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Black carbon (BC) is a dominant aerosol light absorber, and its brown carbon (BrC) coating can enhance absorp-
tion and lead to uncertainties concerning the radiative forcing estimation. This study investigates the mass ab-
sorption cross-section of equivalent BC (MACeBC) during a long-term field measurement (2013–2017) at a
rural Central European site. The MAC enhancement factor (Eabs) and the contribution of BrC coatings to the ab-
sorption coefficient (Babs) were estimated by combining different approaches. The annual mean Babs andMACeBC
values decreased slightly over themeasurement period associatedwith change in the submicron aerosol size dis-
tribution. Regardless of thewavelength, Babs exhibited clear seasonal and diurnal variations, with higher values in
winter when a higher absorption Ångström exponent (1.4) was observed due to the local biomass burning (BB).
In contrast, MACeBC did not have a distinct temporal trend at 600 nm (7.84 ± 2.79 m2 g−1), while it showed a
seasonal trend at 370 nm with higher values in winter (15.64 ± 4.77 m2 g−1). During this season, Eabs_660 was
1.18 ± 0.27 and did not exhibit any clear wavelength dependence, despite the influence of BB. During the
study period, BrC-attributed absorption was observed in 31% of the samples, with a contribution of up to 40%
of total Babs. In summer, the Eabs_660 increased to 1.59 ± 0.60, when a larger BC coating could be formed by sec-
ondary aerosol fractions. During this season, MACeBC_660 and Eabs_660 showed comparable source profiles that
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weremainly associatedwith aged airmasses over central Europe, thereby supporting the fact that characteristics
of coating materials formed during atmospheric aging are a major factor driving theMACeBC_660 measured at the
regional background site. Further field investigations of the composition of BC coatings would help to better un-
derstand and estimate uncertainties related to the radiative effect of aerosols.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Black carbon (BC) is ubiquitous in the atmosphere and represents a
minor fraction (less than 10%) of the total mass concentration of atmo-
spheric aerosol (PM2.5 and PM10) (Putaud et al., 2004; Yttri et al., 2007).
It is a primary carbonaceous aerosol fraction generated during the in-
complete combustion of fossil fuels and biomass (Bond et al., 2013). Ex-
ternally or internally mixed BC can be emitted by combustion sources,
whereas internally mixed BC can also be formed during atmospheric
transport through aging processes such as condensation and/or coagu-
lation (Bond et al., 2013; Liousse et al., 1993; Zanatta et al., 2016).

BC is themain light-absorbing aerosol component and ranks second
among climate forcing agents after carbon dioxide, with a total climate
forcing of +1.1 W m−2 (Bond et al., 2013). In addition to BC, organic
aerosols and mineral dust can absorb light (Bond et al., 2013; Leskinen
et al., 2020; Wang et al., 2016). Certain dark organic aerosols called
brown carbon (BrC) can significantly contribute (up to nearly half) to
the light absorption by carbonaceous aerosols (Feng et al., 2013;
Wang et al., 2016), especially at the ultraviolet (UV) wavelengths
(Andreae and Gelencsér, 2006; Bond et al., 2013; Kirchstetter et al.,
2004). This brown carbonaceous fraction is mainly emitted during bio-
mass burning (BB) or biofuel combustion, but it can also be formed
through the atmospheric photooxidation of reactive volatile organic
compounds (VOCs) and gas-to-particle conversion (Lee et al., 2014;
Wang et al., 2016 and reference therein). Different methods have been
used to measure BrC-attributed absorption. Due to the variability of
sources, chemical transformations, and optical properties of BrC, uncer-
tainty in separating BrC absorption from BC absorption leads to signifi-
cant uncertainties concerning the estimates of radiative forcing (Bond
et al., 2013; Wang et al., 2016). Traditionally, the direct estimation of
BrC absorption has been performed with offline aerosol collection and
laboratory extraction of samples in water and organic solvents (Cappa
et al., 2019; Cheng et al., 2017; Kirchstetter et al., 2004; Kirillova et al.,
2016; Washenfelder et al., 2015). However, this method is time-
consuming and has limitations, especially for long-term and high-
resolution field measurement campaigns (Cheng et al., 2021; Wang
et al., 2016). Indirect methods for the estimation of BrC-attributed ab-
sorption have been developed using multiple wavelengths (from UV
to near-infrared) to measure absorption coefficients (Chow et al.,
2018; Kirchstetter et al., 2004; Wang et al., 2016). Recently, Wang
et al. (2016) developed the Wavelength Dependence of Absorption
Ångström Exponent (WDA) method to estimate the contribution of
BrC to light absorption. Considering the wavelength dependence of
thewavelengthdependence of light absorption, this approach combines
the calculated Ångström exponent (α) for two wavelength pairs from
ambient air measurements (aethalometer AE31 in this case) and Mie
calculations, to predict the existence of BrC absorbers in ambient parti-
cles (Leskinen et al., 2020; Wang et al., 2016).

The mass absorption cross section (MAC) of BC (MACBC) defines the
relationship between its atmospheric concentrations and direct radia-
tive forcing (DRF) due to BC. This is a fundamental input tomodels of ra-
diative transfer (Wang et al., 2016).

MACBC depends on the different chemical andmicrophysical proper-
ties of the particles, including particle size and shape, refractive index,
density, and the mixing state of BC (Bond et al., 2013). A MACBC of
7.5 ± 1.2 m2 g−1 at 550 nm suggested by Bond and Bergstrom (2006)
was widely used for freshly emitted BC. An internal mixture of BC and
other aerosol chemical components, however, may generally result in
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enhanced light absorption through the lensing effect (Bond et al.,
2013; Zanatta et al., 2016), leading to uncertainties in the modeling of
the radiative forcing of BC (Bond et al., 2013).

Babs_pri is generally determined by removing the coatingmaterial on
BC and measuring the absorption coefficient of the uncoated fraction.
The coating material on BC can be removed with an aerosol filter filtra-
tion dissolution (AFD) analogue to estimate BrC absorption, or by the
use of a thermal denuder (TD, 200–300 °C) upstream of the instrument
(Cappa et al., 2019 and references therein; Lack et al., 2012; Yuan et al.,
2020) and detection with a photoacoustic spectrometer (PAS).

When usingMAC, the determination of MACpri is a fundamental pa-
rameter in the estimation of Eabs (Eq. (4)). One approach is to adopt the
reference MACpri based on the literature, but these values are variable
depending on the location, sources, and measurement period, and
may not be representative of MACpri for a given site. Another approach
is to determine MACpri based on a correlation analysis of the concurrent
measurements of both MACBC and BC particle mixing state with a
single-particle soot photometer (SP2) or soot particle aerosol mass
spectrometer (SP-AMS) (Cappa et al., 2019; Sun et al., 2020; Yuan
et al., 2020).

The TD-PAS, SP2, and SP-AMS methods have the advantage of pro-
viding high time resolution data, but the high cost of these systems re-
duces their worldwide field deployment, particularly for long-term
measurements (Sun et al., 2020; Wu et al., 2018). Wu et al. (2018) re-
cently developed an alternative new statistical approach. It consists of
applying the minimum R squared (MRS) in the well-known EC tracer
method. The concept of dissociating Babs into Babs_pri and Babs_aging is
analogous to the dissociation of OC into primary OC (POC) and second-
ary (SOC) in the EC tracermethod (Wuand Yu, 2016), andwould enable
a long-term Eabs calculation at more locations where the aethalometer
and ECOC analyzer are deployed simultaneously.

Despite the importance ofMACeBC in BC radiative forcing estimation,
there are relatively few studies based on long-term measurements of
MACeBC in rural background areas. The aim of this study is to character-
ize the eBC absorption properties, including MACeBC, at a rural back-
ground station by considering different time scales (yearly, seasonal,
and diurnal variations) and different wavelengths based on a
multiple-year measurement period. The estimation of the light absorp-
tion enhancement (Eabs) and the influence of BrC-attributed absorption
are investigated by combining different approaches to estimate the ef-
fects of BC and BrC in the atmosphere.

2. Methodology

2.1. Measurement site

The study was conducted at the National Atmospheric Observa-
tory Košetice (NAOK), a Central Europe rural and regional back-
ground site that is located in the Bohemian-Moravian Highlands,
the Czech Republic. It is at 49°35′N, 15°05′E and 534 m above sea
level (ASL) (Fig. 1). NOAK has been involved in various national
and international monitoring programs, including the Aerosol,
Clouds, and Trace Gases Research Infrastructure Network (ACTRIS)
and its Czech version ACTRIS_CZ, the Integrated Carbon Observation
System (ICOS), the Global Mercury Observation System (GMOS), the
EuropeanMonitoring and Evaluation Programme (EMEP), the Global
Atmosphere Watch (GAW), and the Czech Air Quality Information
System (ISKO) databases.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Location of the National Atmospheric Observatory Košetice (NAOK) and prevailing wind direction (hourly average of during the measurements campaign).
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The station is surrounded by an agricultural landscape and several
village settlementswith a couple of hundred inhabitants, and is approx-
imately 70 km southeast of the urban area of Prague (population of
1,300,000, CSO, 2021). The closest main road is located approximately
1 km east of the sampling station, and one of themajor Czech highways
(40,756 cars/day, CSD, 2016) is approximately 6 km north and north-
east. NAOK is affected by regional and long distance transported air
masses, mainly associated with western and southeastern winds
(Dvorská et al., 2015; Mbengue et al., 2020, 2018; Schwarz et al.,
2016; Vodička et al., 2015; Zíková and Ždímal, 2013).

2.2. Light absorption measurements

Measurements of the absorption coefficient (Babs) were conducted
from March 2013 to December 2017 at NAOK. The Babs was measured
with a multiwavelength aethalometer (Model AE31, Magee Scientific,
Berkeley, CA, USA, Hansen, 2005) at seven wavelengths (370, 470, 520,
590, 660, 880, and 950 nm). The airborne particles were sampled at 4 m
above the ground with a PM10 sampling head (Leckel GmbH) on the
roof of the measurement container, and the sampling system was
equipped with a sample dryer (custom-made Nafion dryer, TROPOS,
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Leipzig, Germany). The instrument was operated at a flow rate of 4 L
min−1 with a 5-min interval sampling time. All data were processed
and evaluated according to the EMEP standard operating procedure.

For filter-based absorptionmeasurement techniques, different correc-
tionmethodshavebeendeveloped tominimize theuncertainties fromar-
tifacts caused by loading, matrix, and scattering effects (Arnott et al.,
2005; Collaud Coen et al., 2010; Müller et al., 2011; Schmid et al., 2006;
Virkkula et al., 2007; Weingartner et al., 2003; WMO, 2016; Zanatta
et al., 2016). In this study, the correction for filter-loading (Virkkula
et al., 2007) and multiple-scattering effects (correction factor C: 3.5)
were applied according to the recommendation based on the intercom-
parison of parallel aethalometer and MAAP measurements of atmo-
spheric aerosols (WMO, 2016; Zanatta et al., 2016). In addition to these
corrections, data points recorded at a relative humidity (RH) of above
40% were omitted to limit the uncertainties induced by the hygroscopic
growth of particles (Mbengue et al., 2020; Wu et al., 2018).

2.3. OC and EC measurements

The mass concentrations of EC and OC were measured from March
2013 to December 2017 using a semi-continuous thermal-optical

Image of Fig. 1


Fig. 2. Example of a MRS plot for the MAEpri estimation at 660 nm showing the frequency
distribution of the observedMAC (grey area), the cumulative distribution ofMAC (dashed
green line) and the R2 obtained from the correlation between EC mass and Babs_aging (red
curve).
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organic/elemental carbon analyzer (Sunset Laboratories model 4) in ac-
cordance with the shortened EUSAAR-2 protocol (Cavalli et al., 2010;
Karanasiou et al., 2020). The measurement method is detailed in a pre-
vious study (Mbengue et al., 2018). After being placed in the same con-
tainer as the AE31, the OCEC analyzer was sampled every 4 h (including
20 min of OC/EC thermo-optical analysis) at a flow rate of 8.0 L min−1

through a PM2.5 cyclone inlet at 4 m above the ground. To prevent pos-
itive artifacts because of the absorption of volatile organic compounds
on the quartz fiber filter (Turpin et al., 2000), the sampling line was
equipped with a carbon parallel-plate diffusion denuder (Sunset Lab).

2.4. MAC and Eabs estimation

MACBC describes the absorption efficiency per mass of BC and it can
be used to convert the mass concentrations of equivalent BC (eBC, that
is, the mass of BC determined by an optical method) to their light-
absorption coefficients (Babs) at a given wavelength (λ) according to
Eq. (1):

eBCλ ¼ Babs_λ

MACeBC_λ
ð1Þ

Isolating BC from other aerosol light absorbers is very challenging,
and a direct method for measuring BC mass concentration without in-
terference is lacking (Baumgardner et al., 2012; Pileci et al., 2021). To
determine MACeBC, the mass concentration of elemental carbon (EC)
measured by thermo-optical methodswas used as eBC despite their dif-
ferent operational definitions (Bond and Bergstrom, 2006; Karanasiou
et al., 2020; Petzold et al., 2013). Therefore, MACeBC was estimated
using Babs measured by filter-based optical methods divided by EC con-
centration (Baumgardner et al., 2012; Bond et al., 2013; Cheng et al.,
2011; Cho et al., 2019; Knox et al., 2009; Zanatta et al., 2016), as
shown in Eq. (2):

MACeBC_λ ¼ Babs__λ

EC
ð2Þ

The specific absorption cross-section of particulate matter
(MACPM_λ) can also be obtained from the ratio between Babs_λ of eBC
and the mass concentration of PM (Knox et al., 2009), as in Eq. (3):

MACPM_λ ¼ Babs_λ

PM
ð3Þ

The light absorption enhancement (Eabs_λ) can be calculated by di-
viding the total Babs_λ or MACeBC_λ by their primary fractions (Babs_pri_λ
and MACpri_λ) as in Eq. (4) (Sun et al., 2020; Wu et al., 2018):

Eabs_λ ¼ Babs_λ

Babs_pri_λ
¼ MACeBC_λ

MACpri_λ
ð4Þ

where Babs_pri λ andMACpri λ are the primary or reference Babs andMAC,
respectively, measured atwavelengthλ for freshly emitted BC particles.
In this study, the Eabs_λ was calculated as the ratio between MACλ and
MACpri_λ according to Eq. (4). MACpri was estimated by applying the
minimum R squared (MRS) in the EC tracer method consisting of disso-
ciating Babs into Babs_pri and Babs_aging as for OC into POC and SOC, with
MACpri corresponding to the primary OC/EC ratio ([OC/EC]pri)
(Eqs. (5) and (6)) (Wu and Yu, 2016; Wu et al., 2018):

Babs λ ¼ Babs pri λ þ Babs aging λ � OC ¼ POCþ SOC ð5Þ

Babs pri λ ¼ MACpri λ � EC � POC ¼ OC=EC½ �pri � EC ð6Þ

The MRS method estimates the primary ratios (e.g., [OC/EC]pri,
MAEpri) by investigating the inherent independence between a primary
pollutant (e.g., EC) and a secondary component (e.g., SOC, Babs_aging)
during atmospheric aging (Sun et al., 2020; Wu et al., 2018; Wu and
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Yu, 2016). A description of the MRS method has been detailed in Wu
et al. (2018), and a computer program was built in Igor Pro
(WaveMetrics, Inc. Lake Oswego, OR, USA) for its easy application
(Wu, 2017a). The EC from the thermo-optical analyzer and 4-hours
mean Babs from AE31 are used as input variables. The correlation be-
tween EC andBabs_agingwas examined and theMACobtained at themin-
imum R2 was taken as MACpri. Assuming that MACpri varies
continuously in a reasonable range of 0.1 to 50m2 g−1, a series of R2 (be-
tween EC and Babs_aging) values can be plotted against the desired
MACpri (Fig. 2). Considered as a primary light absorption due to soot
particles, Babs_pri is well correlatedwith the ECmass. Inversely, Babs_aging,
due to the coating of particles formed during atmospheric transport and
its variability, depends on the coating thickness, independently of the
EC mass. As a result, the minimum R2 (between EC and Babs_aging)
would correspond to the best MACpri of the dataset representing the
overall MACpri from different primary emission sources instead of
MACpri from a single primary source as for ([OC/EC]pri) in the EC tracer
method (Wu et al., 2018; Sun et al., 2020).

Notably, the estimated Eabs with the MRS is not affected by system-
atic MAC bias due to EC variability and Babs overestimation (Wu et al.,
2018). In the latter study, the performance of theMRS approachwas in-
vestigated in response to the systematic MAC bias during a 1-year mea-
surement campaign at a suburban site in the Pearl River Delta region of
China, with EC concentrations four times higher (2.66 ± 2.27 μg m−3)
than those measured at NAOK (Mbengue et al., 2018). Only a small ef-
fect of EC variability and Babs overestimation on the Eabs estimation
was found (Wu et al., 2018). In the present study, however, the
MACpri_660 estimation by the MRS approach was found to be sensitive
to fluctuations in the measured EC. The frequency distribution of ambi-
ent EC was examined for model parameterization for the present site
(Fig. S1), and outliers in the data (n=20, 0.3%) were identified and ex-
cluded from the dataset. The comparison ofMACpri_660 before, and after,
the treatment shows that the non-clearance of the outliers can lead to a
MACpri_660 decrease by a factor up to 2 (Fig. S2a, b), resulting in an over-
estimation of Eabs_660, particularly in summer (August).

2.5. Estimation of the secondary organic carbon (SOC)

The EC tracermethod has beenwidely used to estimate the SOC con-
tribution to the total OC concentration. As stated in Eq. (6), the determi-
nation of [OC/EC]pri is crucial for the estimation of SOC. Classical
approaches for determining [OC/EC]pri include the use of a minimum
OC/EC ratio during a study period, or the lowest measured OC/EC ratios,

Image of Fig. 2
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ambient OC and EC concentrations dominated by the influence of pri-
mary source emissions, and atmospheric concentrations of OC and EC
at times when little photochemical activity occurred (Cabada et al.,
2004; Castro et al., 1999; Pio et al., 2011; Strader et al., 1999; Turpin
and Huntzicker, 1995, 1991; Wu and Yu, 2016).

In this study, MRS was applied to estimate [OC/EC]pri using EC and
OC as input variables (Wu and Yu, 2016). Similar to MACpri, an Igor
Pro-based computer program (WaveMetrics, Inc. Lake Oswego, OR,
USA) (Wu, 2017b) was used for the MRS estimation of [OC/EC]pri
and SOC. As for MACpri, the correlation (R2) between measured EC
and estimated SOC was investigated assuming a series of hypothetical
[OC/EC]pri values varying from 0.1 to 10. Considering the independency
between EC and SOC, the minimum R2 (between EC and SOC) would
correspond to the best [OC/EC]pri of the dataset.

In Mbengue et al. (2018), [OC/EC]pri of 1.89 in summer was esti-
mated by inspecting OC versus EC scatter plots (Pio et al., 2011) using
the 20% lowest measured OC/EC ratios under low photochemical activ-
ity (between 06.00 and 10.00 UTC). For comparison, the MRS method
was applied to the summer data during the morning period between
6:00 and 10:00 (Fig. S3). The estimated [OC/EC]pri by the MRS method
(1.74) was consistent with the previous estimate using the lowest 20%
measured OC/EC ratios (difference < 10%). Therefore, the MRS method
can be used for [OC/EC]pri estimation at the rural background site.

2.6. BrC absorption estimation

2.6.1. WDA method and Mie-modeled absorption Ångström exponent
The absorption Ångström exponent (α) is generally used to describe

the spectral dependence of light absorption (Bond et al., 2013; Harrison
et al., 2013; Kirchstetter et al., 2004; Sandradewi et al., 2008; Vaishya
et al., 2017) and it can also provide insight regarding the potential
sources of BC. α can be calculated as follows:

α_370=880 ¼ −
log Babs_370

Babs_880

� �
log 370

880

� � ð7Þ

The contribution of BrC to the absorption coefficient using theWDA
method is estimated by comparing α calculated using the AE31 mea-
surements and those estimated by Mie calculations (Leskinen et al.,
2020; Wang et al., 2016). In this study, α was calculated for the 370
and 880 nm (α_370/880) and 660 and 880 nm (α_660/880) wave-
length pairs, and the WDA referred to Δα_λ was determined as in
Eq. 8 (Wang et al., 2016):

Δα_λ ¼ α_370=880−α_660=880 ð8Þ

The Δα_λ values for each observation were compared with the
Δα_λ values calculated using the Mie simulation. The Mie calculations
were performed using a computer program written in Igor Pro
(WaveMetrics, Inc. Lake Oswego, OR, USA) (Wu, 2017b; Wu et al.,
2018). The model simulation was simplified by assuming a constant
density for spherical particles and both core diameters (Dcore) and
shell diameters (Dshell) constrained in the range of 10–3000 nm (Wu
et al., 2018). The Mie simulation was performed adopting a core-shell
model whichmore represents the reality (coating due to the aging pro-
cess), with the refractive index (RI) of 1.85–0.71 for soot core and 1.55
for the coating material (Wu et al., 2018).

For particles smaller than 200 nm, the modeled α_660/880 varied
from 1 to 1.3, which is consistent with the reported values for BC parti-
cles close to unity (Kirchstetter et al., 2004; Sandradewi et al., 2008;
Vaishya et al., 2017). For particles >200 nm, α_660/880 decreased sig-
nificantly, showing a strong size dependence of α for larger particles
(Fig. S4). In addition, other RI values were modeled, with similar results
regarding the dependence of α_660/880 on α for particles over
100–200 nm (Fig. S5).
5

2.6.2. Ångström exponent law
When measuring with a multiwavelength aethalometer, the light

absorption measured at the near-infrared wavelength region (880 nm)
is mainly attributed to BC if dust is absent (Leskinen et al., 2020).
Knowing the α for BC, its contribution to the absorption coefficient at
shorter wavelength (370 nm) can be calculated using the Ångström
exponent law (Eqs. (9) and (10)) (Leskinen et al., 2020):

Babs370_eBC

Babs880_eBC
¼ 370

880

� �−αeBC

ð9Þ

Babs370_eBC ¼ Babs880_eBC � 370
880

� �−αeBC

¼ Babs880 �
370
880

� �−αeBC

ð10Þ

The Ångström exponent of unity has been widely adopted in the lit-
erature for BC particles (Kirchstetter et al., 2004; Sandradewi et al.,
2008; Vaishya et al., 2017). However, using a fixed value for the αeBC

may not reflect α for ambient-coated or internally mixed BC particles,
which may be influenced by particle characteristics, including particle
size (Fig. S4) and chemical composition (Kirchstetter et al., 2004; Lack
and Langridge, 2013; Wang et al., 2016). Consequently, the use of
α=1 for eBCmay lead to an underestimated or overestimated Babs370_BrC.

In this study, Babs370_eBC (Eq. (10)) was estimated by comparing this
traditional method (αeBC = 1) with the method of Wang et al. (2016)
using the lowest and the highest Δα_λ for the estimation of the
α_370/880 as in Eq. (11):

α_370=880 ¼ α_660=880−Δα_λ ð11Þ

The contribution of BrC to light absorption can be obtained by
subtracting Babs370_eBC calculated in Eq. (10) from the measured absorp-
tion coefficient by the aethalometer at 370 nm (Babs370) as follows:

Babs370_BrC ¼ Babs370−Babs370_BC ð12Þ

and the relative contribution of BrC to the Babs370 can be calculated as the
ratio between Babs370_BrC and Babs370.

2.7. Source area analysis

The geographical origins of local and distant sources affecting the
NAOK receptor site and their contributions have been explored by com-
bining the conditional bivariate probability function (CBPF) and poten-
tial source contribution function (PSCF) analyses.

A CBPF polar plot shows the variation of a pollutant concentration in
relation to wind speed andwind direction. It allows the identification of
the direction in which potential sources are located and the transport
characteristics of pollutants (Uria-Tellaetxe and Carslaw, 2014). In this
study, a CBPF analysis (Uria-Tellaetxe and Carslaw, 2014) was per-
formed using the openair package (Carslaw and Ropkins, 2012) in R
(R Core Team, 2020). For the calculation, the 75th percentile was used
as a threshold, so in the CBPF, the probability of the concentration be-
tween the 75th and 100th percentiles was calculated for wind speed
and direction in each season.

The PSCF calculates the conditional probabilities to assess the contri-
bution of a geographical location of the potential sources affecting the
receptor site. For the PSCF analysis, 72-h airmass back trajectories arriv-
ing at 100 m above ground level (AGL) were calculated every 6 h using
the HYSPLIT_4 model (Rolph et al., 2017; Stein et al., 2015) and meteo-
rological data from the Global Data Assimilation System (GDAS) archive
information with a resolution of 1° × 1°. For the PSCF calculation, the
split and openair R packages were used. For the PSCF, the 75th percen-
tile was also used as a threshold, and weighting with the 20 data points
set as the minimum in each grid cell was applied (Zíková et al., 2016).
The PSCF, as well as the gridded difference was plotted, and the differ-
ence compared the percentage of air masses in a grid point for all data
to a subset of data with a concentration over the 90th percentile.



Fig. 3. Correlation between eBC in PM10 and EC in PM2.5 measured at the NAOKduring the
whole period and for different seasons. The insert table shows eBC to EC ratio for different
seasons: mean (±std) and median (in brackets). p = 0.000 for all seasons.
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2.8. Auxiliary measurements

Additional measurements were also performed at the station during
the campaign (Table S1), including meteorological parameters
(temperature, wind speed, and direction), PM10 concentration (by
radiometry-beta ray absorption), particle number size distribution
(scanning mobility particle sizer, SMPS, TROPOS, Leipzig, Germany),
trace gases such as NO2 and NOx (chemiluminescence), SO2 (UV-photo-
metric), and CO (IR abs. spectrometry).

From the data, the temporal trend was estimated using the TheilSen
function within the openair package (Carslaw and Ropkins, 2012). For
the calculations, the de-seasoned version of the test was applied on
the daily averages of absorption parameters, PM2.5 and PM10 concentra-
tions as well as on the SMPS data (total number, volume, andmass con-
centration in the size range 10–800 nm).

3. Results and discussion

3.1. EC in PM2.5 vs eBC in PM10

At NAOK from 2013 to 2017, eBC in PM10 correlated well with EC in
PM2.5 (R= 0.90) and the concentrations are comparable with themean
(±std) eBC/EC ratio of 1.22 ± 0.44 for the entire period ranging from
1.13 ± 0.34 to 1.34 ± 0.55 in individual seasons (Fig. 3). The relatively
lower correlation between measured eBC and EC in summer might be
due to the lower EC measured in summer (Mbengue et al., 2018), but
also to the influence of BrC attributed absorption (Sections 3.3 and 3.4).

There was no significant difference between the measured EC in
PM2.5 and eBC in PM10 (p < 0.05) at NAOK. This result suggests that
Table 1
Overall, annual and seasonal mean (±standard deviation) and median (in brackets) values me

Babs_660 [Mm−1] MACeBC_660 (m2 g−1) MACPM_660 (m2

Whole period 4.74 ± 3.97 (3.52) 7.84 ± 2.79 (7.77) 0.50 ± 0.27 (0.4
2013 5.88 ± 4.45 (4.67) 9.51 ± 3.59 (9.08) 0.61 ± 0.38 (0.5
2014 5.50 ± 4.50 (4.15) 8.33 ± 2.15 (8.13) 0.53 ± 0.23 (0.4
2015 4.26 ± 3.20 (3.30) 7.69 ± 2.23 (7.66) 0.47 ± 0.23 (0.4
2016 3.88 ± 3.20 (2.94) 6.65 ± 2.63 (6.36) 0.45 ± 0.25 (0.3
2017 4.31 ± 4.03 (2.77) 6.71 ± 2.28 (6.47) 0.47 ± 0.25 (0.4
Winter 4.74 ± 3.97 (3.52) 1.03 ± 1.10 (0.72) 0.50 ± 0.27 (0.4
Spring 6.46 ± 4.86 (5.38) 0.91 ± 0.78 (0.74) 0.65 ± 0.23 (0.6
Summer 4.87 ± 4.43 (3.43) 1.04 ± 0.70 (0.93) 0.46 ± 0.32 (0.4
Autumn 2.60 ± 1.37 (2.33) 0.79 ± 0.69 (0.56) 0.30 ± 0.11 (0.2
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there should be no significant difference between Babs of eBC in both
size fractions (PM2.5 and PM10), even though the measured size cutoffs
between the Sunset EC/OC analyzer and the aethalometer differ. Conse-
quently, EC can be taken as a representative of eBC and for the purpose
of this study, and it can be used for the determination ofMACeBC accord-
ing to Eq. (2). Notably, BC is exclusively associated with fine particles,
while the coarse fraction is dominated by mineral dust (Clarke et al.,
2004) whichmay scatter light, leading to an overestimation of light ab-
sorption (Leskinen et al., 2020). This approach has previously been used
by Zanatta et al. (2016), who used Babs and ECmeasured in different size
fractions of PM to estimateMACeBC at different European regional back-
ground sites of the ACTRIS network (Aerosols, Clouds, and Trace Gases
Research InfraStructure; http://www.actris.eu).

3.2. Temporal characteristics of absorption properties

3.2.1. Inter-annual variability
The overall mean Babs, MACPM, and MACeBC measured at 660 nm at

NAOK were 4.74 ± 3.97 Mm−1, 0.50 ± 0.27 m2 g−1 and 7.84 ±
2.79 m2 g−1, respectively. The annual mean values decrease slightly
over the five years (Table 1) (Table S2). When comparing the overall
mean Babs_660, MACPM_660, and MACeBC_660 values to individual years, a
statistically significant (p < 0.05) decreasing trend was found using
the TheilSen function. A further statistically significant (p < 0.05)
trend was found in PM2.5 and in total volume concentrations of atmo-
spheric aerosol particles in the size range from10 to 800nm, and in con-
trast, no trendwas found in EC, OC, and PM10 concentrations. Therefore,
the changes in absorption properties can be linked to changes in the size
distribution of fine aerosol particularly in the submicron fraction, rather
than to the total mass or composition.

Babs_660 measured at NAOK falls within the range of 3.7 to 11Mm−1

measured at 637 nm in different Central Europe background sites and
British Isles (Zanatta et al., 2016). These authors also observed lower
values in southern Scandinavia (0.66 to 1.3 Mm−1) and in the Mediter-
ranean (2.3 to 2.8 Mm−1). Wu et al. (2018) found a significantly higher
Babs_550 value (42.65±30.78Mm−1) in polluted areas in the Pearl River
Delta.

MACeBC observed in previous studies conducted at different back-
grounds and remote sites was also compared (Fig. 4) (Table S3). The
overall MACeBC at NAOK varied from 4.78 ± 1.91 m2 g−1 (at 950 nm)
to 12.15 ± 4.05 m2 g−1 (at 370 nm) (Table S3). MACeBC measured at
660 nm and 590 nm were in the range of 7.5 to 13.3 m2 g−1 measured
at a corresponding or close wavelength (637 nm) by Zanatta et al.
(2016) during an extensive intercomparison and harmonization cam-
paign at nine European regional background sites. Comparable
MACeBC_637 were also observed in Europe by Nordmann et al. (2013)
and Pandolfi et al. (2014). Herich et al. (2011) reported significantly
higher MACeBC_660 (14.4 and 18.5 m2 g−1) at two rural sites in
Switzerland (Magadino and Payerne).

The values reported in the literature (Fig. 4) (Table S3) vary, which
could be related to the influence of various factors, including differences
in sources, chemical and microphysical properties of the particles, the
asured at NAOK for Babs_660, MACeBC_660, MACPM, PM10, EC and OC concentrations.

g−1) PM10 [μg m−3] EC [μg m−3] OC [μg m−3]

6) 17.35 ± 10.03 (14.79) 0.65 ± 0.52 (0.48) 2.86 ± 2.00 (2.36)
7) 18.17 ± 8.94 (16.46) 0.63 ± 0.47 (0.49) 2.92 ± 1.80 (2.54)
7) 18.52 ± 10.57 (15.75) 0.65 ± 0.60 (0.45) 2.91 ± 1.91 (2.46)
1) 17.31 ± 9.01 (14.98) 0.71 ± 0.56 (0.56) 3.02 ± 2.19 (2.36)
9) 16.40 ± 8.68 (14.42) 0.66 ± 0.46 (0.53) 2.61 ± 1.73 (2.20)
5) 16.52 ± 12.24 (13.25) 0.58 ± 0.49 (0.40) 2.93 ± 2.43 (2.23)
6) 18.97 ± 14.05 (13.79) 0.88 ± 0.68 (0.70) 3.65 ± 2.65 (2.86)
1) 17.95 ± 9.59 (15.24) 0.63 ± 0.47 (0.48) 2.70 ± 1.89 (2.22)
3) 16.05 ± 6.77 (14.96) 0.34 ± 0.17 (0.26) 2.28 ± 1.11 (2.12)
9) 16.65 ± 8.74 (14.79) 0.72 ± 0.49 (0.61) 2.80 ± 1.75 (2.46)

http://www.actris.eu
Image of Fig. 3


Fig. 4. Overall and annual mean MACeBC values estimated at the NAOK for different wavelengths in comparison to the reported values in the literature for different rural, regional
background and remote sites.
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mixing state of BC, atmospheric aging processes during transport of par-
ticles over a certain distance, and the techniques used tomeasure the BC
mass concentration in each study (Bond et al., 2013; Genberg et al.,
2013; Laborde et al., 2013; Liousse et al., 1993; Pandolfi et al., 2014,
2011; Yuan et al., 2020; Zanatta et al., 2016).

The MAC value (7.5 ± 1.2 m2 g−1 at 550 nm) reported for freshly
emitted or externally mixed BC (Bond and Bergstrom, 2006) is slightly
lower than MACeBC observed at shorter wavelengths (520 and
590 nm) at NAOK (9.77± 3.29m2 g−1 and 8.36± 2.82m2 g−1, respec-
tively). This might be related to the aging or coating of BC-containing
particles, consistent with the characteristics of the NAOK rural back-
ground site that is affected by aged transported aerosols.

3.2.2. Seasonal and diurnal variation in Babs and MACeBC
Babs_660 exhibited a clear seasonal trend with higher values during

colder months and lower values during warmer periods (Fig. 5)
(Table 1) (Table S4). The mean Babs_660 were two to three times higher
in winter (6.46 ± 4.86 Mm−1) than in summer (2.60 ± 1.37 Mm−1).
In spring and autumn, Babs_660 were 4.87 ± 4.43 Mm−1 and 5.16 ±
3.40 Mm−1, respectively. Carbonaceous aerosols (OC and EC) and
combustion-related trace gases (NOx, SO2, and CO) followed the same
pattern as Babs_660, with concentrations being higher in colder months
(Fig. 5b, c), suggesting that they were affected by common sources and/
or factors. A similar trend was previously observed by Zanatta et al.
(2016) in Central Europe and Scandinavia, with higher Babs_637 and EC
concentrations in winter and autumn, likely attributed to the increased
emissions from heating, and lower planetary boundary layer height.

Season-dependent wavelength dependence of Babs was also ob-
served (Fig. 6a). Babs increased at a shorter (370 nm) wavelength and
exhibited a more pronounced seasonal variation with mean values
ranging from 3.94 ± 2.04 Mm−1 in summer to 12.84 ± 9.34 Mm−1 in
winter (Table S4). During the heating season, emissions fromBB sources
may contain a large fraction of organic compounds (Kirchstetter et al.,
2004; Sandradewi et al., 2008) that may act as a coating of BC and
lead to the enhancement of absorption, especially at shorter wave-
lengths (Bond et al., 2013; Kondo et al., 2009; Lack et al., 2012). During
winter, BB tracers (levoglucosan and mannosan) showed higher
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concentrations at NAOK and were well correlated with eBC from BB
(Mbengue et al., 2020). The monthly mean variation of estimated α
was approximately 1 in summer and exhibited a higher value of 1.4 dur-
ing the heating season (Fig. 5a) because BB emissions contributed sig-
nificantly (approximately 50%) to the total eBC observed at NAOK
(Mbengue et al., 2020).

The diurnal trend of Babs_660 was stronger in colder seasons (Fig. 6b)
and exhibited amorning peak that was attributed to themorning traffic
rush hour and an evening peak that was attributed to the concomitant
effect of lower planetary boundary layer height and the influence of
BB. MACPM_660 followed similar seasonal (Figs. 5d and 6c) and diurnal
(Fig. 6d) variations as Babs_660, suggesting common sources or driving
factors.

In contrast to Babs and MACPM, MACeBC did not exhibit any distinct
seasonal (Figs. 5d and 6e) and diurnal (Fig. 6f) trends at 660 nm.
MACeBC_660 was 7.76 ± 2.09 m2 g−1, 7.86 ± 3.60 m2 g−1, 7.78 ±
2.98 m2 g−1, and 7.96 ± 2.29 m2 g−1 for winter, spring, summer, and
autumn, respectively (Table S4). Similar behavior was noted by
Zanatta et al. (2016), who did not observe any clear seasonal trend of
MAC637 in BC at individual European background sites. The lack of
seasonal trends in MACeBC_660 suggests that MACeBC_660 was likely
influenced by other components and/or factors than those driving the
seasonality in Babs and MACPM, which was probably associated with
locally emitted carbonaceous aerosols.

In this study, a seasonal variation of MACeBC appears at the 370 nm
wavelength (Fig. 6e) with the mean value varying between 11.85 ±
4.67 m2 g−1 in summer and 15.64 ± 4.67 m2 g−1 winter (Table S4).
This relatively higher MACeBC_370 observed in winter could be partly a
result of the influence of wood burning during the heating season.
This result suggests that at the rural background site, the influence of
BB is more visible on Babs and MACPM than on MACeBC, especially at
660 nm.

3.3. Contribution of BrC coatings on absorption coefficient

If Δα_λ is plotted as a function of α_660/880 for the Mie-calculations
and aethalometer measurements, the contribution of components in

Image of Fig. 4


Fig. 5. Monthly mean values for (a) Babs_660, α (370/880) and ambient temperature, (b) EC, OC concentrations and SOC/OC and OC/EC ratios, (c) NOx, SO2, CO concentrations, and
(d) MACeBC_660 and MACPM_660.
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the sample other than BC can be estimated (Fig. 7) (Fig. S6). In Fig. 7, the
Δα_λ values falling above the Mie-calculated BC region suggest the
presence of components with higher absorption at shorter wavelengths
(370 nm) than at longer wavelengths (660 and 880 nm) in the samples
(Wang et al., 2016). The Δα_λ analysis showed that the proportion of
samples with a BrC absorption (above the Mie-simulated Δα_λ range)
represents 31% of the samples collected during the entire measurement
period and 20%, 32%, 45%, and 28% during winter, spring, summer, and
autumn, respectively (Fig. S6). The presence of BrC can be attributed
to the influence of BB emissions in winter and/or the formation of sec-
ondary organic aerosols, especially during summer. The higher propor-
tion of samples with BrC absorption can lead to absorption
enhancement, as discussed in Section 3.4.

The BrC-attributed absorption at 370 nm estimated with the adop-
tion ofα=1 (Babs370_BrC_α1) was compared to the estimate with an av-
erage α of 0.5 to1.3 obtained from the lowest and the highest Δα_λ
(Babs370_BrC_Δα_λ) (Wang et al., 2016). The estimated Babs370_BrC_α1
values agreed reasonably with the median of the lowest and highest
Babs370_BrC_Δα_λ (Table 2). The overall mean Babs370_BrC_α1 was
2.10 Mm−1 and Babs370_BrC_Δα_λ ranged from 0.70 Mm−1 to
3.35 Mm−1. The BrC-attributed absorption at 370 nm was higher in
winter (Babs_370_BrC_α1 = 2.62 Mm−1 and Babs370_BrC_Δα_λof 0.83 to
5.02 Mm−1) and lower in summer (Babs_370_BrC_α1 = 0.77 Mm−1 and
Babs370_BrC_Δα_λ of 0.65 to 1.57 Mm−1). The higher BrC-attributed ab-
sorption at 370 nm is consistent with the increased contribution of BB
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during the heating season and, therefore, with the higher α observed
during this period.

The overall relative contribution of Babs370_BrC_α1was 16% of the total
absorption and ranged from 12% in summer to 19% in winter. Similar
values (12%–19%) were reported by Li et al. (2018) at a rural site in
China. The Babs370_BrC_α1values were lower than the estimated
Babs370_BrC_Δα_λ values, ranging from 13% to 41%. The contribution of
Babs370_BrC_Δα_λobserved in this study is consistent with Wang et al.
(2016) using multiwavelength absorption aerosol optical depth
(AAOD) observations from the AERONET network and ambient mea-
surements of absorptionwith aethalometers at different sites. These au-
thors measured the global contribution of BrC as up to 40% of the total
absorption in the UV spectra, ranging from 10% to 30% at most sites.
During a year-long measurement campaign at a suburban site in
Nanjing (China), Leskinen et al. (2020) found that 25.3% of the samples
with non-BC absorbers contributed to 27% of the total absorption.

3.4. Absorption enhancement factor (Eabs)

Atmospheric aerosols can undergo different transformation and
transport patterns, whichmay result in enhanced light absorption. Dur-
ing the 5-year measurement campaign, the overall mean Eabs_660 was
1.35 0.46. A seasonal variation in Eabs_660 was observed, with a maxi-
mum reached in August (Fig. 8). The mean Eabs_660 were 1.18 ± 0.27,
1.16 ± 0.34, 1.59 ± 0.60 and 1.41 ± 0.42 for winter, spring, summer,

Image of Fig. 5


Fig. 6. Seasonal variations of a) Babs, c) MACPM, e) MACeBC, and g) Eabs for different wavelengths and diurnal trends at 660 nm (b, d, f and h).
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and autumn, respectively. The Eabs values reported in the literature vary
depending on the emission source, physicochemical properties of the
primary aerosols, and atmospheric aging (Sun et al., 2020; Wu et al.,
2018). The Eabs_660 values estimated in this study are comparable to
those reported at 870 nm during the winter campaign at a Central
European rural background site (Melpitz, Germany) by Yuan et al.
(2020) using two different methods (1.0 1.6 or 1.2 1.9). Wu et al.
9

(2018) reported an annual mean Eabs_550 of 1.50 ± 0.48, in a Chinese
suburban area, with the maximum value reached in August (1.97). A
similar trend was observed at an urban site by Sun et al. (2020) with
Eabs_520 of 1.5± 0.5 in thewet season and 1.29± 0.28 in the dry season.

The elevated Eabs_660 observed in summer may be partly attributed
to the relatively lower MACpri_660 (Fig. 8), which is sensitive to the EC
concentration (Fig. S2b), but also to the influence of larger coatings

Image of Fig. 6


Fig. 7. Estimated Δα_λ for eBC as a function of α_660/880 based on the Mie calculations
(black line) and aethalometer measurements (blue crosses) at the NAOK for the whole
period. Contributions of BrC absorption is expected for the measurements lying above
the upper limit (black line) of the Δα_λ for Mie calculations.

Fig. 8. Overall monthly mean and median Eabs_660 values and mean MACpri_660 measured
at the NAOK.
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formed on aged BC particles. While EC is chemically the same during all
seasons, OC or BrC can have different formation pathways, chemical
compositions, and optical properties depending on the season and
transport characteristics (Lee et al., 2014). During summer, increased
photochemical activity can favor the formation of internally mixed BC
with secondary organic aerosols (Krasowsky et al., 2016; Schnaiter
et al., 2005; Sun et al., 2020; Zhang et al., 2018). Such increased photo-
chemical activity is consistent with the elevated OC/EC and SOC/OC ra-
tios (Fig. 5b) and the proportionally higher fraction of samples
containing BrC observed during this study (Table 2). This result is in
agreement with the moderate correlation (R = 0.48) between SOC/OC
ratio and Babs370_BrC in summer, unlike other seasons when a weaker,
or no correlation, was found (Table S5). During summer, Babs370_BrC

seems to be slightly peaking at noon (Fig. S7), similar to SOC and O3 be-
cause of themaximumphotochemical activity and solar radiation inten-
sity reached at this time (Mbengue et al., 2018). Similarly, the
nucleation events or dayswith a newparticle formation (NPF) event de-
termined according to the methodology of Dal Maso et al. (2005) were
more frequent in summer (43%) than in other seasons (9%, 34%, and14%
for winter, spring, and autumn, respectively) (Table 2) (Fig. S8). The
high NPF frequency suggests that BC was heavily coated with other
aerosol materials in summer, and similar to Motos et al. (2020) at a
high-altitude site in Switzerland.

There was neither a clear wavelength dependence of Eabs nor a clear
diurnal variation of Eabs_600 at NAOK (Fig. 6g, h). Therefore, local BB did
not significantly affect Eabs, despite its higher contribution to BrC inwin-
ter. Similarly,Wu et al. (2018) and Sun et al. (2020) found aweakwave-
length dependence of Eabs in China's suburban and urban sites. In
contrast, Zhang et al. (2018) found a higher Eabs at 370 nm (2.25 ±
Table 2
Overall and seasonal mean values of BrC-attributed absorption at 370 nm, α, Eabs_660 and nu

Babs_370_BrC_α1 (Mm−1, %) Babs370_BrC_Δα_λ(Mm−1, %

Min

Whole period 2.10, 16% 0.70, 14%
Winter 2.62, 19% 0.83, 14%
Spring 1.88, 15% 0.60, 13%
Summer 0.77, 12% 0.65, 14%
Autumn 1.68, 13% 0.73, 15%
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0.02) than at 880 nm (1.30 ± 0.01) in winter, which was attributed to
the influence of BB at a suburban background site in Paris.

3.5. Influence of air mass origin

During the measurement period, higher Babs_660 and Babs370_BrC

values were observed under low wind speed conditions at the receptor
site duringwinter, whichwas likely associatedwith local wood burning
emissions from residential heating (Fig. S9a, b). Both Babs_660 and
Babs370_BrC also showed a higher probability of reaching over the 75th
percentile of values under moderate (5–8 m s−1) to strong (8–12 m
s−1) wind speeds from the north and the east during spring, from the
northeast duringwinter and spring, and from the southeast duringwin-
ter. The strong signal of Babs_660 observed during spring in the northeast
wind direction was also confirmed by the PSCF analysis (Fig. 9) (S12).
Apart from the spring sources in Eastern Czechia and Poland, the PSCF
showed similar seasonal patterns for Babs_660 and Babs370_BrC, with pro-
nounced sources observed in winter over Central Europe. The most
probable sources of Babs_660 and Babs370_BrC locationswere in the eastern
Czech Republic and south of Poland (Silesia region). These results
clearly suggest a strong relationship between Babs_660 and Babs370_BrC,
likely driven by BC sources, especially BB in winter. In Central Europe,
wood burning is widely used for domestic heating (Yuan et al., 2020).

The CBPF for MACeBC_660 (Fig. S9c) was comparable for all seasons,
without any clear wind speed-direction dependence, except for the sig-
nal observed during summer associated with strong north and north-
east winds. This result suggests that there are well-distributed sources
for MACeBC_660. The sources (probabilities below 0.5) were located by
the PSCF in summer over Central Europe (Czech Republic, Germany,
Poland, Austria, and Switzerland) and the North Sea (Fig. 9c)
(Fig. S10c). A lower probability source was also observed in autumn
and spring from the south, particularly in northern Italy. The PSCF plot
of MACeBC at 370 nm (Fig. S11) shows the strongest signal in winter
over Czechia and neighboring countries (Slovakia, Austria, Hungry,
and Germany), Northern Italy, and Northern France.

For Eabs_660, the highest values found during summer were associ-
ated with low to moderate wind speeds at the sampling site, mainly
cleation events (Day of NPF).

) α Eabs_660 Days of NPF

Max

3.35, 39% 1.12 ± 0.23 1.35 ± 0.46 491
5.02, 41% 1.41 ± 0.13 1.18 ± 0.27 45 (9%)
3.35, 39% 1.11 ± 0.21 1.16 ± 0.34 166 (34%)
1.57, 39% 0.90 ± 0.18 1.59 ± 0.60 211 (43%)
3.46, 38% 1.11 ± 0.18 1.41 ± 0.42 69 (14%)

Image of Fig. 7
Image of Fig. 8


Fig. 9. The PSCF of the Babs_660, Babs_370_BrC, MACeBC_660 and Eabs_660 sources calculated separately for different seasons with the seasonal 75th percentile as the limit value. The location of
NAOK is denoted with a black circle.
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from the north and northeast (Fig. S9d). Similar to MACeBC_660, the
source location was identified in summer by PSFC (Fig. 9d) and gridded
back trajectory frequencies (Fig. S10d), showing the sources of high
Eabs_660 values distributed over Central Europe, mainly in August
(Fig. S12), when a higher Eabs_660 was observed (Fig. 8). In other sea-
sons, no such pattern was observed for CBPF or PSFC. This well-
distributed source of Eabs_660 suggests that secondary aerosols formed
during photochemical activity are the main source of Eabs_660 in sum-
mer. The relatively comparable source profiles of MACeBC_660 and
Eabs_660 for different seasons support the light-absorbing coating formed
during atmospheric aging as the major driver of MACeBC at the rural
background site.

4. Conclusion

This study investigated the absorption properties of eBC during
long-term measurements at the Central European rural background
site of NAOK. The MACeBC was estimated using Babs measured by a
11
multiwavelength aethalometer and EC measured by the thermo-
optical method. The MAC enhancement factor (Eabs) was estimated by
applying the MRS in the EC tracer method, and the influence of BrC on
the light absorption coefficient was explored by combining different
methods applicable for long-term field campaigns.

The annual mean Babs, MACPM, and MACeBC measured at NAOK
slightly decreased during the 5-year measurement period, which can
be related to changes in size distribution in the submicron aerosol.
The Babs and MACPM exhibited clear seasonal and diurnal trends at all
wavelengths, with the mean values doubling in winter compared to
summer, likely associated with the significant contribution of BB
(50%) to the total eBC observed at NAOK during the heating season
(Mbengue et al., 2020). BrCwasdetected in 31% of the samples collected
during the entire measurement period, and BrC-attributed absorption
can contribute up to 40% of the total absorption measured at 370 nm
at the rural background site. In contrast, MACeBC did not have a distinct
temporal trend at the near-infrared wavelength, suggesting the influ-
ence of factors other than those affecting Babs and MACPM seasonality,

Image of Fig. 9
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probably local combustion sources. MACeBC exhibited a seasonal varia-
tion at shorter wavelengths (370 nm), where the influence of BrC
from BB was more visible. During winter, the mean Eabs_660 was
1.18 ± 0.27, and there was no clear wavelength dependence, despite
the influence of BB emissions. The Eabs_660 increased to 1.59 ± 0.60 in
summer, likely due to BC coating by secondary aerosol fractions formed
during an atmospheric aging of particles transported over Central
Europe.

The comparable source location estimation (CBPF or PSFC) of
MACeBC_660 and Eabs_660 supports the light-absorbing coating materials
(especially BrC) formed during atmospheric aging as a major driver of
theMACeBC_660measured at the regional background site. However, fur-
ther field investigations of the composition of the coatingmaterials and
themixing state of the BC particles are needed to better characterize the
light absorption properties and to understand uncertainties related to
the estimation of BC radiative impacts.
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