 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 filter layer and the particle-130

free filter matrix and also the scattering within the aerosol layer. MAAP has been widely used as a reference method (Asmi

et al., 2021; Müller et al., 2011a). The operational wavelength of the MAAP is assumed to be 637 nm (Petzold et al., 2005;

Müller et al., 2011a).

2.2.3 Nephelometers

Two integrating nephelometers (Ecotech Pty Ltd., Australia, model Aurora 3000 and TSI Inc., USA, model 3563) were used135

at ZEP throughout this study. The TSI nephelometer has been used since May 1999. The Ecotech nephelometer was installed

in April 2018 and has been operated continuously since (see Platt et al. (2022) for further details). Both nephelometers utilise

the same principle to perform continuous measurements of the light scattering of particles; the TSI and Ecotech perform

measurements at three wavelengths (λ=450, 550, 700 nm and λ=450, 525, 635 nm respectively). Nephelometers are regularly

calibrated using CO2 and particle-free air. The contribution of light scattering by air molecules is automatically corrected by140

regular zero measurements of particle-free air, about every hour. Corrections to the measurements are necessary to account for

the light source and angular non-idealities. The correction methods described in Anderson and Ogren (1998) and Müller et al.

(2011b) were used to correct both the TSI and Ecotech nephelometer data respectively and applied to the hourly arithmetic

means.

2.3 Back trajectory analysis145

The history of air masses arriving at ZEP was analysed using the Hybrid Single-Particle Lagrangian Integrated Trajectory

model (HYSPLIT V5.2.1) (Draxler and Hess, 1998; Stein et al., 2015). An ensemble of 27 back trajectories was initialised for

every hour. The ensemble was generated by creating 3 planes, consisting of 9 starting points, whereby the meteorological field
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is shifted as opposed to the initial starting point. The air parcels in the model arrive at an altitude of 250 m above the ground

to avoid any issues related to the displacement of the ensemble members. The back trajectories were run for 10 days back in150

time, a compromise between capturing potential source regions and the increased uncertainty in back trajectories with time. It

should be noted that there was a change in the meteorological database used for the HYSPLIT back trajectories (at the end of

2005, the beginning of 2006). The choice of input meteorological fields is considered the most important factor contributing

to uncertainties (Dadashazar et al., 2021; Gebhart et al., 2005). The meteorological fields were obtained from the National

Oceanic and Atmospheric Administration (NOAA); the period 2002–2005 uses the FNL (Final) Operational Global Analysis155

archive data from The National Weather Service’s National Centers for Environmental Prediction (NCEP), and 2006–2021

uses the Global Data Assimilation System (GDAS) 1◦ x 1◦ archive data. (http://ready.arl.noaa.gov/archives.php, last access: 02

12 2022). GDAS has been used in a previous analysis of ZEP (e.g. Tunved et al. (2013)). For the analysis, here, a 1◦x1 ◦ rotated

grid was initialised such that ZEP acted as the new north pole. To obtain continuous coverage of surface precipitation along

the air mass transport pathway, the back trajectories were temporally and spatially collocated with fifth-generation ECMWF160

reanalysis (ERA5) hourly surface level data (Hersbach et al., 2018), such that each endpoint of the back trajectories was

matched with the total surface precipitation variable from ERA5, for their respective geographical and temporal position. The

accumulated surface precipitation was calculated by integrating along the back trajectory; hereafter, this parameter will be

referred to as the accumulated trajectory precipitation (ATP). Given that the ERA5 precipitation data corresponds to surface

data, then the calculated ATP value represents the maximum potential amount of precipitation experienced by the air mass165

parcel throughout its journey to the station as if the air parcel had travelled near the surface for the entire time period.

2.4 Data treatment

The data cover the period from 2002 to 2022; with each instrument operational at different periods of time (see Fig. S1). Instead

of imposing a mass absorption cross-section coefficient (MAC) value and estimating the equivalent black carbon (eBC), only

the optical-derived absorption coefficient is utilised.170

For this study, the operational wavelength of the MAAP, λ=637 nm is used for all-optical properties that depend on the choice

of λ, unless otherwise stated; σap measurements from instruments with different operational wavelengths were adjusted to

λ=637 nm (see eq. 2). Moreover, all data sets were corrected for standard temperature and pressure (STP, temperature 273.15 K

and pressure 1 atm). Aerosol loadings are exceptionally low at ZEP most of the year (Platt et al., 2022), and thus the instruments

are measuring close to their limit of detection (Asmi et al., 2021). In general, it is necessary for instruments to be well-calibrated175

due to the high noise-to-signal ratio. Moreover, aerosols at ZEP exhibit a single scattering albedo close to unity (Schmeisser

et al., 2018), which can pose additional challenges as the correction schemes utilised are sensitive to high SSA (Bond et al.,

1999). For the automatic and manual PSAPs this is not so much of a problem except in summer. Measurements of absorption

and scattering are made sub-hourly. For all data sets, hourly arithmetic means are calculated and used to improve the signal-

to-noise ratio. All data sets are temporally collocated. For simplicity, after re-sampling to hourly arithmetic means, all positive180

values were deemed valid (i.e. measurements > 0 Mm−1) despite the differences in sensitivity of the MAAP and PSAPs. It is
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understood that measurements below the detection limits exhibit large errors. Asmi et al. (2021) showed for an Arctic site with

1 hr temporal average, detection limits of 0.012 and 0.002 Mm−1 for the MAAP and PSAP respectively could be used.

2.4.1 Harmonisation

The analysis includes the harmonisation of over twenty years worth of absorption coefficient measurements from various185

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 from 2002 to 2022 e.g.

calibrations and maintenance.

The temporal evolution for the relation between the measurements recorded by the MAAP and automatic PSAP is fairly190

constant (see Fig. S2), as such applying a single correction factor (i.e. 0.61) to the measurements from the automatic PSAP

seemed justified (see Fig. S3). As a result of the comparison between the measurements of the manual PSAP and the automatic

PSAP with the aforementioned CF applied, a constant value of 1.30 for this CF was applied to the manual PSAP measure-

ments. 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 have changed195

are given in section 2 in the supplement. Additionally, a comparison between each set of instrument measurements is com-

pared with the long-term data set of absorption coefficient measurements from an Aethalometer (adjusted to 637 nm; see also

Stathopoulos et al. (2021) and Fig. S4).

The harmonisation allows for the generation of a time series that acts as one of the longest sets of measurements for σap in

the Arctic (with Alert, Kevo and Barrow having longer time series, see Schmale et al., 2022).200

2.4.2 Trend analysis

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

analysis of scattering and absorption data (Collaud Coen et al., 2020). Observations of σap and σsp are better represented by

log-normal distributions (Collaud Coen et al., 2020). Medians are utilised for the trend analysis of σap and σsp because of the

non-Gauissan nature of the data distribution, and the fact that the use of medians is more robust against outliers. For all other205

variables though, including the accumulated back trajectory precipitation (ATP), number of active numbers 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., 2020, 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 significance (s.s.) and magnitude of various long-term trends respectively. The MK is performed on a210

two-tailed significance test of 95% to ascertain the s.s. The MK test and TS are non-parametric and are thus suitable for use

with σap and σsp. 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, when

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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(Collaud Coen et al., 2020). In keeping with similar studies (e.g. Collaud Coen et al. (2020)), daily averages were computed215

with the requirement that at least 25% of the day consists of valid data (i.e. ∼6 hrs). For more details about TS see Sen (1968);

for the MK test see Hirsch et al. (1982); Gilbert (1987).

The Arctic aerosol seasons, used throughout this study, are defined as follows:

– Arctic Haze (AHZ), February - May: Enhanced concentration of accumulation mode aerosol. Transport is characterised

by low amounts of precipitation, on average 2-3 mm of rain experienced by air masses during the 10 days prior to arrival220

(Tunved et al., 2013).

– Summer (SUM), June - September: Decreased concentrations of accumulation mode aerosol particles and enhanced

concentrations of Aitken and nucleation mode particles characterise summer months. SUM experiences the highest

amounts of precipitation, on average 7-8 mm of rain prior to arrival (Tunved et al., 2013).

– Slow-build up (SBU), October - January: SBU is characterised as a transition period, in which the concentration of225

accumulation mode particles begins to increase towards the end of the season, “building” back up to the concentrations

observed AHZ seasons. The SBU season experiences little sunlight with the polar night starting in November and ending

in late January.

2.4.3 Air mass backward trajectory analysis

Back trajectories were classified into different air transportation pathways using a k-means clustering method. The sklearn.cluster230

Python package is used scikit-learn, v.1.2.1 (Pedregosa et al., 2011). The k-means clustering algorithm was performed on coor-

dinates transformed from geographic (i.e. latitude, longitude and altitude) to their equivalent Cartesian coordinates (i.e. x,y,z).

The k-means clustering was performed on back trajectory ensembles (i.e. 27 back trajectories per each hour). Furthermore,

the data were temporally collocated with the absorption 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 than 50% of the 27235

ensemble had to have been assigned the same cluster. By specifying this criterion 90% of the data remained and ensembles with

a mixed back trajectory/air mass origin are removed (see Fig. S5). By identifying the transportation pathways, enables trends

of certain regions to be explored in more detail, and for certain rain-aerosol relationships to be more closely analysed. Further-

more, the back trajectories were utilised to develop concentration weight trajectory (CWT) in line with Hsu et al. (2003). This

enabled a spatial overview of the various source regions. However, there is still the possibility that, given the spatial limitations,240

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

2.4.4 Scavenging ratio

To study the effects of wet removal processes on aerosol particles during long-range transport, the method by Garrett et al.

(2011) is used. The method essentially normalises the in situ aerosol measurements by the concentration of carbon monoxide

(CO), a compound which is reasonably inert and typically co-emitted with pollution events (Dadashazar et al., 2021). Moreover,245
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CO is relatively insensitive to wet scavenging processes and has an average atmospheric lifespan considerably longer than

aerosol particles. Using CO to quantify the wet removal during transport has been done by plenty of studies in the past (e.g.

Oshima et al., 2012). For this study, it was not possible to use hourly averages, as recommended in the study by Garrett et al.

(2011), instead daily CO means were utilised.

2.5 Forest fires identification250

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 fires and

subsequent BC emissions which could potentially be transported to ZEP. In addition to GFED, the number of active forest fires

recorded by MODIS was used to provide a fire count for each back trajectory. For the GFED, it was combined with HYSPLIT

by summing up the emissions of BC within each traversed grid cell. The number of active fires was combined with HYSPLIT255

by summing up the number of active fires within each 1◦x1◦ grid and then counting the number of total active fires for each

grid a back trajectory traversed over whilst in the mixing layer, as defined by the HYSPLIT model (see example Fig. S6). 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.
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3 Results260

Here, the first section (section 3.1) describes the long-term trends in the absorption coefficient and single scattering albedo.

Sections 3.2 - 3.5 are devoted to understanding the trends with respect to transport, sinks and sources.

3.1 Trends in optical properties

3.1.1 Long-term trend in absorption coefficient and single scattering albedo

Overall, the last 21 years of observations (2002 - 2022) have displayed a statistically significant (s.s.) negative trend in σap. The265

long-term trend, based on seasonal medians, is approximately -0.004 (-0.0063 to -0.0016) Mm−1yr−1 (see Fig. 1). In relative

terms (i.e. the ratio of the trend over the average), the negative trend in σap corresponds to - 4.3 % yr−1. The trend based on

daily medians corresponds to a s.s. -0.001 Mm−1yr−1, after correcting for autocorrelation. Furthermore, all seasons experience

decreasing trends, with the Arctic Haze season displaying the largest decrease in absolute terms (s.s. decreasing trends based

on 3PW daily medians are -0.002, -0.001, -0.001 for the seasons AHZ, SBU, and SUM respectively). The full-time series is270

probably not best explained using a single trend, but instead, the data exhibit two regimes, one with a decreasing trend and

another with an increasing trend, starting around 2016 (see Fig. S7). For the period after 2016, only the AHZ displays a positive

s.s. (p=0.003) trend of 0.01 Mm−1yr−1 based on daily medians. Overall, the temporal aggregation is not homogeneous to deem

the trend after 2016 to be s.s. for all seasons.

Figure 1. Harmonised time series for the absorption coefficient (σap) measured at Zeppelin observatory: seasonal medians are displayed as

shapes, the Arctic Haze (AHZ) denoted by a red circle, the slow-build up (SBU) by a red square and summer (SUM) by a black triangle.

The error bars represent the 25 th and 75 th seasonal percentiles. The Theil-Sen Slope (TS) trend line is displayed as a dashed red line with

a red-shaded region corresponding to 95% significance. The least-mean square (LMS) is presented as a solid red line. The trend lines are

both calculated using the seasonal medians (various shapes), as opposed to seasonal means (cross). The overall median for the data set is

displayed in the top left, along with the relative trend which is the TS slope divided by the median.
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The single scattering albedo has experienced an increase in the last 21 years from 0.9 to close to 1 (see Fig. S8). During this275

period of time, SSA has increased because of a long-term increase in σsp in conjunction with a decrease in σap.

3.2 Sources, sinks and transport

3.2.1 Concentration weighted trajectories

Concentration-weighted trajectory (CWT) mappings are used to identify potential source areas; σap measured at ZEP is

weighted based on the time back trajectories spend traversing each grid cell within the mixing layer. CWT mappings pos-280

sess information on sources, sinks and transport. Grid cells with higher CWT values suggest that these areas contribute more to

the absorption coefficient measured at ZEP. It is apparent that regions around north-central Eurasia contribute the most to the

measured σap, however, there is an interannual variability (see Fig. S9). We have performed a spatial and temporal trend anal-

ysis on the CWT mappings (see Fig. 2). Essentially, the trend is calculated for each and every grid cell on an annual resolution

(a seasonal trend was also performed with little difference, and for sake of simplicity the annual trend is displayed).285

Figure 2 signifies that the largest declines in the CWT value occurred in the FSU region (i.e. central Eurasia). Furthermore,

we can ascertain that the long-term trends in the CWT value are mainly negative, with a slight increase in the contribution

originating either in south-eastern Europe or beyond (i.e. regions neighbouring the Caspian and Black seas). The results here

resemble the trends in the emission inventories (see Fig. S10). Due to limitations with the extent to which back trajectories can

reliably go backwards the CWT trend mapping does not convey the entire northern hemisphere.290
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Figure 2. Long-term trend in the annual CWT values for σap, for years 2002 - 2022. A threshold is 15 data points for each 1◦x1◦ grid cell

is applied to the mapping (out of a possible 21).

3.3 Transport

3.3.1 Trajectory source analysis

The cluster analysis, whereby a total of 5 different clusters each signifying a potential transport pathway, are shown in Fig. 3.

Typically, air masses arriving from Siberia (cluster 4 in Fig. 3) and Eurasia (cluster 5 in Fig. 3) exhibit the highest average

concentrations of σap, with the average values corresponding to 0.14 Mm−1 and 0.20 Mm−1 respectively. Cluster 3 (Arctic295

Ocean) is most frequent, arriving approximately 31 % of the time, this is followed by cluster 4 (Siberia) at 29%, cluster 1 (North

Atlantic) at 19 %, and clusters 2 and 5 contributing to 11% of the air masses. These average contributions vary throughout the

year. The annual frequency of the various clusters was examined (see fig. S11). The NA cluster is most present during the

summer months (JJA) (NA, cluster 1 in Fig. S11), coinciding with reduced concentrations in σap observed on an annual basis

(see Fig. 1 for seasonality). The Siberian cluster increases its contribution during the Arctic Haze season (AHZ, FMAM) and300

decreases its contribution in SUM. The Eurasian cluster is most frequently present during the transition season and the start of

the AHZ season (i.e. DJF).

From Fig S12, we can observe that all clusters, except the Eurasian cluster, display a similar decreasing trend in absolute

terms (i.e. approximately -0.003 Mm−1yr−1 for clusters 1-4). The Eurasian cluster, i.e. cluster 5, is the only transportation

pathway which displays a positive trend in terms of seasonal medians, roughly 0.002 Mm−1yr−1. This is in agreement with the305
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Figure 3. Cluster analysis performed using the latitude, longitude and altitude of all data points in the collocated data set. The length of each

back trajectory was set at 10 days. The centroids are shown in each cluster’s respective colours, The centroids are arithmetic means of the

respective Cartesian coordinates for each endpoint along a back trajectory. The 2-dimensional representation here fails to show the changes

in altitude of each respective pathway. The mappings are normalised by dividing by the sum of the entire number of endpoints. The clusters

are labelled based on their respective origins (clockwise direction based on the longitude of the last centroid endpoint): cluster 1 corresponds

to the North Atlantic (NA) denoted by purple, cluster 2 Greenland (G) denoted by blue, cluster 3 the Arctic Ocean (AO) shown in green,

cluster 4 Siberia (S) shown in orange, and cluster 5 Eurasia (E) displayed in red.

CWT trend analysis (see Fig. 2), which shows that southeastern Europe and also central Asia are one of the few regions where

there is an increasing trend in terms of their contributions to σap measured at ZEP.

3.3.2 Trends in transport pathways:

Based on the clustering (see Fig. 3, in the section above), we can look at the frequency of these clusters over the time span,

2002 - 2022. The occurrence of air masses coming from the North Atlantic region (clusters 1 and 2) has increased since 2002310

(see Fig. 4 b). Typically, the NA cluster is one of the cleanest air masses (with a median of 0.049 Mm−1). Figure 4a is based

on the same approach used in Hirdman et al. (2010) whereby σap is fixed for the various clusters and the trend is predicted

based solely on the changes in the frequencies of each respective cluster. Here, the annual mean σap shows a decreasing

trend. When fixed σap values are used (i.e. the fixed values being the average of the first 3 years of each respective cluster:
¯σNA
ap = 0.24 Mm−1, σ̄G

ap = 0.24 Mm−1, ¯σAO
ap = 0.35 Mm−1, σ̄S

ap, = 0.49 Mm−1, and σ̄E
ap = 0.47 Mm−1), and then only perturbed315

based on the respective changes to the frequency of each cluster, no trend is observed (see Fig. 4 a). As a proportion of the trend

in the annual mean σap, changes in the frequency in the occurrence of each cluster can account for ≈ 2.3 % of the trend (i.e.

-0.0003/-0.013). Note that along with Hirdman et al. (2010), the calculations here are based on the use of arithmetic means,

which are more sensitive to outliers, as opposed to medians. The Eurasian air masses (cluster 5) exhibit the largest σap values

and have increased their contribution from 7% to 15.5%.320
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Figure 4. The annual trends in a) the mean absorption coefficient (σap) estimated using the least mean square (LMS) and b) the occurrences

of each respective cluster, 1-5. Cluster 1 corresponds to the North Atlantic (NA) denoted by purple, cluster 2 Greenland (G) denoted by

blue, cluster 3 the Arctic Ocean (AO) shown in green, cluster 4 Siberia (S) shown in orange, and cluster 5 Eurasia (E) displayed in red. In a)

each bar representing the annual mean σap is subdivided based on the occurrence of each respective cluster. The dashed line describes the

trend that would be associated with σap if fixed initial values were used and were only perturbed based on the changes in cluster occurrence

(frequency).

3.4 Sinks and transport

3.4.1 Trends in precipitation and scavenging ratio

The maximum amount of potential surface precipitation air masses experienced en route to ZEP has increased. The overall

trend in mean accumulated back trajectory precipitation (ATP) is approximately 0.15 mm yr−1, where the seasonal median

ATP increased from 6.3 mm to 9.5 mm, representing a relative annual increase of 2 %yr−1. The most significant increases in325

average accumulated precipitation occurred during 2002 - 2012. After 2014, the positive trend in accumulated precipitation

appears to stagnate or show a negative trend. The seasonality inherent in ATP is clear from Fig 5. The summer generally

(denoted by black triangles in Fig. 5) exhibits the greatest amount of accumulated precipitation, while the Arctic Haze season

experiences the least (see S13 b in the supplement).
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Figure 5. Time series of average accumulated precipitation experienced by 10-day back trajectories arriving at ZEP. The precipitation at the

surface is taken from ERA5 reanalysis. The data is not selected such that the air mass is within the mixing layer (ml), instead it is assumed

the air mass is influenced by the precipitation regardless of altitude.

The precipitation intensity (i.e. rate) is less for grid cells further north than latitude 79◦N. Likewise, back trajectory endpoints330

experience on average greater rates of precipitation further south. Therefore, special care was taken to show that the trend in

average accumulated surface precipitation was present for a given latitude, and thus was not the symptom of back trajectories

travelling further south to regions of higher precipitation rates. This is confirmed in the spatial trend analysis of precipitation

rates per grid cell (not shown here).

From the analysis of extreme ATP events (see Fig. S14), it was shown that quite some “clean” events, where the σap mea-335

sured at ZEP was extremely low (i.e. within the 1st percentile), coincided with the “wet” events (exceptionally high ATP).

Approximately, 14% of the clean days coincided with extreme ATP.

Short-term perturbations in σap are in general larger than those of CO suggesting that there is a strong seasonal cycle in

aerosol removal processes (see Fig. S15). Aerosol removal processes have a maximum effect (i.e. a minimum value for two

scavenging ratios, Sap and Ssp) in mid-summer, with the minimum amount of aerosol removal occurring during the Arctic340

Haze season, as both Sap and Ssp exhibit larger values. This seasonality in the scavenging ratio can be seen throughout the

period 2002 to 2022 (see Fig. S16). The long-term trend in the scavenging ratio suggests that aerosol removal processes are

increasing overall strength (i.e., indicated by a decreasing trend in Ssp).

3.4.2 Modelled absorption

In this section, the trend in σap is calculated using only accumulated precipitation along the air mass back trajectory (ATP)345

and the estimated relationships between σap and ATP (see Fig. S17). Essentially, here, we explore whether it was possible

to reproduce the long-term trend observed in σap, using only the increasing trend in ATP and an approximation for the wet

removal due to surface precipitation. This acts as an estimate for the contribution in the σap trend, deriving from changes in wet

removal strength. Roughly, 9 years of data, 2002 - 2010, were utilised to assess the relationship between surface precipitation
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along back trajectories and in situ observations of σap; this relationship was analysed for all three seasons (AHZ, SUM and350

SBU) and all five source regions (NA, G, AO, S and E) such that 15 empirical relationships are ascertained (see Fig. S17). For

the majority of transportation clusters and seasons, there is an exponential decline in σap as ATP increases. The extent of the

decline varies depending on the cluster and season (see Fig. S17). The summer season experiences the least rate of decline.

In general, the clusters that experience the most ATP and the least σap values, i.e. North Atlantic 9.2 mm (cluster 1), and

Greenland 10.1 mm (cluster 2), exhibit the lowest amounts of wet removal strengths; essentially a large proportion of BC has355

already been removed from the air masses before they reach ZEP.

The hourly ATP averages are converted to their respective σap values using the closest corresponding value for each σap-

ATP relation (see Fig. S17). To increase the number of data points for each σap-ATP relation, a linear interpolation was done

between each median value.

The same analysis was performed for monthly values; σap (not shown here). The proportion of the trend is approximately360

the same regardless of the resolution chosen. The seasonality of the predicted σap agrees well with the observed σap, signifying

that ATP is a major factor controlling the annual cycle (see also Section 11 in the supplement). In terms of long-term trends,

Fig. 7 shows a decreasing trend in the calculated σap, suggesting that ATP plays a role in the decline in σap. The resultant trend

for the calculated seasonal medians of σap is approximately -0.001 Mm−1yr−1, roughly 25% of the overall trend observations

of σap (i.e. -0.004 Mm−1yr−1).365

Figure 6. Long-term trend in the calculated absorption coefficient (σap,637nmcal.). The σap is estimated using a fixed relationship between

σap and ATP, and the long-term trends in ATP. Here, the dashed line represented the Theil-Sen Slope, and the solid line represents the LMS

line. The seasonal medians are marked in their respective colours and shapes i.e. red circle is the Arctic Haze season (AHZ), red square is the

Slow Build-up season (SBU) and the black triangle is the summer season (SUM). The relative trend and overall median value are displayed

in the top right-hand corner.
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3.5 Sources and transport

3.5.1 Biomass burning events

The back trajectories arriving at ZEP have experienced an increasing influence from forest fires. The number of active forest

fires each back trajectory traversed over has increased since 2002, with the most notable shift occurring after 2015. The same

can be said for the BC emissions, based on the GFED. There are some recent seasons in which the arriving air masses have370

experienced on average a much higher number of BC emissions. The same can also be seen in the number of active fires;

in particular the summer months of 2015, 2016, 2017, 2019 and 2020. Extreme biomass burning events, where the back

trajectories traverse grids containing a large number of active fires, exhibit much higher σap values (not shown here). However,

the number of these events is few and the variability is large. The events are fairly rare due to the requirement of a large number

of active fires to be traversed. Overall, from Fig. 7, it is clear that the number of potentially influential biomass-burning events375

has increased.

Figure 7. Long-term trend in the average integrated emissions from back trajectories collocated with the Global Fire Emission Data set

(GFED). The figure includes the entire data set from 2003 to 2022. Note that the Arctic Haze season (AHZ) of 2006 is significantly smaller

compared with the MODIS fire count. The trend is calculated using the Theil-Sen Slope estimator (TS) and the arithmetic seasonal means.

Note that the y-axis is displayed on a log scale.

Removing the data points which correspond to the most extreme number of active forest fires (i.e. defined as the 99th

percentile of a running 15-day average), reduces the seasonal means, however, has a negligible effect on the seasonal median.

The substantial increase in the number of active fires back trajectories traverse over has no impact on the long-term trend and

in particular the trend in the last 7 years.380
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4 Discussion

The Zeppelin Observatory (ZEP) has transitioned from experiencing high seasonal σap averages, in particular during the Arctic

Haze period, to exhibiting distinctly lower values. The decreasing trend in σap is statistically significant (s.s.) and approximately

- 0.004 or - 0.001 Mm−1yr−1, depending on the pre-whitening treatment and resolution. All seasons exhibit a s.s. decreasing

trend, suggesting that the Arctic Haze is not the only season which experiences an anthropogenic influence. This trend relates385

to one of the longest time series of light-absorbing aerosol in the Arctic. The most recent period, 2016 - 2022, has witnessed a

slight s.s. increasing trend during the Arctic Haze season of 0.001 Mm−1yr−1. This shift in sign and the general reduction in

the rate of decrease has been referred to as a “stagnation” (Schmale et al., 2022). In addition to σap, SSA was shown to have

increased from a seasonal average of 0.9 to near unity; thus, we can conclude that the amount of scattering in relation to the

absorption has increased at ZEP (see Fig. S3 and S8).390

Here, we make the assumption that the observed trends can be explained as the result of either one or more of the following

factors: (i) sources: changes in BC emissions, both anthropogenic and natural, (ii) transport: changes in the frequency of various

different transportation pathways, and (iii) sinks: alterations in the ability and amount of removal taking place as the aerosol

particles are transported to ZEP.

The Eurasian continent has been shown to be one of the most important contributors to BC measured at ZEP (see Fig. S9);395

a finding which is in agreement with multiple other studies (Hirdman et al., 2010; Backman et al., 2014; Stathopoulos et al.,

2021). The fact that this region contributes most to observations of σap is the result of a combination of source strength, trans-

portation, and removal processes. During the Arctic Haze season, air masses coming from the direction of Siberia and Eurasia

are more frequent (see Fig. S11) and are able to transport pollutants effectively to the Arctic. Furthermore, less precipitation

is experienced by air masses during the Arctic Haze season (see Fig. S13 b), meaning that the aerosol particles undergo less400

removal. An area of particular interest is the Yamal-Nenets gas flaring region in central Russia; this potential source appears

in Fig. S9 in 2005, where there are elevated CWT values (AMAP, 2015; Stohl et al., 2013; Klimont et al., 2017; Stathopoulos

et al., 2021). It also appears as the region exhibiting the largest reductions in CWT (see Fig. 2). Recent global emission in-

ventories, including ECLIPSE V5a/V6b, have noted that emissions in BC have decreased in regions affecting the Arctic such

as Western Europe, the USA and “Russia +” in the period 2000 to 2010, with “Russia +” exhibiting one of the largest relative405

reductions (Klimont et al., 2017). Previous analysis of long-term trends has suggested that the declines in wintertime BC in the

Arctic are the result of emissions changes in the Former Soviet Union (Sharma et al., 2013), despite increasing BC emissions

from source regions such as East Asia. In Sharma et al. (2013), modelled BC was overestimated by a factor of three at ZEP.

In this work, we have seen that the spatial trends related to the CWT maps display large reductions for the central Russian

region, whilst southeast Europe experiences an increased CWT value (see Fig. 2). This finding that air masses originating from410

the direction of southeast Europe and also east of SE Europe is supported by the trend analysis of the various clusters; the

Eurasian cluster (cluster 5 in Fig. S12) experiences a small positive trend in σap, equivalent to 0.002 Mm−1yr−1. Moreover, the

emission inventories related to central Europe, along with Turkey, the Middle-east and parts of central Asia (i.e. “Asia-Stan” as

described in Klimont et al., 2017) are purported to have witnessed increased emissions of BC, from 2000 - 2010, according to
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Klimont et al. (2017). This can also be seen in the trend analysis of the same emission inventories (see Fig. S10). The increase415

in this region southeast of Europe could also be the result of increases in contributions from sources further south; eBC that is

transported from the Indo-Gangetic plane over Central Asia into the high Arctic (Backman et al., 2014).

One such factor, which could explain the increases in source strengths of BC is the emissions from biomass burning (BB)

events. Wildfires have led to an increase in BC emissions in the Arctic in recent years (McCarty et al., 2021) and it has been

suggested that forest fires are also becoming more frequent and severe (Rogers et al., 2020). This source has been shown420

to dominate the σap measurements during summer (Winiger et al., 2019), however, it remains unknown whether or not this

dominance during the summer is a new phenomenon (Schmale et al., 2022). Trying to understand the potential role BB events

can have on recent trends in the Arctic was one of the main research questions of this work. We have shown that large BB events

are connected to increased σap values. Even though there are several examples of high BB episodes observed at Arctic sites,

caused by emissions from fires (e.g. Stohl et al., 2007), no increased contribution during the fire season has been shown so far425

in the trends of σap. The reason for the lack of a signature has been explained by the fact that BC from BB events are emitted

into the atmosphere further aloft (absence of down-mixing to the boundary layer). In this study, it was shown that the potential

influence from BB events has increased (see Figs. 7), and that during particular seasons these events can have a noticeable

influence on the σap mean. For particular seasons, extreme BB events can comprise a significant proportion of the extreme

σap events, however, there is a great deal of interannual variability. When the extreme BB events were removed (equivalent430

to just 3% of the data) from the time series, it was shown that these events can have a significant impact on seasonal mean

σap values, and therefore these events can alter the long-term trend if calculated based on arithmetic means. Here, though, we

report the trends using seasonal medians and as a result, extreme events such as BB events do not possess the ability to alter

the magnitude or sign significantly. In future analysis, it may be interesting to examine when the potential influence of a large

number of active forest fires does not translate to elevated averages for σap; under what conditions do potential emissions of435

BC not make it to ZEP. It must also be stressed that this increased influence from forest fires only acts as a potential, whether or

not the emissions arrive is another question as wet scavenging can play a major role in the removal of aerosol particles before

they reach the Arctic. The Arctic is undergoing fundamental changes with increased influence from forest fires. It is expected

that the Arctic will be perturbed more and more by BB events.

In regards to changes in transportation, we showed that ZEP has experienced large changes in recent years related to the440

frequency of various air masses (see Fig. 4 b). Most prominently the North Atlantic and Greenland clusters have increased

in their respective contributions; both of these transportation pathways are associated with little anthropogenic influence and

therefore contribute to lower values of σap at ZEP. There is an increased contribution from the Eurasian cluster, bringing air

masses more influenced by anthropogenic sources. The analysis, displayed in Fig. 4, is an extension of the work performed

by Hirdman et al. (2010). Using the arithmetic mean, as opposed to the median, the initial values for σap were fixed for each445

cluster, and no trend was associated with the annual mean controlled solely by the changes to the frequencies of each respective

cluster and the initial fixed value used. In line with Hirdman et al. (2010), we argue that the changes in the various frequencies

of different transportation pathways are not the main factor explaining the reduction in σap. One possible reason for this may

be the fact that there is a compensating effect taking place, where despite an increased contribution from cleaner air masses

19

https://doi.org/10.5194/egusphere-2023-940
Preprint. Discussion started: 12 May 2023
c© Author(s) 2023. CC BY 4.0 License.



(i.e. Greenland and North Atlantic), there is also an increased contribution from air masses from high-emission regions (i.e.450

Eurasia). In regards to the increased single-scattering albedo measured at ZEP, this could still be the result of an increased

contribution of marine air masses, which bring with them sea spray aerosol consisting of an SSA close unity. Previous studies

have suggested that this increase in the contribution of more marine air masses is likely the result of changes in air circulation

patterns (Heslin-Rees et al., 2020). The phase of the Scandinavian pattern, a large-scale circulation pattern, was shown to

affect the variability in transported BC (Stathopoulos et al., 2021); during the cold period, higher concentrations of BC were455

present when sources were limited to more northern regions, as opposed to when source regions extended further south, and

experienced more wet removal.

In terms of changes to potential aerosol removal mechanisms, accumulated back trajectory precipitation (ATP) was explored

in detail in this study. It is well documented that the distinct seasonality of aerosol particles in the Arctic is governed by

precipitation (Garrett et al., 2011; Tunved et al., 2013). Tunved et al. (2013) demonstrated that wet removal largely controls the460

aerosol size distributions observed in the Arctic. Furthermore, Tunved et al. (2013) noted that there is an exponential decrease

in particle mass with accumulated precipitation; the reduction in mass is most apparent for the first few incremental increases

in ATP. In this study, we show that σap also reduces exponentially with an increase in ATP suggesting that BC particles

are wet scavenged effectively with the initial increases in ATP. The air masses arriving at ZEP have witnessed increased

surface precipitation (see Fig. 5). The periods that experienced the largest reductions in seasonal average σap coincided with465

periods experiencing increasing ATP. The stagnation in σap also occurs during a period of little change to ATP. Typically,

the precipitation intensity, experienced by air masses, increases at lower latitudes. However, it is argued that the trend in

accumulated precipitation is not related to air masses experiencing increased intensities further south. In general, the finding

that the air masses have experienced an increase in accumulated precipitation is in keeping with claims that the Arctic is getting

wetter, as total precipitation increases (Bintanja, 2018; Yu and Zhong, 2021). It should be noted though that some studies could470

not observe any significant trends in the precipitation rate in the Arctic over a similar period (Breider et al., 2017). The impact

of precipitation on the seasonality of BC in the Arctic has led some to suggest that the future Arctic may be cleaner as a

result of the influence of wet scavenging on BC (Jiao and Flanner, 2016). In trying to quantify the degree to which trends

in ATP influence the long-term reductions in BC, cluster and season-specific relationships for σap and ATP were utilised to

try and simulate the long-term trend in σap. The relation between ATP and the median σap was used on a seasonal basis to475

account for different precipitation regimes. The simple estimation was able to reconstruct the seasonality in BC well, with the

distinctive Arctic Haze events towards the end of winter (when ATP is low). However, the estimated σap underestimated any

large seasonal averages. Overall, the 21 the year-long trend in σap was found to be dependent on the amount of ATP. The trend

in the modelled σap displayed a quarter of the magnitude of the trend in situ σap observations. Thus, we argue, here, that high-

latitude precipitation has increased, and as a result, eBC is scavenged more en route to the Arctic leading to a cleaner Arctic. In480

general, more work is required to see how different aerosol types and different types of precipitation can impact the degree of

wet scavenging, and hence estimated σap. It should be noted that other parameters are important when analysing wet removal

processes. The efficiency of wet deposition can depend on the temperature and type of precipitation, not only the amount; for

example, wet deposition efficiency is lower in winter as snow is less effective at removing BC than rain (Croft et al., 2009).
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Another aspect depends on the hydrophilic fraction of BC; as BC ages, it changes from hydrophobic to hydrophilic. If BC ages485

more slowly as it is transported to the Arctic, it could mean that the hydrophilic fraction will be larger, and thus it may be less

effectively scavenged en route to the Arctic. For a more detailed analysis, more parameters that affect wet scavenging, such as

temperature (above 0◦C), relative humidity, precipitation type and aerosol chemical composition need to be taken into account

as it is not only ATP that controls wet scavenging.

Extreme accumulated precipitation events can have a meaningful impact on the overall arithmetic mean σap, such that when490

periods coinciding with high ATP events are removed from the data set, the mean σap decreases. Additionally, in terms of

trends it has been seen that extreme precipitation events do not dictate the trends (not shown here); all trends in the seasonal

medians seemed to be quite robust to extreme increases in ATP.

In regards, to the recent increasing trend during the AHZ season, it is argued here that the recent increase in σap is the

potential result of a combination of factors, most notably an increase in the contribution from more generally polluted air495

masses from Siberia (see Fig 4 b), increases in sources from regions south-east of Europe (Klimont et al., 2017), and a decline

in the precipitation scavenging sink in the most recent years (see Fig 5).

5 Conclusions

In this study, we have successfully harmonised absorption and scattering coefficient data at ZEP such that it spans from 2002

to 2022. The length of the data set allows for a unique examination of aerosol optical properties in the Arctic from a climatic-500

relevant time frame and represents one of the longest aerosol optical time series in the Arctic. In this study, we report that ZEP

has experienced declines in σap in line with previous trend analysis studies which have detailed reductions in σap and/or eBC

(Collaud Coen et al., 2020; Schmale et al., 2022; Sharma et al., 2013; AMAP, 2015). In addition to the overall decreasing

trend, we note that there has been a shift in the sign of the trend. σap displayed a wintertime minimum in 2017.

The optical properties were collocated with back trajectories to try to understand which atmospheric parameters were po-505

tential factors in influencing averages, seasonality, and overall long-term trends. Our analysis especially looks at the effect of

accumulated precipitation and biomass burning events on the characteristics of atmospheric BC aerosol.

We conclude that the observed trends are not the result of changes in the frequencies of certain transportation pathways, due

to the compensating nature of the five prevailing transportation pathways, instead, we argue that changes in sources, along with

increases in accumulated back trajectory precipitation (ATP) have governed the decline in σap. Reduction in sources is often510

mentioned as the only factor controlling long-term reductions in BC in the Arctic (Stohl et al., 2013). However, wet scavenging

is commonly cited as the controlling factor when it comes to the distinct seasonality seen in the Arctic (Garrett et al., 2011;

Shen et al., 2017; Tunved et al., 2013) (see also Section 11). If trends in wet scavenging were to increase in a warmer and

wetter Arctic climate, then any further increases in ATP will result in a reduced impact on σap. Finally, in regards to additional

sources of natural BC such as forest fires, these sources have shown that they can significantly alter seasonal means, however,515

trends remain robust to their increases in frequency.
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