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ABSTRACT

A reliable determination of equivalent black carbon (eBC) mass concentrations derived from filter absorption
photometers (FAPs) measurements depends on the appropriate quantification of the mass absorption cross-
section (MAC) for converting the absorption coefficient (baps) to eBC. This study investigates the spa-
tial-temporal variability of the MAC obtained from simultaneous elemental carbon (EC) and b,ps measurements
performed at 22 sites. We compared different methodologies for retrieving eBC integrating different options for
calculating MAC including: locally derived, median value calculated from 22 sites, and site-specific rolling MAC.
The eBC concentrations that underwent correction using these methods were identified as LeBC (local MAC),
MeBC (median MAC), and ReBC (Rolling MAC) respectively. Pronounced differences (up to more than 50 %) were
observed between eBC as directly provided by FAPs (NeBC; Nominal instrumental MAC) and ReBC due to the
differences observed between the experimental and nominal MAC values. The median MAC was 7.8 + 3.4 m? g!
from 12 aethalometers at 880 nm, and 10.6 + 4.7 m? g'1 from 10 MAAPs at 637 nm. The experimental MAC
showed significant site and seasonal dependencies, with heterogeneous patterns between summer and winter in
different regions. In addition, long-term trend analysis revealed statistically significant (s.s.) decreasing trends in
EC. Interestingly, we showed that the corresponding corrected eBC trends are not independent of the way eBC is
calculated due to the variability of MAC. NeBC and EC decreasing trends were consistent at sites with no sig-
nificant trend in experimental MAC. Conversely, where MAC showed s.s. trend, the NeBC and EC trends were not
consistent while ReBC concentration followed the same pattern as EC. These results underscore the importance of
accounting for MAC variations when deriving eBC measurements from FAPs and emphasize the necessity of
incorporating EC observations to constrain the uncertainty associated with eBC.

1. Introduction

Black Carbon (BC) is one of the key targets for current research on air
quality (AQ). The definition of BC is highly reliant on the measurement
techniques employed, and one of the main challenges in this regard is
the lack of a systematic approach to harmonize BC concentrations ob-
tained from various measurement instruments, thus causing difficulties
when comparing data across different monitoring sites (Ciupek et al.,
2021). To address this concern, efforts to establish more standardized
methodologies for reporting atmospheric BC are required. Commonly,
BC mass concentrations are determined indirectly by optical instruments
(e.g., Bond et al., 2013). Filter absorption photometers (FAPs) such as
aethalometer (AE) and multi-angle absorption photometers (MAAP)
provide continuous BC data by measuring light attenuation from parti-
cles collected on a filter at specific wavelengths. The measured attenu-
ation is converted to absorption coefficient (ba,s) and then into
equivalent black carbon (eBC) mass concentrations using pre-defined
mass absorption cross-sections (MAC). In this case, according to Pet-
zold et al. (2013), the term eBC should be used instead of BC as a proxy
of baps when FAPs are employed.

To estimate eBC mass concentrations, harmonized measurements of
baps from FAPs and reliable determination of MAC values are essential.
The prevalent approach for converting the b,ps to eBC mass concentra-
tion involves applying the instrument manufacturers fixed MAC values
that were obtained through optical methods (Bond and Bergstrom,
2006; Snyder and Schauer, 2007). MAAP uses the constant MAC value of
6.6 m2 g'! at a nominal wavelength of 637 nm to convert the optically
measured b,ps to eBC mass concentration. The MAC value for the MAAP
at A = 637 nm were derived through the comparison of b,ps (MAAP) and
BC mass concentrations (Mpc) measurements conducted at four sites in
Germany (Petzold and Schonlinner, 2004) using the German reference
method VDI2465 Part 1 (GRM, Schmid et al., 2001). The multi-
wavelength dual-spot AE, (AE33, Magee Scientific) applies a nominal
MAC value of 7.77 m? g at 880 nm which is the reference wavelength
for providing eBC from AE instruments. The value of 7.77 m? g! at ) =
880 nm was initially determined through the comparative analysis of
optical and thermal measurements on filters loaded with refractory
carbonaceous material (Gundel et al., 1984) and traced to new optical
measurements (Drinovec et al., 2015). Older AE models, 7-wavelengths
AE31 and 2-wavelengths AE21 and AE22 (operating at 370 and 880
nm), employ a mass attenuation cross-section of 16.62 m? g at 880 nm
(Gundel et al., 1984). The ratio between the mass attenuation and ab-
sorption cross sections is the multiple-scattering enhancement factor

(Co) of 2.14 that accounts for artifacts associated with the presence of
the filter tape (Weingartner et al., 2003).

While nominal MAC values are used by FAPs for converting by to
eBC mass concentration, empirical studies revealed a wide range of
experimental MAC values across different sites. Indeed, MAC is
considerably variable and it is influenced by factors such as location e.g.,
urban, rural, and high-altitude (Salako et al., 2012; Wang et al., 2013)
BC particle size (Zhao et al., 2021), internal mixing (Cao et al., 2015;
Cho et al., 2019; Knox et al., 2009; Yuan et al., 2021; Zanatta et al.,
2016), combustion sources (Olson et al., 2015; Wu et al., 2021), selected
baps wavelengths (Mbengue et al., 2021; Srivastava et al., 2022),
monitoring periods (Ciupek et al., 2021; Ram and Sarin, 2009), and
instrument types (Kondo et al.,, 2009; Nordmann et al., 2013). For
instance, freshly emitted uncoated eBC has been reported to have a MAC
of approximately 7.5 + 1.2 m? g at 550 nm (Bond and Bergstrom,
2006), confirmed by a recent study where an average MAC of about 8.0
+ 0.7 m? g'1 at 550 nm was reported (Liu et al., 2020). However, at-
mospheric eBC particles can have a wide range of MAC values. For
example, Presler-Jur et al. (2017) reported values ranging from 6.9 to
9.4 m? g'! in different U.S. regions and seasons. Similarly, Nordmann
et al. (2013) found MAC values ranging from 3.9 to 7.4 m? g”! at 550 nm
across Central Europe, while Mbengue et al. (2021) reported a range of
7.84 +2.79m? g at 660 nm to 13.90 + 4.97 m? g! at 370 nm. Wu et al.
(2021) observed MAC values ranging from 2.71 to 5.91 m? gl at 870 nm
for different combustion sources, including biofuel stoves and diesel
trucks. Ciupek et al. (2021) reported varied MAC values at different
London sites, ranging from 7.4 to 12.6 m? g at 880 nm. Additionally,
studies by Srivastava et al. (2022), Grange et al. (2020), Pandolfi et al.
(2014), and Zanatta et al. (2016) have provided further insights into the
range of MAC values across different measurement sites and regions.

The variation of these experimental MAC values causes difficulties in
determining accurate eBC mass concentration and, consequently, in
properly representing eBC in AQ models (Grange et al., 2020; Ciupek
et al., 2021). These problems arise because using the nominal MAC from
FAPs without considering the observed MAC spatial-temporal vari-
ability can result in misleading eBC estimations (e.g., Ciupek et al.,
2021; Moschos et al., 2021; Srivastava et al., 2022). When employing a
nominal MAC, although the byp,s data might be comparable, the resulting
eBC concentrations may not be directly comparable across different
sites. For this reason, the determination of in situ MAC holds significant
importance for constraining uncertainty in eBC derived from FAPs
measurements (Kondo et al., 2009; Zhao et al., 2021). As shown here
and reported elsewhere (e.g., Ciupek et al., 2021; Mbengue et al., 2021;
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Pileci et al., 2021), having simultaneous FAPs and EC measurements
helps providing more reliable and accurate estimation of high time
resolution eBC from FAPs (Grange et al., 2020; Helin et al., 2018; Ivancic
et al., 2022; Srivastava et al., 2022).

Furthermore, the incorporation of eBC in the new European Union
(EU) directive (Council of the European Union, 2023) evidences a
growing awareness of the need to address the eBC adverse effects on
both human health and the environment (Janssen et al., 2011, Janssen
et al., 2012; Karamfilova, 2022; Kuula et al., 2022). In fact, the current
revision of the EU ambient AQ directive and World Health Organization
AQ Guideline (WHO-AQG) also emphasize the importance of monitoring
eBC concentrations to gain new insights into its impact on AQ and
climate (WHO, 2021). To incorporate eBC as a new variable in AQ
guidelines and to develop effective mitigation strategies, it is crucial to
estimate its mass concentration in a consistent way throughout the air
quality monitoring networks (AQMNs) with minimal uncertainties. In
response to these growing demands for standardized and reliable esti-
mation of eBC, various initiatives have been undertaken by research
infrastructures such as ACTRIS, EURAMET (STANBC, 2023) and the
Working Group WG35 of the European Committee for Standardization
(CEN). These entities have highlighted the significance of harmonizing
eBC measurement procedures to ensure consistency and comparability
of data across different monitoring networks and within research
studies. Through their efforts, comprehensive recommendations and
guidelines are being developed to establish robust protocols, including
various sampling techniques, instruments, and data processing meth-
odologies (ACTRIS-ECAC, 2022). Here we present a robust, sensitivity
analysis of MAC values and eBC mass concentration to support these
guidelines.

2. Methodology

In this study, we quantified the mass concentrations of eBC through
in situ MAC assessment at 22 sites to: i) normalize eBC observations
across the sites and ii) propose more advanced methods to determine
site-specific eBC mass concentrations. These objectives align with the
aim of measurement consistency and minimizing instrument-to-
instrument variability observed in the intercomparison of FAPs (Asmi
et al., 2021; Cuesta-Mosquera et al., 2021; Helin et al., 2018; Miiller
et al, 2011; Pileci et al., 2021). Furthermore, our approach uses
different levels of correction schemes for eBC estimation including the
determination of median MAC value for the 22 sites and site-specific and
rolling regression MAC values. The rolling approach has been recently
suggested by Grange et al. (2020) and consists of continuous EC mea-
surements over an extended period. It was proposed to be an efficient
way to refine eBC mass concentrations. Within this context, the primary
focus of this study was to perform a comparative analysis between
various methods to estimate eBC mass concentrations. Following this,
site-specific MAC values can be determined for each of the 22 sites
where EC concentration data were available. Additionally, this study
explored potential long-term variations in experimental MAC across the
sites.

2.1. Measurement sites

Out of the 50 European monitoring sites supplying FAPs data to the
RI-URBANS project (Savadkoohi et al., 2023), 22 sites (21 EU, 1 US) also
provided EC mass concentration measurements. Table 1 presents an
overview of the sites and instruments used for in situ measurements of
eBC and b,ps from FAPs and EC mass concentrations. The 22 measure-
ment sites from 18 cities used here include urban background (UB, 13
sites), traffic (TR, 4 sites), sub-urban (SUB, 2 sites) and regional back-
ground (RB, 3 sites) sites (Fig. 1).
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2.2. Instrumentation

In this study, the employed FAPs were the AE33 (9 out of 22 sites)
and the MAAP (10 out of 22 sites). Additionally, three sites (LND_UB,
LND_TR, and ROC_UB) provided data using the AE22 or AE21 models.
The EC mass concentrations were measured using thermal-optical
organic/elemental carbon, OC-EC Sunset analyzers either offline or
online (Karanasiou et al., 2020). MAAP instruments account for
compensation of filter-loading-induced artifacts, that impact the bgps
calculation (Petzold and Schonlinner, 2004), simultaneously measuring
the intensity of light transmitted through the aerosol-loaded filter tape
and scattered back from the filter spot, and subsequently converts these
data to particle light absorption. The MAAP specifies a measurement
wavelength of 670 nm, although its actual wavelength is 637 nm (Miiller
et al., 2011). The default setting for the MAC is 6.6 m2/g, enabling the
conversion of optically measured b,ps data into eBC mass concentra-
tions. The AE33 dual-spot Aethalometer (Magee Scientific) measures
light attenuation (can) through aerosol-loaded filter tape and de-
termines byps at seven distinct wavelengths (370, 470, 520, 590, 660,
880, and 950 nm) using an assumed wavelength-dependent MAC and a
wavelength independent filter multiple-scattering parameter (Cg). The
AE33 converts the optical absorption coefficients into eBC mass con-
centrations using a nominal MAC value of 7.77 m?/g at 880 nm and
default Cy values that depend on the filter tape used (e.g. Savadkoohi
et al., 2023). Filter loading effects are measured and corrected online
using algorithms implemented in AE33 (Drinovec et al., 2015). Older AE
models such as the AE22, and AE21 were used at three sites (i.e.,
LND_UB, LND_TR, and ROC_UB) to measure cary through the filter at
two (AE22, and AE21; 370 and 880 nm) wavelengths using an
instrument-derived mass attenuation cross section value of 16.62 m2/g
at 880 nm. However, these models required a manual post-processing
correction for loading effects, and algorithms for correcting this arti-
fact have been developed and tested by different researchers (Collaud
Coen et al., 2010; Virkkula et al., 2007; Weingartner et al., 2003). More
detailed information on these techniques can be found in previous re-
ports (e.g., Drinovec et al., 2015; Miiller et al., 2011; Petzold et al., 2005;
Petzold and Schonlinner, 2004; Savadkoohi et al., 2023).

2.3. Data processing

Over the long-time span of the compiled datasets, the minimum data
coverage was one year to the maximum twelve years. Fig. S1 visualizes
the distribution of eBC dataset, including data coverage, data capture,
and missing data from FAPs at 22 sites. Regarding FAPs measurements,
Level 2 quality assured/quality checked (QA/QC) data from the EBAS
database (EBAS, https://ebas.nilu.no/) were used for three sites
(LEJ_TR1, GRA_UB and IPR_RB). For the other sites, data providers
directly supplied hourly averaged data as either NeBC mass concentra-
tions, or baps. To ensure the comparability of measurements across the
sites, data were processed using harmonized measurement protocols
according to the ACTRIS recommendations for reporting byps from FAPs
(Miiller and Fiebig, 2018a, 2018b). More details of the methodology
employed to derive b,ps and subsequently estimate eBC mass concen-
trations are available in detail in Fig. 2 of Savadkoohi et al. (2023). For
most monitoring sites, NeBC concentrations were directly supplied by
data providers and used for defining the byps. In cases where b,y data
were provided (BER_TR, ZUR_UB, PAY _RB, ATH_SUB), eBC mass con-
centrations were determined by employing nominal MAC values and
harmonization factors (H*). This harmonization process involves the
application of instrument-specific H* factor to convert the light atten-
uation captured by FAPs into b,ps. ACTRIS H* factors have been estab-
lished to ensure consistency and comparability of by, data for different
instruments and measurement sites (Miiller and Fiebig, 2018a; Laj et al.,
2020; Miiller et al., 2011; Zanatta et al., 2016). Further details regarding
the appropriate selection of the Cy and the standardized H* factors can
be found in Savadkoohi et al. (2023). As previously mentioned, AE33
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Table 1

Characteristics and instrumental details of the 22 measurement sites supplying eBC and EC mass concentrations data. Table contains detailed information such as the location of each site, the type of the site (UB, Urban
Background; TR, Traffic; SUB, Suburban Background; RB, Regional Background), the FAPs used for measurements, and specific measurement details. Finland (FI), United Kingdom (UK), United States (US), France (FR),
Spain (ES), Greece (GR), Germany (DE), Switzerland (CH), Italy (IT), Czech Republic (CZ).

Site City- Station Acronym Coordinates Data provider Cut-off FAPs Wavelengths Nominal EC measurement Thermal-optical Cut-off EC
Country Type eBC (€3] MAC (m?/g) method: Online/ protocol
offline
Palau Reial Barcelona- UB BCN_UB 41.387, IDAEA-CSIC PM10 MAAP 637 nm 6.6 Offline EUSAAR-2 PM;o
ES 2.115
UGR Granada- UB GRA_UB 37.18, —3.58 Universidad de Total MAAP 637 nm 6.6 Offline EUSAAR-2 PM;o
ES Granada
Longchamp Marseille- UB MAR_UB 43.305, AtmoSud-LCE PM2.5 AE33 880 nm 7.77 Offline EUSAAR-2 PM;
FR 5.394
Dresden- Dresden- UB DDW_UB 51.036, LfULG PM1 MAAP 637 nm 6.6 Offline EUSAAR-2 PM;
Winckelmannstrasse DE 13.730
North Kensington London-UK UB LND_UB 51.521, Imperial College PM2.5 AE22 880 nm 7.77 Offline QUARTZ until 01/Feb/ PM; until 27/
-0.213 2016, EUSAAR2 from Feb/2019, PM; 5
03/Feb/2016 from 01/Mar/
2019
Rochester Rochester- UB ROC_UB 43.146, NYS Dept of PM2.5 AE21 880 nm 7.77 Offline IMPROVE-A PM, s
us —77.542 Environment
Bollwerk Bern-CH TR BER_TR 46.951, EMPA PM2.5 AE31- 880 nm 7.77 Offline EUSAAR-2 PMy 5
7.441 AE3
Kaserne Zurich-CH UB ZUR_UB 47.378, EMPA PM2.5 AE31- 880 nm 7.77 Offline EUSAAR-2 PM, s
8.530 AE33
NOA Athens-GR UB ATH_UB 37.973, NOA PM10- AE33 880 nm 7.77 Offline EUSAAR-2 PMy 5
23.718 PM2.5
Villa Ada Rome-IT UB ROM_UB 41.932, CNR-ISAC PM1 AE33 880 nm 7.77 Offline EUSAAR-2 PM, 5
12.507
Pascal Milan-IT UB MLN_UB 45.464, Arpa Lombardia PM10 MAAP 880 nm 7.77 Offline EUSAAR-2 PM;o
9.188
Dresden-Nord Dresden- TR DRD_TR 51.064, LfULG PM1 MAAP 637 nm 6.6 Offline EUSAAR-2 PM;o
DE 13.7413
Maékeldnkatu Helsinki-FI TR HEL_TR2 60.196, HSY PM1 MAAP 637 nm 6.6 Offline EUSAAR-2 PM;
24.952
Mitte Leipzig-DE TR LEJ_TR1 51.344, TROPOS PM10 MAAP 637 nm 6.6 Offline EUSAAR-2 PM;o
12.377
Marylebone Road London-UK TR LND_TR 51.522, Imperial College PM2.5 AE22 880 nm 7.77 Offline QUARTZ until 01/Feb/ PM;, until 08/
—0.1546 2016, EUSAAR2 from Oct/2019, PM 55
03/Feb/2016 from 10/Oct/
2019
Demokritos Athens-GR SUB ATH_SUB 37.99, 23.82 NCSR PM10 AE33 880 nm 7.77 Online EUSAAR-2 PM, 5
Sirta Paris-FR SUB PAR_SUB 48.7086, LSCE/INERIS PM1 AE33 880 nm 7.77 Offline EUSAAR-2 PM, s
2.1588
Ispra Ispra_IT RB IPR_RB 45.8, 8.633 EC-JRC-IES PM10 MAAP 637 nm 6.6 Online EUSAAR-2 PM, 5
SMEAR II Hyytiéla-FI RB SMR_RB 61.847, University of PM10 MAAP 637 nm 6.6 Online EUSAAR-2 PMy 5
24.295 Helsinki
Payerne Payerne- RB PAY RB 46.813, EMPA PM10 AE31- 880 nm 7.77 Offline EUSAAR-2 PMy 5
CH 6.944 AE33
Prague Suchdol Prague-CZ UB PRG_UB 50.1268, ICPF PM10 MAAP 637 nm 6.6 Online EUSAAR-2 PM;
14.384
UMH Elche-ES UB UMH_UB 38.2785, Universitat Miguel PM10 AE33 880 nm 7.77 Offline EUSAAR-2 PM;o
0.6878 Hernéandez de Elche

0 32 1oOYPDADS W

£6S801 ($20Z) SST IPUOLDULIU] FUIULOLAUT
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Fig. 1. Location of the cities and type of 22 monitoring sites with eBC and EC mass concentration measurement data being supplied to this study, UB, urban

background; SUB, suburban background; TR, traffic; RB, regional background.

instruments were already equipped with online factor loading correc-
tions (Drinovec et al., 2015), while data obtained from older AE models
(AE21 and AE22) were corrected offline by the data providers. Specif-
ically, the correction scheme proposed by Turner et al. (2007) was
applied to the AE21 data from ROC_UB (Rattigan et al., 2013), whereas
the scheme introduced by Virkkula et al. (2007) was applied to the AE22
data from LND_UB/LND_TR. The AE31 data from ZUR_UB, BER_TR and
PAY RB has been compensated for the filter-loading using schemes
introduced by Drinovec et al. (2015) and Weingartner et al. (2003).

2.4. Mass absorption cross-section (MAC) of equivalent black carbon

The procedure used to obtain in situ MAC from the collocated

measurements of EC and b,y at each site is summarized in Fig. 2. MAC
values obtained using this method are hereafter referred to as experi-
mental or site-specific MAC. To construct the necessary dataset for
analysis, the AE and MAAP measurements were aggregated to match the
EC time resolutions. Unlike the continuous measurements of eBC ob-
tained from FAPs, the EC observations were available with varying
sampling intervals spanning from 1 to 12 days and different time reso-
lutions typically ranging from 1, 3 to 12, or 24 h. Considering this, the
dates corresponding to both EC and eBC observations were matched,
resulting in creation of a self-consistent database (see step 1, Fig. 2). No
efforts were made to impute or interpolate missing observations, and
incomplete data were excluded from the datasets to mitigate potential
errors. Data processing and statistical analysis were performed using R
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Data preparation using hourly
averaged eBC & EC Aggregating eBC & EC to daily Pairing identical dates with both
observations being sampled resolution EC and eBC observations
Type of every 1, 4 to 12 days
instrument
Adjusting b, delivered by _
2 MAAP (% =670 nm) b,,s (MAAP) _(S)C X 6.6 X 1.05
to (A= 637 nm) (a)
OC/EC
analyzer ( 3 Using b,, determined by Calculating the site specific MAC
I AE33, AE21 and AE22 E— _ . Abs* (Mm™1)
| (% =880 nm) values at A=880 nm; ECaem
MAAP
—_—
| Using b, determined by Calculating the site specific MAC
abs — p A -1
MAAP (A =637 nm) values at A=637 nm; me_a)
AE33 EC (ngm=3)
. . . b,,s (A= 637 or 880 nm) ) . .
AE21 5 Calculating MAC u?mg Rolling aggregated to daily values and Time wm.dow wa-s cons.ldered 14
mean regression (c) regressed against EC days, with the right alignment
AE22 Trend lvsis using Theil-S - eBC/EC mass concentration
6 rein analysis {Jsmg i e't' en | 5 . ReBC (Rolling corrected MAC)
slope regression estimator - Experimental local MAC

Fig. 2. The overall scheme by which to process corrected and normalized eBC mass concentrations in order to obtain site-specific MAC values. More details are
provided in Sections 2.4. (a): 637 nm is the reference wavelength of the MAAP to derive MAAP- equivalent absorption coefficient; (b): 1.05 is the correction factor to
the true wavelength (637 nm); (c) Efficient Rolling/Windowed Operations using “zoo” and “RcppRoll” R packages.

statistical computing software. Specifically, the following packages were
used: openair (Carslaw and Ropkins, 2012), zoo: S3 infrastructure for
regular and irregular time series (Zeileis and Grothendieck, 2005), the
‘ReppRoll” package (Ushey, 2022) and other R data analysis packages
that enabled efficient rolling computations.

Given that eBC and EC particles are mostly submicron, variations in
the cut-off inlets for their measurements would introduce minimal un-
certainty and the overall accuracy of eBC and EC measurements should
remain relatively unaffected. Moreover, the reported uncertainty for the
babs of MAAP at 637 nm is 15 %, as stated by Zanatta et al. (2016) and
Miiller et al. (2011), while Petzold and Schonlinner (2004) have re-
ported uncertainties of 12 % for b,ps at 637 nm. Additionally, Valentini
etal. (2021) and Yus-Diez et al. (2021) and references herein, reported a
possible overestimation of the b,ps from MAAP compared to other non-
reference techniques for measuring absorption. Regarding the AE33,
uncertainties of around 15 % and 25 % have been reported for b,,s and
eBC, respectively (Rigler et al., 2020). The uncertainty of the estimated
MAC for MAAP, according to Zanatta et al. (2016), is around 29 % when
EC is measured with EUSAAR-2 Protocol. In our study, the uncertainty
associated with the MAC at 880 nm is estimated to be around 30-35 %
considering the use of filter types M8020 and M8060 and the reference C
values as discussed by Yus-Diez et al. (2021). Despite the additional
uncertainty in the absorption measurements provided by AE33 due to
variations of the C factor, we use the term MAC in this work irrespective
of the FAP used for its calculation to be consistent with the terminology
widely used in literature for reporting mass absorption cross section.
Taking this into account, the additional aforementioned uncertainties in
the measurements of baps can be minimized by continuously correcting
the calculated eBC with simultaneous EC measurements following the
CEN standards (European Committee for Standardisation, 2017).

Moreover, the uncertainties associated with EC measurements,
arising from both offline and online methods, cannot be disregarded in
the determination of experimental MAC. As previously estimated, the
deviation in EC average concentrations between Semi-Continuous and
offline analyzers was quantified at 18 %, following the procedures
outlined in the EN 16909:2017 standard (Karanasiou et al., 2020).
Furthermore, a laboratory-to-laboratory variability of 10 % in EC data
has been reported by Rigler et al. (2020). This is associated with

uncertainties related to the OC-EC split point, influenced by aerosol type
and chemical composition and charring of organic material in thermal
optical methods (Karanasiou et al., 2020; Rigler et al., 2020). Earlier
studies have indicated a range of uncertainties in EC determination,
spanning from 2 to 7 %, in accordance with the EUSAAR-2 protocol in
Europe (Cavalli and Putaud, 2010; Karanasiou et al., 2015).

To obtain the experimental MAC values at each site, the by,s wave-
lengths from the MAAP (637 nm), AE33, AE21, and AE22 instruments
(880 nm), were used. The calculations were performed using the equa-
tions outlined in steps 3 and 4 of Fig. 2. The determination of experi-
mental MAC was obtained as the ratio of the b,,s to EC mass

concentration “MAC* = ’[*é’c]"’. This calculation was performed using the

averaged baps over a 24-hour period (Grange et al., 2020; Laborde et al.,
2013; Pileci et al., 2021). An alternative approach to account for tem-
poral variations in MAC is the implementation of a rolling simple least-
squares linear regression model, which relates daily aggregated bgps
values to corresponding EC concentrations, resulting in rolling mean
MAC values. Grange et al. (2020) previously applied this method and
demonstrated its potential for achieving consistent results. Applying this
approach to the compiled datasets allowed for comparisons between
NeBC and ReBC mass concentrations obtained through the rolling
method (see step 5; Fig. 2). For the rolling mean regression technique
(Zeileis and Grothendieck, 2005), a 14-day right-aligned time window
was selected appropriate, differing from a 180-day center-aligned win-
dow used by Grange et al. (2020). The choice of window size depended
on the data’s sample size and periodicity, with shorter windows suitable
for shorter intervals and larger windows for longer ones. More detail on
the rolling method is provided in the supplementary information, where
a sensitivity study is performed (Fig. S2).

The numbers of observations used to calculate the site-specific MAC
were not consistent across the sites. For example, the EC filter samples
collected at the HEL TR2 site consisted of only 38 daily observations,
which may not be representative of the area (Helin et al.,, 2018).
Conversely, the sites PAR_SUB and IPR_RB had the highest number of
compiled EC observations which can provide more robust statistical
confidence. To study the statistical significance of variations in the mean
of the experimental MAC in different seasons, we initially performed a
normality test to examine the homogeneity of variances among various
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sites and seasons. This step aimed to determine the appropriateness of
selecting either the parametric analysis of variance (ANOVA) or the non-
parametric Kruskal-Wallis test, followed by the Dunn’s test. The selec-
tion of an appropriate statistical approach was contingent upon the
fulfillment of assumptions regarding the data distribution and homo-
geneity of variances.

2.5. Trend analysis

The method employed for the trend analysis (step 6; Fig. 2) was a
Theil-Sen slope regression estimator, a robust, non-parametric estimator
provided by the openair R package (Carslaw and Ropkins, 2012). The
aim of this analysis was to assess the statistical significance and slopes of
long-term trends in NeBC, ReBC and EC mass concentrations, as well as
the experimental MAC at 637 or 880 nm. Theil-Sen method accurately
calculates 95 % confidence intervals, even when dealing with non-
normal data and non-constant error variance, and it is also resilient to
outliers. Only monitoring sites that had at least 9 years of continuous
eBC and EC mass concentration data, with a minimum of 75 % valid
measurements during that period, were considered for the trend analysis
(i.e., BCN_UB, ROC_UB, IPR_RB, PAR SUB, and ZUR_UB).

3. Results and discussion

3.1. Spatial variability of experimental mass absorption cross-section
(MAC)

Fig. 3 shows box plots of the experimentally determined MAC for
MAAPs and AEs, normalized through concurrent EC measurements by
site typology. The internal black solid line within the boxplots indicates
the median value, distinguished by instrument type and measuring
wavelengths (637 nm and 880 nm). The distribution and spread of these
box plots provide the range of EC-derived MAC values and their vari-
ability. The MAC variability over the sampled sites was not geographi-
cally dependent and no consistent pattern was observed in the deviation
of the experimental MAC values. The median experimental MAC value
of 10.6 + 4.7 m? g! (range: 7-14 m? g’}; Fig. 3) was obtained for MAAP
measurements at 637 nm across 10 sites. This experimental median MAC
value is close to the value of 10.0 m? g ! previously proposed by Zanatta
et al. (2016) for MAC, using data from European RB sites measured from
FAPs at 637 nm. The median MAC value of 7.8 & 3.4 m? g! (range: 5-12
m? g'lg Fig. 3) was determined at 880 nm for AE measurements at 12
sites (see Fig. 3). The relative percent deviation from the median, ob-
tained as 16 % for MAAP, whereas AEs deviated by 37 %. Despite the
large variability of the reported MAC, it is important to note that the
median AE33 MAC reported here (7.8 m? g1 is very close to the nom-
inal AE33 MAC of 7.77 m? g'! at 880 nm. However, despite this simi-
larity, the nominal eBC reported by the AE33 is overestimated by around
50 % due to the filter multiple-scattering parameter (Co) as the main
source of uncertainty (e.g., Savadkoohi et al., 2023). In the case of the
MAAP, the eBC reported by the MAAP is mostly affected by the nominal
MAC used (6.6 m? g'l) which is much lower compared to the MAC value
of 10.6 m? g1 reported here.

3.2. Site-specific mass absorption cross-section (MAC)

Table 2 contains the site-specific MAC values presented in Fig. 3.
According to the data presented in Table 2, among the urban sites, the
highest site-specific MAC values were observed at PRG_UB, MLN_UB,
DDW _UB, and GRA_UB. To consider the potential contributors, MLN_UB,
has been previously recognized to be influenced by the emissions from
biomass burning (BB) specifically during winter (Mousavi et al., 2019).
DDW _UB is located 1.7 km away from the city center, is grouped into the
strongly traffic influenced site and is usually influenced by the plumes of
BC originating from domestic heating in Eastern Europe (Sun et al.,
2020, 2019). In GRA_UB, there is also a large influence of open BB for
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agricultural waste removal at the agricultural lands surrounding the city
(Casquero-Vera et al., 2021; Titos et al., 2017). This additional source
together with low wind dispersion and frequent temperature inversions
during the cold season facilitates the accumulation of aged secondary
aerosols (van Drooge et al., 2022) at this site. In PRG_UB, the sampling
site is located in a residential area prone to domestic heating at the
north-west suburb of the city, about 250 m from the nearest road, and 8
km from the international Vaclav Havel airport (Zikova et al., 2016).
Different origins of carbonaceous aerosols have also been observed at
this site mainly from combustion (biomass, coal for heating) in winter
and biogenic aerosols in summer (Vodicka et al., 2023, 2022).

Among traffic sites, higher site-specific MAC values were observed at
the HEL_TR2 and LEJ_TR1 sites. LEJ_TR1 is in a central city area along a
roadside. This site was primarily characterized by elevated particle
number concentrations (PNCs), which can be attributed to the freshly
emitted and quickly nucleated particles from traffic exhaust emissions
(Sun et al., 2020; Trechera et al., 2023). HEL_TR2 is located on the
curbside of a busy traffic street referred to as street canyon (SC,
Makelankatu) in Northern Europe. Air quality at this site has been re-
ported to be influenced by high traffic density (Barreira et al., 2021;
Helin et al., 2018). Between the two SUB sites, ATH_SUB showed an
elevated MAC in contrast to PAR_SUB that can be attributed to both
traffic-related and BB sources (Diapouli et al., 2017). This station is
exposed to transported pollutants originating from the urban area of
Athens under most atmospheric conditions (Gini et al., 2022). Among
the RB sites, the observed high MAC value at IPR_RB, can be attributed
to local emissions, local meteorology, long-ranged transport, and its
topography (Pandolfi et al., 2018; Putaud et al., 2014). PAY_RB showed
a high MAC value. In previous studies, a significant increase in MAC
values at PAY_RB was observed, possibly due to instrument artifacts.
This increase coincided with instrument replacement in June 2016, after
which MAC values showed reduced variability (Grange et al., 2020).
Alternatively, sites like ZUR_UB, BER_TR, MAR_UB, and PAR _SUB
exhibited low MAC values, indicative of potential influence from diverse
sources of eBC, and other specific characteristics of the sampling site,
such as local emissions, meteorological conditions, and geographical
features.

Fig. 4 presents the frequency distribution of the experimental MAC
values at 637 and 880 nm based on instrument type across 22 sites
throughout the entire measurement period with a skewness bias at
ZUR_UB, BER_TR, MAR _UB, and PAR_SUB. Notably, both MLN_UB and
IPR_RB showed a greater degree of dispersion in the distribution pattern.
The underlying factors that contribute to the bimodality in some sites as
PAY RB, BER_TR and ROM_UB may indicate the presence of distinct
sources contributing to the observed MAC values representing different
physical or chemical processes affecting baps. This might be linked to
seasonal or temporal variations or arise from instrument-related factors
or measurement artifacts. The variation in the standard deviations of
MAC values, indicates changes in average aerosol characteristics on a
regular basis, which are generally influenced by varying sources that
may differ between summer and winter seasons.

Understanding the temporal and spatial variability in MAC requires
considering studies using similar measurement techniques, e.g., MAAP
and AEs, at consistent wavelengths. Direct comparisons might be diffi-
cult due to site differences, seasonal variations, and measurement
methodologies. Experimental MAC values in the literature were mainly
reported from short-term campaigns, limiting direct site-to-site com-
parisons. In addition, seasonal changes affect eBC emissions and there-
fore, MAC, emphasizing the need for long-term measurements to derive
site-specific MAC values. These variations relate to aerosol composition,
instrument responses, and time-dependent factors (Ram and Sarin,
2009; Yuan et al., 2021). Heterogeneous carbonaceous species from
different sources impact MAC, especially wood burning and other
biomass sources (Laborde et al., 2013; Wu et al., 2021; Yuan et al., 2021;
Zhang et al., 2020). Meteorological conditions, such as temperature,
influence MAC (Srivastava et al., 2022), but this correlation varies by
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Fig. 3. Variability in experimental MAC at instrument-specific wavelengths (MAAP: 637 nm; AEs: 880 nm) across 22 sites categorized by site type (UB, urban
background; SUB, suburban background; TR, traffic; RB, regional background). The upper panel correspond to AEs at 880 nm, while the lower panel correspond to
MAAP instruments at 637 nm. The solid black line represents the total experimental median MAC for 12 AEs at 880 nm (7.8 + 3.4 m? g'l) and 10 MAAPs at 637 nm
(10.6 + 4.7 m? g'1). Box-and-whisker plots depict the 25th and 75th quartiles, with the median indicated by a notched inner line. The mean is represented by the red
points within the box plots. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



M. Savadkoohi et al.

Table 2

Site-specific experimental MAC values for 22 monitoring sites obtained as the
ratio of the b,ps to EC mass concentration at the instrument specific wavelengths
AE 880 nm; MAAP 637 nm.

Sites FAPs Site-specific MAC [ng’l], AE 880 Number of
nm; MAAP 637 nm observations
BCN_UB MAAP 9.6 + 2.6 1035
GRA_UB MAAP 10.4 + 3.3 391
ROC_UB AE21 7.2+28 1390
ATH_UB AE33 6.1 + 4.0 1244
MAR_UB AE33 51+1.7 120
DDW_UB MAAP 10.4 + 4.1 179
LND_UB AE22 8.8 +2.6 1565
BER_TR AE31- 5.7+ 3.5 350
AE33
ZUR_UB AE33 4.9+ 23 338
ROM_UB AE33 8.8 +3.1 43
MLN_UB MAAP 11.2+ 6.5 1142
PRG_UB MAAP 14.0 + 3.7 296
UMH_UB AE33 7.3+21 136
HEL_TR2 MAAP 12.4 + 4.7 38
LEJ_TR1 MAAP 13.8 + 4.6 164
DDN_TR MAAP 9.6 + 2.6 181
LND_TR AE22 9.7 +1.8 1856
ATH_SUB AE33 10.1 +£ 2.3 513
PAR_SUB AE31- 55+3.0 2190
AE33
SMR_RB MAAP 7.3 +4.7 432
IPR_ RB MAAP 10.8 + 4.4 3945
PAY RB AE31- 12.4 + 4.1 494
AE33

region (Pandolfi et al., 2014). Coating materials, more prevalent in
summer, and BC mixing states can significantly affect MAC values
(Mbengue et al., 2021, 2020; Pandolfi et al., 2011, 2014; Zanatta et al.,
2016; Zhao et al., 2021). Size-dependent MAC variations were also
found to be source-specific (Bond and Bergstrom, 2006; Conrad and
Johnson, 2019; Knox et al., 2009; Kondo et al., 2009).

3.3. Seasondlity of the experimental mass absorption cross-section (MAC)

Fig. 5 presents the seasonal variation of MAC across different sites. As
already noted, the MAC and its variation strongly depends on source-
dependent eBC, physical properties as morphology, size, internal mix-
ing and coating, among others. Other factors as the cross-sensitivity to
scattering (Yus-Diez et al., 2021) could add additional uncertainty on
the measured baps and consequently on the MAC. Yus-Diez et al. (2021)
observed that high single scattering albedo (SSA) of the particles
collected on the filter tape can cause an increase of Cy (cross-sensitivity
to scattering). However, according to Yus-Diez et al. (2021), no cross-
sensitivity to scattering was observed in BCN_UB when contrasted
with a regional background station (Montseny, MSY) and a mountaintop
station (Montsec, MSA). This divergence was attributed to the consis-
tently low SSA in BCN_UB. Such a pattern may potentially represent a
general characteristic observable across our UB and TR-influenced sites
(e.g. Laj et al., 2020). Thus, we consider that the cross-sensitivity to
scattering could make marginal contribution and, in any event, falls
within the overall uncertainty. A detailed description of the aforemen-
tioned physical factors causing the observed MAC seasonal cycles falls
beyond the scope of this paper, primarily due to the necessity for
additional detailed observations. These include, but are not limited to,
comprehensive PM chemical speciation, single eBC particle character-
ization, scattering measurements, and concurrent monitoring of MAAP
and AE measurements, for instance, as studied in Yus-Diez et al. (2021,
2022). Consequently, where feasible, we reference previously published
works to interpret the observed cycles.

In addition, there has been reported different degrees of influence
attributed to dust interactions on seasonal pattern of MAC in different
geographical regions, such as Spain, Greece, Italy and Germany
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spanning from March to August (Athanasopoulou et al., 2016; Diapouli
et al., 2016; Flentje et al., 2015; Gini et al., 2022; Gobbi et al., 2019;
Pandolfi et al., 2014; Querol et al., 2019; Varga et al., 2014). Indeed,
intense desert dust episodes (DDE) can affect the measured b,p,s and
consequently the calculated eBC concentrations. For example, Ripoll
et al. (2015) have shown the effects of intense DDE on MAAP mea-
surements performed at a high-altitude remote site in NE Spain (Mon-
tsec; MSA) where the concentrations of eBC are usually low. In fact, the
mass absorption efficiency of dust particles is much lower compared to
that of eBC (and especially in the visible range) and, consequently, an
effect of dust on byps measurements during DDE can be significant where
eBC concentrations are low. Moreover, the imaginary refractive index
(indicating the absorptive properties of a particle) of dust particles is the
highest in the UV spectral region and strongly decreases toward the
visible/near-IR spectral range. The wavelengths used in this study for
eBC determination, 637 nm (MAAP; visible) and 880 nm (AE; near-IR),
are consequently less affected by dust absorption compared to the UV
spectral region. Thus, at urban sites, where eBC is expected to dominate
the bgps, a significant effect of DDE on eBC concentrations is not ex-
pected. However, despite a potential minor impact of dust at 880 nm, it
cannot be entirely ruled out, particularly when the cut-off for by, is
PM; . For this reason, we examined the influence of dust events on the
calculated local MAC in Eastern Mediterranean Basin with frequent in-
fluences of dust (Sahara) such as ATH_SUB site using nephelometer data
available in EBAS for Demokritos to detect dust days (using scattering
Angstrom exponent SAE < 1). Based on Fig. S3, the presence of 190 days
of dust event observations did not apply a dominant influence on our
dataset from 2017 to 2020. This comparison is evidenced by the
calculated r? values when contrasting datasets that include all days,
those excluding dust events, and those comprising only dust event ob-
servations. The exclusion of data related to dust events did not produce
substantially different MAC values compared to those derived from the
complete dataset. Moreover, as recently stated by Savadkoohi et al.
(2023), particularly at UB sites such as BCN_UB, where eBC is expected
to dominate the by,ps, the influence of sporadic desert dust on eBC con-
centrations is comparatively minimal over long timescales as evidenced
by the correlation between eBC and NO, concentrations at BCN_UB.

Fig. 5 shows that the seasonal dependency at the UB sites followed
different patterns, with elevated MAC values during the spring and
summer or winter seasons depending on the site. ROC_UB exhibits
significantly higher MAC values during the summertime compared to
winter that might be attributed to local recreational wood burning
(Masiol et al., 2019; Wang et al., 2012). At the ATH_UB site, monthly
variations appear to be linked to the impact of BB, particularly during
December to February in contrast to June to August. However, this
variation does not attain statistical significance. GRA_UB showed
significantly higher MAC values in winter that can be associated with
open BB emissions of agricultural residues and domestic heating fueled
by biomass sources in the rural area of Granada during the colder
months (Lyamani et al., 2011; Titos et al., 2017). ZUR_UB showed low
seasonality (i.e., not significant) compared to other Swiss sites that has
been previously reported by Grange et al. (2020). Typically, summer-
time baps measures in Swiss sites have been reported to to be higher than
those observed during wintertime. However, this seasonal variation has
been reported to coincide with intra-instrumental variations, suggesting
a plausible instrument artifact, possibly indicative of a slow degradation
in sensitivity (Grange et al., 2020).

The BCN_UB site showed a seasonal fluctuation in MAC, character-
ized by comparatively elevated values in the summer. The results of
statistical tests indicate a significant difference between summer and
both spring and autumn. In contrast, the summer period has been pre-
viously characterized by a higher prevalence of available material for
coating, such as seconday organic aerosol (SOA), as well as an increase
in shipping emissions in BCN_UB (Pandolfi et al., 2020; Via et al., 2021).
A more pronounced seasonal variation during winter and spring was
observed at the MLN_UB site with statistically significant differences
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noted in winter vs. spring and summer vs. spring. However, Mousavi
et al. (2019) has reported only slight seasonal changes in the MAC at
880 nm for the same site during three distinct seasons over 2017-2018.
Their observation aligns with the outcomes of earlier studies by Zotter
et al. (2017), indicating that MAC values are more influenced by the
measurement location and site characteristics than by the season. At the
PRG_UB site, the deviation observed in the fifth month is attributed to
the annual biomass burning event that takes place during first May night
in Czechia (Vodicka et al., 2022). The increase in MAC during the tenth
month is linked to the start of the heating season, typically occurring in
mid-October.

Divergent seasonal patterns at the TR sites indicated data dispersion
without uniform similarities across these sites. In BER_TR, as well as the
ZUR_UB site, seasonal fluctuations were apparent in the MAC values. In
Bern, a significant difference in the mean MAC was observed between
the winter and autumn, as shown in Fig. 5. However, this difference was
not found to be statistically significant in winter compared to the sum-
mer. The observed high temporal pattern of MAC in summer, as previ-
ously documented by Grange et al., (2020), can be attributed to higher
baps measurements during the summer compared to winter. However, it
is important to note that this pattern may not exclusively be linked to an
increase in MAC but may also be pertinent to EC measurements at this
particular site. Considering the four TR sites in this study, the seasonal
pattern was found to be more pronounced at LND_TR as shown in Fig. 5.
The statistical analysis revealed significant differences between winter
and the other seasons at this site. This pattern aligns with the observa-
tions of Ciupek et al. (2021) who has documented a clear seasonal
variation with a reduction in MAC values during the winter. This winter
decrease in MAC has been reported to be associated with the changes to
the SOA concentration and a combination of other changes in the
physical properties of atmospheric aerosols (Ciupek et al., 2021; Zhang
etal., 2018). The DRD_TR and LEJ_TR1 sites showed a more pronounced
seasonal pattern of MAC during summer compared to winter. These sites
have previously been categorized as sites strongly influenced by traffic,
sharing a similar source influence (Sun et al., 2019). Monthly variation
of experimental MAC observed in IPR_RB, exhibited a similarity to the
seasonal pattern of b,,s and EC mass concentration, as observed by
Zanatta et al. (2016) at this site. IPR_RB, which was reported to be
strongly affected by anthropogenic emissions, generally had higher EC
concentrations compared to other RB sites (Sandrini et al., 2014). Our
results found a statistically significant difference in the mean of exper-
imental MAC between winter and summer with high values observed
during the summer. A comparable and statistically significant monthly
variation in summer is also evident at SMR_RB site.

In contrast, the ATH_SUB and PAR _SUB sites showed distinct
monthly variations. PAR_SUB exhibited the lowest MAC values during
the spring months, while reaching peak levels during autumn and
winter, a trend that can be linked to increased residential wood burning
emissions during colder periods (Zhang et al., 2019). At ATH_SUB, MAC
exhibited a pronounced seasonal dependency, which was statistically
significant between summer vs. winter with higher MAC in summer.
This may be attributed to the formation of secondary sulfate and organic
aerosols during the summer which results in coatings of the MAC,
commonly referred to as lensing effect (Pandolfi et al., 2018). In other
sites (i.e., ROM_UB, MAR_UB, and HEL_TR2), the number of observa-
tions was insufficient to characterize the temporal variability of the
corresponding region. It limits the interpretation of monthly variations
and the identification of consistent seasonal patterns. However,
MAR_UB demonstrated a statistically significant difference in experi-
mental MAC between winter and summer, considering the available
number of observations. Overall, the results of the mean analysis
methods employed to assess the significance of differences in experi-
mental MAC for various seasons, using both parametric (ANOVA) and
non-parametric (Kruskal-Wallis) tests, revealed distinct patterns of p-
values across 22 sites. Detailed p-values for all sites are provided in
Table S1, while Fig. S4 visually depicts the difference in the mean
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experimental MAC in different seasons, presented with a 95 % confi-
dence interval.

3.4. Impact of chosen MAC value on estimation of eBC mass
concentration

Considering the observed variations in MAC values among the
monitoring sites and the presence of strong seasonal dependency, NeBC
mass concentrations were recalculated from b,ps at 637 and 880 nm.
This correction method was performed using median MAC from 22 sites,
site-specific MAC, and site-specific rolling MAC (regression). Subse-
quently, the corrected eBC mass concentrations obtained through these
methods were named: MeBC (using median MAC), LeBC (local MAC),
and ReBC (Rolling MAC) respectively. Fig. S5 shows the monthly vari-
ations of NeBC, MeBC, LeBC, and ReBC mass concentrations. The dif-
ference is seen to be quasi constant throughout the months. This pattern
was consistently observed across all other sites, showing variations and
relative percentage differences (RPD%) in both MAAP and AEs mea-
surements. RPD% were computed to quantify the degree of variability
between NeBC and ReBC, as well as between NeBC and MeBC. The sites
PRG_UB, ROM_UB, UMH_UB, MLN_UB, DRD_UB, and LND_TR showed
the highest RPD% in descending order.

The variation estimated to reach up to 70 % when comparing NeBC
to ReBC. Moreover, it is important to note that employing MeBC derived
from median MAC at sites without EC measurements may introduce
certain errors. The RPD of NeBC and MeBC varied within the range of
26-67 % (see Fig. S5). In addition, the mean absolute error (MAE) values
of MeBC and ReBC are presented in Table S2. As shown in Fig. S5, the
corrected eBC mass concentrations were highly sensitive to the uncer-
tainty and variability associated with the chosen MAC value. Especially,
LeBC aligned more closely with the ReBC. Nevertheless, MeBC exhibited
a substitution that occasionally coincides with the rolling and site-
specific approaches; conversely, in certain cases, it aligns either below
or above the results of the other two methods, reflecting the relatively
high uncertainty in use of constant MAC value. However, these cor-
rected eBC values consistently remained lower than the NeBC mass
concentrations. Consequently, it can be inferred that employing a con-
stant MAC value for different sites within the AQMNs can yield
misleading results. This highlights the critical importance of employing
site-specific MAC to mitigate the potential inaccuracies produced by
NeBC mass concentration.

Among the various approaches employed here for MAC estimation,
the site-specific and rolling approaches were found to be more robust.
The rolling and site-specific methods could consider the phys-
ical-chemical attributes of each site over a period of time to estimate the
eBC mass concentration. Furthermore, as depicted in Fig. S5, median
values occasionally resulted in an overestimation or underestimation of
the eBC mass concentration when compared to the values derived from
the site-specific and rolling approaches. It is worth noting that not all
monitoring sites are able to adopt these methods due to the lack of EC
measurements. However, it is of prime interest to refine the estimation
of eBC mass concentration within research studies, as it may contribute
to significantly-improved assessments of the climate and AQ implica-
tions associated with BC particles.

3.5. eBC mass concentrations and MAC trend analysis

MAC values were not only dependent on the site and/or season but
can also have long-term changes. Studying long-term trends of experi-
mental MAC from prolonged monitoring measurements are beneficial
for robust MAC determination. Therefore, long-time series of NeBC and
EC mass concentration data from monitoring sites (specifically BCN_UB,
IPR_RB, ROC_UB, PAR _SUB, and ZUR_UB) were analyzed with Theil-Sen
slope regression for trend analysis (Carslaw and Ropkins, 2012). There
are very few published studies on the long-term trends of experimental
MAC at sites measuring EC, such as Ciupek et al. (2021). Fig. S6 shows
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statistically significant decreasing trends in eBC mass concentration
using nominal MAC across all studied sites over time. These decreasing
eBC trends were consistent with previous studies documenting long-
term eBC trends in Europe and the US (Collaud Coen et al., 2020;
Jafar and Harrison, 2021; Luoma et al., 2021; Masiol et al., 2018;
Savadkoohi et al., 2023). Similar decreasing trends in EC concentrations
were observed aligned with previous findings in other European regions.
However, there are studies reporting an increasing trend in EC con-
centration such as a rural site in the UK (Ciupek et al., 2021).

PAR_SUB (—7.64 %/year) showed the most pronounced and statis-
tically significant decreasing trends in NeBC mass concentration. This
declining pattern corresponded consistently with the statistically sig-
nificant downward trend observed in EC mass concentration at this site.
However, a modestly increasing trend (1.47 %/year) was observed in
the experimental MAC. This observation could potentially be attributed
to the relatively stable trend in eBC wood burning concentrations that
can vary depending on factors like the source of the wood, burning
conditions, and a significant decreasing trend of eBC traffic at the
PAR _SUB site, as reported by Zhang et al. (2019). Upon applying the
rolling MAC approach, a statistically significant decreasing trend
(—6.28 %/year) was observed for ReBC, although it was generally lower
than the trend observed for NeBC concentration.

At the ZUR_UB site, a modest decline in NeBC mass concentrations
(-1.9 %/year) was detected. Conversely, EC mass concentration
exhibited a statistically significant downward trend (—5.73 %/year) at
this site. The experimental MAC displayed a slight increase with a slope
of 1.57 %/year. As for PAR_SUB, this could potentially be linked to the
wood burning emissions decreasing at a lower rate in comparison to the
decline observed in traffic emissions at this site, a phenomenon previ-
ously discussed by Grange et al. (2020) for Ziirich. These findings un-
derscore the significance of considering specific emission sources and
their respective trends as important factors in understanding the long-
term variations in MAC values. By applying the rolling MAC, a pro-
nounced descending trend of ReBC was observed with annual decrease
of —4.57 % over the years 2012 to 2022.

Among all sites, the ROC_UB site showed a statistically significant
decreasing trend in NeBC concentrations at a rate of —3.76 % per year.
The estimated experimental MAC demonstrated a declining trend over
time with a statistically significant slope of —3.76 %/year. In contrast,
the EC concentration exhibited a slight increase with a slope of 1.2
%/year although not statistically significant. However, when employing
the rolling MAC, almost no statistically significant trend was observed
for ReBC at ROC_UB (0.56 %/year). This difference might be the result of
changes in emissions, evolving regulatory measures, and the potential
decline in wood-burning emissions over the years 2009-2022, suggest-
ing a possible change in EC sources as a plausible explanation for the
declining trend in experimental MAC.

At the IPR _RB site, a significant declining trend was observed in both
NeBC (—3.58 %/year) and EC concentrations (—3.53 %/year). These
trends contradicted the FAPs measurement trend for years prior to 2010,
which was reported by Putaud et al. (2014) over the 2004-2010 period.
Interestingly, MAC displayed a distinct behavior at this site, exhibiting a
slight increasing but not significant trend with a slope of 0.59 %/year.
This finding suggests that coatings might contribute to the elevation of
MAC to some degree at this site (Kalbermatter et al., 2022), influenced
by pollution from the Po Valley (Zanatta et al., 2016). Furthermore,
ReBC mass concentration also demonstrated a statistically significant
trend (—3.25 %/year) at IPR_RB.

At the BCN_UB site, both NeBC (—4.95 %/year) and EC mass con-
centrations (—3.69 %/year) displayed statistically significant decreasing
trends. This trend in NeBC concentration aligns with a recent study by
Savadkoohi et al. (2023) who reported a decrease of —4.7 % yr~! be-
tween 2010 and 2020 at the same site. Additionally, the observed trend
is consistent with the other studies that reported a significant NeBC
decrease (—18 %) from 2014 to 2018 at the same site (Via et al., 2021),
suggesting the influence of traffic emission reduction policies as a
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possible cause (Carnerero et al., 2021). Interestingly, the decreasing
trend of experimental MAC at BCN_UB was not statistically significant,
indicating a slight decrease over the measurement period. Furthermore,
our result identified a significant decreasing trend in the ReBC mass
concentration, with a slightly different slope of —4.62 %/year between
2010 and 2020.

4. Conclusions and recommendations

The primary aims of this study were i) to establish a consistent
estimation of normalized equivalent black carbon mass concentration
(eBQC) from different FAPs in different environments and ii) to examine
the variability of mass absorption cross-section (MAC) and iii) to refine
methodologies for the calculation of site-specific eBC mass concentra-
tion. This investigation was performed by analyzing the long-term
changes in experimental MAC across 22 sites, using co-located obser-
vations of absorption coefficients (baps) from FAPs and elemental carbon
(EC). The resulting median MAC values were as follows: 7.8 + 3.4 m?
g~ ! at 880 nm from 12 AEs and 10.6 & 4.7 m? g~! at 637 nm from 10
MAAPs. The median MAC from MAAP reported here closely aligns with
the MAC value of 10.0 m? g~! recommended by ACTRIS based on pre-
vious study from Zanatta et al. (2016).

The difference between the nominal MAC employed in FAPs and the
median MAC values reported in this study, was very pronounced in the
case of MAAP that uses a MAC of 6.6 m? g ! at 637 nm for reporting eBC
concentrations. Consequently, nominal eBC (NeBC) concentrations
derived from MAAP are overestimated approximately 40 % when
compared to the median MAC of 10.6 m? g~ for eBC calculation.
Contrastingly, for AE33 instruments, the nominal MAC value at 880 nm
(7.77 m? g71) closely aligns with the median MAC reported in this study
(7.8 m? g™1). Nonetheless, the primary source of uncertainty in the re-
ported nominal eBC values from AE33 instruments arises from the uti-
lization of a filter multiple-scattering parameter (Co) with a value of 1.39
in the AE33 software. This value is approximately 45 % lower than the
value of 2.44 selected for harmonizing absorption measurements from
AE33 instruments, as noted in previous studies (e.g., Savadkoohi et al.,
2023). We performed a comparison between the nominal eBC mass
concentrations provided by FAPs and the concentrations of eBC ob-
tained using various experimental MAC values, including median MAC
calculated for the 22 sites, site-specific MAC, and rolling MAC. NeBC
consistently exhibited an overestimation ranging from 40 % to 80 %.

Given the observed strong temporal and spatial variability of the
experimental MAC values reported here, we conclude that having a local
estimation of the MAC from simultaneous b,,s and EC measurements is
the best approach to reduce the eBC uncertainty. Moreover, considering
the temporal variability of the MAC, the rolling MAC can be considered
as the most appropriate conversion factor to estimate eBC concentra-
tions from optical measurements. In fact, in this case the eBC concen-
trations are continuously normalized to the concentrations of EC for
which a reference method exists (EN16909, 2017). This long-term
continuous normalization is also useful when the trends of eBC are
analyzed. Indeed, the long-term trend analysis reported here revealed
that the trend of eBC obtained using any constant MAC value (nominal,
local or median MAC) might lead to misleading interpretation of the eBC
trend if any trend in MAC is also observed. Thus, the long-term trends of
eBC explicitly mirror the EC trends only when the rolling MAC is used.

Therefore, investigating a site-specific MAC is recommended, when
and where possible, instead of relying on the nominal MAC values
provided by instrument manufacturers. To strengthen the applicability
of site-specific MAC values for improved estimation of eBC mass con-
centrations, this study recommends the use of co-located measurements
of b,ps and EC mass concentrations by expanding monitoring networks
to include regular EC sampling and periodically using EC measurements
to obtain rolling MAC. Other researchers also recommended this
approach to effectively employ b,p,s data for improved analysis and
interpretation (Ciupek et al., 2021; Contini et al., 2018; Helin et al.,
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2018; Grange et al., 2020; Salako et al., 2012). This approach addresses
two significant aspects. Firstly, it enables a more accurate estimation of
the mass concentration of absorbing particles for AQ assessment. Sec-
ondly, it facilitates the experimental determination of MAC for climate-
related studies including aerosol direct radiative forcing calculations.
However, whenever EC observations are unavailable, we recommend
applying the median MAC value of 10.6 m? g~! obtained in this work
when b,y is provided by MAAP at 637 nm and the MAC value of 7.8 m?
g*1 when harmonized by, is provided by aethalometers at 880 nm
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