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Abstract. Reliable quantification of organic carbon (OC) is essential for the comparability of long-term aerosol measurements
across monitoring networks. A multi-site intercomparison of OC measurements was conducted at three Central European
background stations, Melpitz (MEL), Frydlant (FRY), and Kos$etice (NAOK), using aerosol mass spectrometry (AMS/ACSM)
and thermal-optical transmission (TOT) methods (offline and semi-continuous). Semi-continuous and offline TOT
measurements showed high consistency across sites and seasons, suggesting negligible influence of particle size differences
on OC comparability. A pronounced seasonal contrast was observed between AMS derived OC (OCawms) and TOT based OC
(OCror). During summer, good agreement was found with OCror:OCawms Slopes of 1.27 (MEL), 0.86 (FRY), and 0.83
(NAOK). In winter, AMS systematically underestimated OC, with slopes decreasing to 0.34 (MEL), 0.24 (FRY), and 0.63
(NAOK). The discrepancy increased under combustion dominated conditions and was associated with low organic aerosol to
equivalent black carbon (OA:eBC) ratios (<<5), identifying a regime where OCams and OCror diverge substantially. Source
dependent effects were evident, with the largest deviations observed at the coal influenced site (FRY) and during long-range
transport events, while improved agreement coincided with higher OA:eBC ratios and enhanced secondary organic aerosol
formation in summer. Evaluation of potential uncertainties (including pyrolytic carbon formation in TOT and AMS related
limitations such as refractory organics and ionization efficiency) showed that no single factor explains the winter discrepancy,
suggesting combined matrix and source effects. The results show that OA:eBC can serve as a practical indicator for OC ams-

OCror agreement and provide recommendations to improve OC quantification under winter combustion conditions.

1 Introduction

Organic carbon (OC) represents a major fraction of PMz.s; when converted to organic matter (OM) using appropriate OM:0C
ratios, it accounts for approximately 20-70% of PM..s, depending on regional sources and atmospheric conditions (Jimenez et

al., 2009; Ng et al., 2010). Aerosols containing OC originate from a wide range of sources, including primary emissions from
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fossil fuel combustion and biomass burning, as well as secondary formation from biogenic and anthropogenic precursors, and
encompass a complex mixture of organic compounds with diverse chemical characteristics (Crippa et al., 2014). Accordingly,
understanding the composition and quantity of OC is critical, and numerous measurement techniques have been developed to
characterize OC in ambient aerosols (Fermo et al., 2006; Peltier et al., 2008; Cavalli et al., 2016). Large-scale atmospheric
monitoring networks such as ACTRIS (Aerosols, Clouds, and Trace gases Research Infrastructure), the European Monitoring
and Evaluation Programme (EMEP), EPA's Chemical Speciation Network (CSN), the US-based Interagency Monitoring of
Protected Visual Environments (IMPROVE), and the Global Atmosphere Watch (GAW) increasingly rely on multi-site as
well as multi-instrument measurement strategies to reliably measure OC (Solomon et al., 2014; Laj et al., 2020; ACTRIS,
2023). These networks often employ a combination of thermo-optical transmission (TOT) analysis performed both offline and
online (semi-continuous EC/OC analyzers) across various sites to ensure comprehensive, time-resolved coverage (Massabo
and Prati, 2021).

In Europe, thermal optical transmission (TOT) methods represent the standard approach for the determination of organic
carbon (OC), measuring carbon fractions on collected aerosol filters by heating samples through defined temperature protocols
(e.g., Cavalli et al., 2010; Panteliadis et al., 2015) and have been extensively applied in long-term measurements at Central
European background sites such as Melpitz (e.g., Spindler et al., 2010, 2013; Poulain et al., 2020). TOT methods may yield
different OC values under varying environmental conditions due to factors such as charring correction and temperature-ramp
design (Chow et al., 2001). In addition, sampling artifacts, such as adsorption of semi volatile organic compounds (SVOCs)
or pyrolysis of OC into char, introduce further uncertainties (Yu et al., 2002). Without cross-validation, differences arising
from calibration assumptions, sampling artifacts, and protocol-specific definitions can undermine the comparability of long-
term datasets and trend analyses (Vasilatou et al., 2025).

When OC concentrations are derived from aerosol mass spectrometer (AMS) measurements the comparison to TOT-derived
data becomes complex. AMSs do not measure OC directly but instead infer it by applying OM:OC ratios to measured organic
aerosol mass. The Aerodyne AMS, for example, detects non-refractory organic aerosol mass, and an assumed OM:OC ratio
must be applied to estimate OC concentrations (Canagaratna et al., 2015). This conversion adds uncertainty, as OM:OC ratios
can vary depending on aerosol sources and their degree of oxidation, potentially introducing systematic biases when AMS-
derived OC is compared to TOT measurements (Nault et al., 2023). These methodological differences have become identifiable
through measurement intercomparisons, which have reported notable discrepancies between OC concentrations estimated by
AMS and those obtained by traditional TOT methods (Takegawa et al., 2005; Docherty et al., 2011). Recent field studies have
emphasized these issues - for instance, an intercomparison at two sites showed that while AMS and OCTOT measurements
correlated reasonably well, their agreement deteriorated under certain conditions, with seasonal differences in slope and
correlation coefficients pointing to unresolved biases (Crenn et al., 2018). To date, however, most direct comparisons have
been limited to individual locations or short-term campaigns, and comprehensive multi-site investigations, especially across

different regions and seasons in Europe, remain scarce (Crenn et al., 2018). While some studies (e.g., Budisulistiorini et al.,
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2014; Daellenbach et al., 2016) have reported reasonable agreement between AMS-OM and OCTOT, the consistency of such
quantifications across broader spatial scales and varying meteorological conditions remains largely uncertain.

Clearly, substantial uncertainties arise from methodological differences between TOT and AMS techniques, including
detection principles, particle size cuts, vaporization efficiency, and the indirect OM-to-OC conversion required in AMS.
Therefore, the present study presents a systematic multi-site, winter-summer evaluation of OC comparability between
AMS/ACSM and TOT analysis, using both offline and semi-continuous online data from three Central European sites.
Influencing factors such as sampling artifacts, aerosol composition, oxidation state (OSc), and source-specific variability are
assessed. To place the OC analysis in a broader context, additional intercomparisons of brown carbon (BrC) are performed
across all sites and seasons. The results clarify method uncertainties and could guide and support efforts toward harmonized

OC quantification in long-term monitoring networks.

2 Methodology
2.1 Site Description

Measurements were conducted at three regional background stations: Melpitz (MEL; 51.5333°N, 12.9333°E, 86 m a.s.l.,
Germany), Frydlant (FRY; 50.9407°N, 15.0698°E, 366 m a.s.l., Czech Republic), and National Atmospheric Observatory
Kosetice (NAOK; 49.5734°N, 15.0805°E, 534 m a.s.l., Czech Republic). MEL is located northeast of Leipzig in a rural
environment, FRY is situated near the tripoint of Germany, Poland, and the Czech Republic, and NAOK lies south of Prague

in a predominantly agricultural and forested region (Fig. 1).
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Figure 1: Locations of the three regional background measurement stations used in this study: MEL, Germany; FRY and NAOK,
Czech Republic. The black lines illustrate their spatial relationship within Central Europe. Imagery © 2026 NASA, Map data ©

2026 Google. Station locations and annotations added by the authors.
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MEL and NAOK are well-established stations performing long-term physico-chemical aerosol measurement as part of, for
example, ACTRIS and EMEP networks, whereas FRY served as a temporary measurement site equipped specifically for this
project. At MEL, online instruments operated in a container connected to a PMio Anderson inlet (6 m a.g.l.) with a Nafion
dryer (RH < 30%) and isokinetic splitter (WMO/GAW, 2016). At NAOK, the ACSM used a PM:.s inlet, and the other online
instruments used PMuo inlets (4 m a.g.1.), each followed by a Nafion dryer and isokinetic subsampling. At FRY, a similar PMio
setup (4 m a.g.l.) with Nafion dryer and isokinetic flow division was applied. A detailed description of the sites, is provided in
Hornik et al. (2024) and Arora et al. (2026a). Briefly, all sites employed standardized sampling systems and instrumentation
to enable consistent aerosol characterization across the network. Given the differing source influences and infrastructure setups
across these sites, a standardized yet flexible sampling strategy was necessary to ensure intercomparability while capturing
regional variability.

2.2 Offline OC/EC Analysis

PM..s samples were collected at each station using high-volume DIGITEL DHA-80 samplers on pre-conditioned quartz fiber
filters over 12-hours interval (from 06:00 to 18:00 and 18:00 to 06:00 UTC) during the winter (February 1st - March 20th,
2021) and summer (July 1st - August 30th, 2021) campaigns. The measurement periods were synchronized across all
instruments and sites, and the data coverage for OC/EC for each campaign is illustrated in Fig. S1-S2. Filters were heated at
105 °C for 24-hours, weighed before and after sampling using a microbalance (Mettler-Toledo AT 261) and conditioned for
48 hours at 20 + 2 °C and 50 + 5% relative humidity, following EMEP standards and ACTRIS quality control.

OC and EC concentrations were determined using TOT analysis following the EUSAAR-2 protocol (Cavalli et al., 2010).
Filter punches (1.5 cm?) were analyzed with a laboratory instrument (Sunset Laboratory Model 5L, USA) equipped with a
flame ionization detector. The OC—EC split point was set automatically, and the transmittance method was applied for charring
correction of OC. Carbon evolved before the split point (including charred OC) is reported as OC, whereas carbon evolved
after the split point is classified as EC. Limit of Detection (LOD) was determined following the ACTRIS (2021) QA/QC
protocol by calculating three times the standard deviation of the field blank filters plus their mean value (LOD = 30 + mean).
The resulting LODs were 0.05 pg m™ for OC and 0.01 ug m= for EC. The relative standard uncertainty of the average OC
and EC concentrations was 12% and 18%, respectively (EN 16909:2017; ACTRIS 2021 QA/QC guidelines).

2.3 Online OC/EC Analysis

A semi-continuous TOT, OC/EC analyzer (Sunset Labs Model 4, Bauer et al., 2009) was used at all sites to measure OC. Each
instrument was operated with a dedicated sampling inlet, with size cuts of PM..s at MEL and NAOK and PM: at FRY (flow
rate 8 Ipm) and by a carbon parallel plate denuder to eliminate the influence of gas-phase organics and thus prevent a positive
bias in OC measurements (Cheng et al., 2009). It operated with a 2-hour time resolution (4-h in NAOK) and used quartz fiber
filters (16 mm diameter cuts). Analyses were performed using the shortened EUSAAR-2 protocol (Cavalli et al., 2010; Vodicka

4
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et al., 2015) and analyzed using a non-dispersive infrared detector. Automated optical corrections were applied to account for
charring effects using continuous laser transmittance monitoring, and the OC-EC split point was determined automatically by
RTCalc726 software provided by Sunset Lab. However, winter data for MEL are unavailable due to covid-19 restrictions
preventing the installation of the instrument at this site. LOD values were 0.3 pg m™ for OC and 0.2 pg m™ for EC, with

corresponding uncertainties of approximately 6% and 20 %, respectively (Bauer et al., 2009).

2.4 Non-Refractory Aerosol Composition

The chemical composition of non-refractory PM: was measured using aerosol mass spectrometers (AMS/ACSM) at each
station. MEL operated a high-resolution time-of-flight AMS (HR-ToF-AMS; DeCarlo et al., 2006), NAOK a time-of-flight
aerosol chemical speciation monitor (ToF-ACSM; Frohlich et al., 2013), and FRY a compact time-of-flight AMS (C-ToF-
AMS; Drewnick et al, 2005). Instrument operating principles, data processing, quality control procedures as well as the time
series showing data coverage of AMS/ACSM chemical species are described in Arora et al. (2026a). Organic aerosol (OA)
concentrations were measured directly by AMS/ACSM instruments, while OC was derived using established elemental
analysis approaches based on O:C and OM:OC ratios, which can be biased by vaporization inefficiencies and ion fragmentation
(Canagaratna et al., 2015). To address such biases, Aiken et al. (2008) introduced the Aiken-Ambient (A-A) method, later
refined into the Improved-Ambient (I-A) method (Canagaratna et al., 2015) to better account for composition-dependent
systematic errors. At MEL, the availability of high-resolution mass spectra enabled the use of the I-A method for more accurate
OM:OC estimation. AMS data were processed with the software packages Squirrel (version 1.65B) for Unit Mass Resolution
(UMR) and Pika (version 1.25B) for High Resolution (HR) within Igor Pro (version 9.02, WaveMetrics, Inc.). Calculations
were performed using the Igor Pika software, allowing time-resolved OM:OC ratios (Table S1) with improved ion-based
correction. Data from the ToF-ACSM at NAOK were analyzed with Tofware package (version 3.2, Tofwerk and Aerodyne
Research, Inc.). For FRY and NAOK, which used unit mass resolution (UMR) instruments, OC was estimated using the fas
signal (Org44/0rg) based on the following empirical relationships:

0:C=0.079 + 4.31 x f44 @
OM:OC = 1.29 x O:C + 1.17 @)
OCams/acsm = OAams/acsm/ OM:OC 3)

These expressions allowed for OCawms estimation across the different AMS/ACSM instruments used in the study. The average
fas, O:C, and OM:OC ratios for all three stations in both seasons are summarized in Table S1. The PM: mass concentrations
of inorganic and organic species obtained from AMS/ACSM measurements typically have an uncertainty near +25 %
(Canagaratna et al., 2007).
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2.5 Equivalent Black Carbon and Brown Carbon

Equivalent black carbon (eBC) was quantified at all sites using dual-spot aethalometers (AE33, Magee Scientific, Drinovec et
al., 2015). Light absorption at seven wavelengths was obtained using default mass absorption coefficient (MAC) values
provided by the manufacturer, and brown carbon (BrC) contributions were estimated based on wavelength-dependent
absorption properties using the Angstrom exponent approach (Sandradewi et al., 2008; Leskinen et al., 2020). A detailed

description of the calculations is provided in Text S1.

2.6 Data Quality Assurance

Data quality was ensured through regular calibration and validation procedures. Mass closure between aerosol mass
spectrometry and mobility particle size distribution measurements was assessed, and filter blanks were analyzed to correct for

potential contamination. The QA/QC approaches closely followed the protocols described in Arora et al. (2026a).

3 Results

The TOT data, the AMS-derived OC estimates, and the aethalometer-based BrC data, were intercompared across the three
sites (Table S2) to identify factors affecting their agreement, variability, and discrepancies. Variations associated with seasonal
changes, emission source profiles, and methodological limitations were analyzed by comparing total carbon (TC), OC, and
elemental carbon (EC) concentrations from offline and semi-continuous TOT methods, by assessing agreement/disagreement
with AMS-derived OC estimates, and by quantifying the optical properties of BrC using aethalometer measurements. Observed
patterns were examined in relation to air mass origin, aerosol aging, and source-specific combustion signatures, and
instrumental biases.

3.1 Intercomparison of offline and semi-continuous online TOT measurements

To evaluate internal consistency in the quantification of carbon sum parameters across sites and seasons, both offline and
online TOT measurements were compared, enabling direct comparison of TC, OC, and EC (Fig. S1; Fig. S2). As pointed
earlier, online TOT data were not available for all station-season combinations, therefore only the available cases are shown

in the following figures.

3.1.1 TC comparison

As shown in Fig. 2, for TC, winter comparisons at FRY (slope = 0.97 £ 0.06, R2 = 0.71) and NAOK (0.94 + 0.05, R2 = 0.81)
showed close agreement, similar to summer in MEL (1.01 + 0.08, R2 = 0.61) and FRY (0.80 + 0.07, R? = 0.68). The color

coding shows the course of time through the campaign and ensures that the points deviating from the 1:1 line were not confined
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to a distinct period, but were distributed across the season. This suggests that the observed agreement/disagreement was not

driven by a short-term episode or an obvious temporal drift.
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Figure 2: Comparison of TC winter and summer concentrations measured by semi-continuous (online) and filter-based (offline)
TOT methods. Panel (a) shows winter measurements at FRY (left) and NAOK (right), while panel (b) shows summer measurements
at FRY (left) and MEL (right). The dotted line represents the 1:1 line, the solid line represents the orthogonal distance fit of the data,
b = slope and a = intercept. Course of time is in color for each season.

These patterns are consistent with previous intercomparisons (Rigler et al., 2020; Bao et al., 2021), supporting the general

reliability of Sunset-based TC measurements across deployment modes.

3.1.1 OC comparison

In the following, OCorine refers to filter based offline TOT measurements, OConiine t0 Semi continuous online TOT
measurements, and OCTOT is used only when referring collectively to both TOT based datasets. For OC, winter slopes at
FRY (0.85 £ 0.06, R?2 = 0.71) and NAOK (0.79 + 0.06, R2 = 0.66) were close to unity. The summer results at MEL (0.80 +
0.09, R2=0.51) and FRY (0.88 £ 0.12, R2 = 0.62) followed a similar pattern (Fig. 3), although the lower Rz at MEL could be
attributed to enhanced SOA production. The temporal color coding shows that deviations from the 1:1 line are not confined to
specific periods, but occur throughout the campaign. Recent studies have also evaluated the comparability between OC oniine
and OCosiiine. OCorriine Measurements are often higher than OConiine measurements due to positive artifacts from gas-phase
adsorption, as observed in Italy (Malaguti et al., 2015) and California (Docherty et al., 2011), with reported discrepancies of
30-509%.
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Figure 3: Comparison of OC winter and summer concentrations measured by semi-continuous (online) and filter-based (offline)
TOT methods. Panel (a) shows winter measurements at FRY (left) and NAOK (right), while panel (b) shows summer measurements
at FRY (left) and MEL (right). The dotted line represents the 1:1 line, the solid line represents the orthogonal distance fit of the
data, b = slope and a = intercept. Course of time is in color for each season.

The magnitude of these artifacts was further assessed by Yttri et al. (2019), who found that the OC Back/OC Front ratio, a
proxy for SVOC-related artifacts, was higher at MEL (24 £ 12%) than at NAOK (12 + 4.4%). To mitigate such artifacts, the
online OC/EC analyzer was equipped with a carbon parallel-plate diffusion denuder, which effectively reduces gas-phase
interferences (Bauer et al., 2009). Multiple intercomparison studies for different TOT protocols (IMPROVE_A, NIOSH, and
EUSAAR-2) yield highly correlated results (R? > 0.96), with typical protocol-related differences less than 10% (Cavalli et al.,
2010; Bautista et al., 2015). These differences are consistent across urban and rural sites, indicating minimal site effects for
OC. Overall, these intercomparisons show that OC measurements obtained using different TOT protocols are generally highly

consistent.

3.1.1 EC comparison

In contrast to TC and OC, EC showed larger deviations between the online and offline measurements. As shown in Fig. 4, for
EC, FRY (slope = 1.20 £ 0.05, R2 = 0.85) and NAOK (slope = 1.23 £+ 0.07, R2 = 0.74) both showed strong correlations and
slopes >1, suggesting that the semi-online instrument reported slightly higher EC concentrations than the offline method,
opposite to the tendency observed for OC where online values were generally lower. In summer, the correlations were
somewhat weaker at MEL (slope = 1.26 £+ 0.14, R2 = 0.55) and FRY (slope = 1.27 + 0.11, R2? = 0.68), though the slopes

remained consistently above one.
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Figure 4: Comparison of winter and summer EC concentrations measured by semi-continuous (online) and filter-based (offline)
TOT methods. Panel (a) shows winter measurements at FRY (left) and NAOK (right), while panel (b) shows summer measurements
at FRY (left) and MEL (right). The dashed red line represents a 1:1 relationship. Course of time is in color for each season.

The agreement between the two methods was strong across sites and seasons, with only a slight positive bias in the semi-online
Sunset. Such positive slopes likely reflect calibration or charring-correction differences between the online and offline
protocols rather than systematic seasonal effects as they occur in both winter and summer measurements. Prior work
(Karanasiou et al., 2020; Zhang et al., 2021) has shown high consistency between online and offline EC measurements (slopes
~0.91-1.04; Rz = 0.77-0.94), with occasional deviations linked to optical saturation or denuder configurations. Overall, the
offline and semi-online TOT measurements showed good agreement for TC and OC across sites and seasons, while EC showed
a small but consistent positive bias in the semi-online data. These results suggest that the TOT datasets are sufficiently

consistent to serve as a reference for the subsequent evaluation of OC derived from AMS/ACSM measurements.

3.2 Influence of the mass spectra resolution to OCawms estimation

Although both AMS and ACSM can estimate particulate OC concentrations, the HR-ToF-AMS allows OC to be derived using
either UMR or high-resolution mass spectra. Therefore, before comparing OCams/acsm With the standardized method, the
consistency between the HR and UMR approaches was evaluated at MEL (Fig. S3). In winter (Fig. S3a), the two methods
were strongly correlated (slope = 1.08, R2 = 0.97), indicating that the HR-derived OA values were on average 8% higher than
from the UMR method. In summer (Fig. S3b), the correlation became even stronger compared to winter with slope = 0.96 and
R2 = 0.99, suggesting that HR-derived OA was 4% lower. These seasonal differences indicate that agreement between UMR

and HR methods to a limited extent depend on OA composition and complexity. As the UMR OC estimation is primarily based

9
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on the f44 contribution, its performance is sensitive to aerosol oxidation state and composition. The slightly larger winter
deviation may be related to a higher contribution of less oxygenated primary OA, for which the f44 based O:C parameterization
is known to be less accurate at low 44, whereas the closer summer agreement is consistent with a larger contribution of more
oxygenated OA (Canagaratna et al., 2015). In addition, small systematic differences may arise because the UMR method
cannot separate ions with the same m/z but different chemical composition, whereas HR analysis can resolve these signals
(DeCarlo et al., 2006; Ulbrich et al., 2009). These limitations may bias UMR-derived OC estimates at all three sites. However,
since the discrepancy between UMR and HR approaches remains within the uncertainty of the UMR method, similar behavior
was assumed for FRY and NAOK. Resolution dependent uncertainties should therefore be considered when comparing

OCawmsiacsm With OCror, particularly at sites such as FRY and NAOK where only UMR based data were available.

3.3 OCrort vs. OCams

Inter-method biases varying across spatial and seasonal scales were assessed by comparing AMS derived OC data (OC ams)
with OC from PM..s filter measurements (OCorriine) (Fig. 5). During winter, AMS systematically underestimated OC relative
to the OCorine at all stations, although the degree varied. Slopes at MEL (R2 = 0.78, slope = 0.34) and FRY (R? = 0.84, slope
=0.24) diverged strongly from unity, while NAOK showed better agreement (slope = 0.63 £ 0.04, R2 = 0.75). The MEL results
align with previous comparison of OC estimated from the Quadrupole ACSM with PM s daily filters over several winters
(Poulain et al., 2020).
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Figure 5: Comparison in winter (top) and summer (bottom) of OCams (PM1) with OCoftiine (PM2.s) at MEL, FRY, and NAOK. The

dotted line represents the 1:1 line, the solid line represents the orthogonal distance fit of the data, b = slope and a = intercept. Course
of time is in color for each season.
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During summer, there was better agreement between OCams and OCoriiine at all stations (MEL: R2 = 0.76, slope = 1.27; FRY:
R2 =0.72, slope = 0.86; NAOK: Rz = 0.73, slope = 0.83), with slopes generally nearer to the 1:1 line. However, MEL showed
an overestimation of OCams compared to OCoriiine. Correspondingly, the MEL results obtained with the HR-ToF-AMS are
consistent with those reported from the ACSM in a previous study comparing daily PMz.s filters (Poulain et al., 2020),
suggesting a reliable and reproducible OC estimation across instruments and years at this site. To test whether the discrepancy
between OCams and TOT derived OC is influenced by temporal resolution, OCams was additionally compared with higher

time-resolution OConiine data (Fig. 6), showing similar patterns as for the OCossiine COMparisons.
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Figure 6: Comparison of winter and summer OCAMS (PM:) with OCOnline. Panel (a) shows winter measurements at FRY (left)
and NAOK (right), while panel (b) shows summer measurements at FRY (left) and MEL (right). The dotted line represents the 1:1
line, the solid line represents the orthogonal distance fit of the data, b = slope and a = intercept. Course of time is in color for each
season.

This contrasts with previous winter studies in Tokyo (R2=0.72, slope = 1.14 + 0.08; Kondo et al., 2007) and Las Vegas (R? =
0.89, slope = 0.91; Brown et al., 2019), where stronger correlations between the two methods were reported. At FRY, where
both AMS and semi-online EC/OC analyzer used the same PM: size cut, size effects were excluded, confirming that winter
discrepancies were not caused by mismatch in particle size. Summer intercomparisons (Fig. 6) followed a pattern similar to
the OCorriine cCOMparison. At FRY, correlations were strong (R2 = 0.89) with a slope of 1.26, compared to R2=0.71 and a slope
of 0.28 in winter. At MEL (R2 = 0.87, slope = 1.39), the online OConiine Was lower than the OCawms concentrations during

summer. These summer results are consistent with previous findings in Tokyo (R? = 0.87, slope = 1.21; Kondo et al., 2007)
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and Riverside, California (R? = 0.53, slope = 1.10+ 0.15; Docherty et al., 2011), which also reported comparable agreement
between TOT and AMS based OC.

Compared with these urban studies, far fewer OC intercomparisons are available for regional background or rural type
environments. The most comparable measurements are those reported from northern France by Crenn et al. (2018). Although
the sites were not rural, they represent urban background and coastal settings with aerosol characteristics closer to those at
MEL, FRY, and NAOK than the heavily polluted megacities used in most previous comparisons. Crenn et al. observed clear
seasonal behavior in OCawms to OCoriiine regressions, with slopes of 0.68 in summer (R2 = 0.92) and 0.61 in winter (R? = 0.86)
at the urban background site, and 0.29 in summer (R2 = 0.50) and 0.50 in winter (R2 = 0.82) at the coastal site. They attributed
these discrepancies mainly to the PM: to PMa.s size cut difference between AMS and TOT and also noted contributions from
positive adsorption of SVOCs on filters, volatilization losses, uncertainties in the EC-OC split due to different thermal
protocols, and the influence of high ambient relative humidity on AMS collection efficiency. The observed discrepancies

between OCawms and OCror Were further assessed for source-specific influences, as discussed below.

3.4 Source Influence

The site and season dependent differences observed between AMS and TOT derived OC were examined for source-related
factors like air mass origin and OA:eBC ratio. These factors can reflect differences in source composition and their role in
observed variability. The potential influence of nearby emission sources was considered for each of the three measurement
locations, as local contributions may affect the relative abundance and chemical characteristics of carbonaceous aerosol at the

measurement sites.

3.4.1 Effects of Air Mass Origin on OCawms-OCrot Agreement

The strongest wintertime correlation between OCawms and OCror was observed at NAOK; however, two distinct correlation
regimes are apparent. While Fig. 5 shows the overall relationship between OCams and OCosiine, Fig. 7 Separates this
relationship according to air mass clusters, distinguishing periods dominated by long-range transport from the remaining
clusters. Previous work has shown that air-mass origin at NAOK significantly influences both PM mass and its chemical
composition (Arora et al., 2026a). Accordingly, the cluster classification from Arora et al. (2026a) was applied (Fig. S6). C1W
represents long-range westerly transport from the North Atlantic across Western Europe, and C2W southwesterly flow from
the Iberian Peninsula and Western Mediterranean. Although their mean trajectories do not extend into North Africa, the three
major Saharan dust events (5-10 Feb, 21-26 Feb, and 2-4 Mar 2021) occurred during periods dominated by C1W or C2W,
suggesting short-term synoptic variability not captured by average trajectories. Due to their association with dust events and
increased OCams-OCror discrepancies, C1W and C2W were merged to represent a long-range transport regime and compared
to the remaining clusters: C3W (North Atlantic via Scandinavia), C4W and C5W (eastern trajectories from northern

Scandinavia and the Baltics across Eastern Europe), and C6W (Norwegian Sea across northern Germany).
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During periods dominated by C1W and C2W, the slopes between OCawms and OCormiine Were substantially below unity at all
stations (MEL: 0.38, Rz = 0.86; FRY: 0.12, R? = 0.81; NAOK: 0.48, R2 = 0.95), suggesting pronounced underestimation by
AMS (Fig. 7). In contrast, when the remaining clusters were grouped, the slopes increased (MEL: 0.51, R2=0.82; FRY: 0.27,
R2 = 0.91; NAOK: 0.76, R? = 0.83), reflecting improved agreement between AMS and offline measurements, especially at
NAOK, where the slope approached unity. A consistent pattern was observed in the OConiine VS. OCams comparison (Fig. S7),
where the slopes during C1W and C2W remained markedly lower. In addition, OConiine and OCogfiine COMparison shows no
effects of the air mass origins (Fig. S8) as both datasets are based on the same TOT method further validating the discrepancies
identified in Fig. 7. Moreover, C1W and C2W were characterized by relatively mild and ventilated conditions (Table S3),
making inversion effects unlikely. Instead, these clusters correspond to faster (Table S3), long-range advection from Western
Mediterranean, consistent with the presence of externally mixed or refractory aerosol (e.g., dust and fresh combustion
products), thereby reinforcing that specific long-range transport conditions likely contributed to the observed OCawms

underestimation relative to OCror.
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Figure 7: Comparison of OCams (PM1) with OCoftfiine (PMa.s), illustrating the impact of clusters. Top panels represent Clusters 1 and
2, and bottom panels represent the rest of the clusters (3, 4, 5, and 6) for MEL, FRY, and NAOK stations during winter. The dashed
red line indicates a 1:1 relationship, b = slope, and a = intercept.

One plausible explanation for the observed wintertime OC discrepancies is the enhanced influence of dust-laden air masses,
as indicated by backward-trajectory analysis (Arora et al., 2026a). These clusters coincided with the three major dust events
and were associated with larger discrepancies between OCams and OCror measurements, reflecting the known influence of

mineral dust on both OCams and OCror quantification. Long-range transport of mineral dust introduces a significant fraction
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of refractory organic material, which is not efficiently sampled by the AMS due to the aerodynamic lens cutoff and the standard
vaporization temperature (~600 °C) (Capes et al., 2008). As a result, systematic underestimation of OC by the AMS may occur,
consistent with known biases for pyrolyzed OC fractions. Shen et al. (2019) similarly reported that the AMS is inherently
limited in its ability to characterize refractory dust cores and that organic coatings associated with mineral dust may be
underdetected, particularly when the organic mass fraction is low or the coating is thin. Furthermore, these authors noted that
non-refractory species measured by AMS may originate from particles consisting of internally mixed non-refractory and
refractory components, emphasizing that complex particle morphologies, common during dust events, can complicate AMS
quantification.

In addition to AMS-related uncertainties, carbonate content from mineral dust may affect OCrtor measurements, which can
bias OC estimates upward (Koorneef et al., 2023; Wang et al., 2025). However, this effect is mainly relevant for coarse particles
and is expected to be minor in the fine mode (Chen et al., 2021). Since air-mass origin cannot separate source from transport
effects, the OA:eBC ratio is therefore examined as a bulk indicator of combustion influence and atmospheric processing, to

assess whether these factors are associated with the discrepancies between OCawms and OCror.

3.4.2 OA:eBC Ratio

As OCauws is derived from the AMS measured organic aerosol mass (OA) using the OM:OC ratio (Eq. 3), the OA:eBC ratio,
defined as the mass of OA measured by the AMS divided by eBC from the aethalometer, acts as a proxy for dominant
combustion sources; it is lower for traffic emissions and coal combustion and higher for biomass/wood burning (Lin et al.,
2023). The ratio is also shaped by atmospheric processing, including condensation, evaporation, and aging, and was used to
relate discrepancies between OCaus and OCror to source characteristics, complementing the previously discussed cluster-
based analysis.

Figure 8 shows the comparison of OCams with OCofsiine for all stations as a color-coded function of OA:eBC, an inverse
dependency emerged. FRY showed the lowest OA:eBC ratio and deviated the most from the 1:1 line, whereas NAOK, with
the highest ratio, was closest to unity. A comparable relationship was also found for OCams versus OCoriine @s @ function of
OA:EC (Fig. S10), supporting these results. A clear seasonal contrast was evident, with lower OA:eBC values in winter (MEL
=3.06, NAOK =10.21, FRY = 1.12) than in summer (MEL =21.97, NAOK = 18.44, FRY = 12.02). This seasonal pattern has
been widely reported, as higher summer OA:eBC ratios are attributed to secondary organic aerosol (SOA) formation and
reduced fossil fuel eBC emissions (e.g., Genberg et al., 2011; Heikkinen et al., 2020; Lin et al., 2023). For example, in Finland’s
boreal forest, approximately 80 % of summer aerosol is biogenic, yielding OA:eBC > 10 (Heikkinen et al., 2020). Similarly,
at a rural site in southern Sweden, summer aerosol is dominated by biogenic organics (~80 %), whereas winter is dominated
by biomass burning (32 %) and fossil fuels (28 %) (Genberg et al., 2011). These findings are consistent with the present study,

in which all stations exhibit OA:eBC > 10 during summer.

14



360

365

370

375

https://doi.org/10.5194/egusphere-2026-2028
Preprint. Discussion started: 15 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

N
o
|
N
o
|

Winter Summer
15 — 15 30
© @
S . E) lc 25
\%’10 ] o 510 = R 20 g
. rs o) ¢ 15 o
= o = ‘ 10 8
<5 f O 5 ¢ o
§°7 g S .4 ;
{ oy
e ;
0 0 T T T |
0 5 10 15 20 0 5 10 15 20
-3 -3
OCoffiine (Mg M ) OCoffline (Mg M )

Figure 8: Comparison of OCAMS (PM:) with OCOffline (PM:.s) as a function of OA:eBC ratio during winter and summer at all
three stations combined.

OA:eBC ratios reported in the literature were also examined. At MEL, Atabaksh et al. (2023) from our laboratory found values
of 4.50 in winter and 14.68 in summer, while Pokorna et al. (2022) reported 4.94 in winter and 12.42 in summer at NAOK.
While the winter OA:eBC ratio at MEL aligns with prior studies, the values at NAOK in winter and summer are substantially
lower than the present dataset. Although higher OA:eBC ratios in summer are generally expected, local sources can modify
this trend. NAOK, for instance, shows an OA:eBC of 10.75 in winter, which is comparable to summer ratios at other sites,
owing to strong wood burning influence (Schwarz et al., 2016; Pokorna et al., 2018). Lhotka et al. (2025) reported winter
OA:eBC ratio of 4.70 at NAOK, whereas the present study recorded 10.75, reflecting short-term episodes of intense residential
combustion. Comparable wintertime OA:eBC ratios (~11) have been observed at a rural Slovenian site dominated by
residential wood combustion (Mosquera et al., 2024), consistent with the substantial OC emissions from smoldering wood
combustion and subsequent formation of secondary organic aerosol (Heringa et al., 2011).

By contrast, at FRY, where coal combustion dominates, the winter OA:eBC ratio was lowest (1.12), consistent with typical
coal burning values of 1.10 -1.30 due to higher eBC conribution (Bond et al., 2004; Lin et al., 2023). MEL, influenced by both
coal and transported biomass burning, falls in between (OA:eBC = 3.06; Atabaksh et al., 2023). Overall, winter OA:eBC ratios
reflect primary heating emissions, whereas summer ratios are governed by SOA formation. Exceptions such as NAOK,
dominated by wood burning, demonstrate that source type, rather than season alone, ultimately determines OA:eBC variability.
During winter, OA:eBC ratios below ~5 coincide with conditions where OCams and OCror are prone to substantial divergence.
Under such conditions, OC values should be interpreted with caution. This relationship is season-specific, as higher summer
OA:eBC ratios show no consistent link to the discrepancy. In addition to the influence of air mass origin and the OA:eBC
ratio, potential TOT and AMS based uncertainties were identified and quantified to assess the key factors affecting the

measurement agreement/disagreement.
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3.5 Potential method uncertainties in OC determinations

The strong seasonal patterns and site-dependent variability observed in the agreement between OCAMS and measured OC
indicate that several factors may contribute to the observed discrepancies. These likely include uncertainties related to
instrument performance, biases introduced by sampling artifacts as well as potential aerosol matrix effects. Therefore, it is
important to examine how these factors could contribute to the observed discrepancies and to what extent they influence the

comparability of OC measurements across different sites and seasons.

3.5.1 Potential method uncertainties in OC determinations

TOT estimated from the EUSAAR-2 protocol described in Cavalli et al., 2018, is still known to be subject to artifacts that can
affect the accuracy of OC measurements, although it represents a major improvement over older and less well-defined carbon
sum parameter determination protocols. As in all available methods, a major source of uncertainty is formation of pyrolytic
carbon (PC) during EC/OC analysis. During the inert He phase, part of the organic carbon can thermally decompose and form
PC. If left uncorrected, this artifact would bias OC low and EC high. The major progress introduced with EUSAAR-2 compared
with earlier protocols is therefore the optical correction of this charring contribution during analysis. Using laser transmittance,
the method tracks the return of the filter signal and assigns the pyrolyzed fraction back to OC, which substantially improves
the determination of the OC and EC carbon sum parameters (Cavalli et al., 2018). PC production is composition dependent,
with water soluble organic carbon (WSOC) rich aerosols from biomass burning, SOA, or low-rank coals such as lignite being
especially prone to charring (Yu et al., 2002). WSOC from residential solid fuel combustion has been shown to be light-
absorbing and a major contributor to PC formation (Zhang et al., 2024), while removal of WSOC by water extraction prior to
analysis can significantly reduce this artifact, with residual charring reported to decrease to <7 % of total EC after extraction
and thereby affecting the OC-EC split (Zhang et al., 2012). Although such pretreatment is not part of the standard EUSAAR-
2 protocol, its stepwise heating profile still substantially reduces pyrolysis artifacts, even in WSOC-rich samples (Haller et al.,
2021). At MEL, WSOC accounted for approximately half of the measured OC (WSOC/OC = 50 %), suggesting that a large
fraction of OC was present in water-soluble form. Such values fall within the typical range reported for atmospheric aerosols,
where WSOC commonly represents about 20-70% of OC and may reach 45-75% in biomass burning influenced particles
(Mayol-Bracero et al., 2002; Chalbot et al., 2016). Seasonal comparison showed that WSOC concentrations and WSOC/OC
ratios, determined from PMy, filter samples, were similar in winter (WSOC: 1.72 ug m=3; WSOC/OC: 51.6%) and summer
(2.16 pg m=3; 50.8%), suggesting variations in WSOC abundance are unlikely to explain the observed OC discrepancies at this
site. Comparable data were not available for FRY or NAOK.

The OC-EC split during TOT analysis represents the most sensitive step of the method, as it relies on this optical assignment
of pyrolysis products to OC rather than EC. The PC fractions, also analyzed from PM2.5 filter samples and expressed as a
percentage of TC, were elevated during winter at all sites at FRY (35%, 1.97 pg/m3), MEL (34%, 1.52 pg/ms3), and NAOK
(28%, 1.18 pg/md), demonstrating known challenges in splitting PC from EC in TOT analysis (Chow et al., 2001; Yang & Yu,
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2002). Thus, the high winter PC fractions suggest that the correction was particularly relevant under these conditions and likely
improved the OC and EC determination compared with an uncorrected analysis. However, this correction still introduces some
uncertainty because the optical signal cannot perfectly distinguish between charred OC formed during analysis and pre-existing
EC in the sample, making the OC-EC split sensitive to the correction procedure (Yang & Yu, 2002). Malm et al. (2020) showed
that this correction can overcompensate, leading to ~10% OC overestimation and ~60% EC underestimation, as part of the EC
peak might be misclassified as OC. This does not imply that the PC correction is unsuitable. On the contrary, the optical
correction is essential and represents a clear methodological improvement. The present results rather suggest that under winter
combustion-dominated conditions, residual uncertainty in the corrected OC-EC split remains larger than in summer.
Subtracting PC from winter OC improved correlations between OC ams and OCofiine (Fig. S4, slope: MEL = 0.61, FRY = 0.44,
NAOK = 1.24), but the data still deviated strongly from the 1:1 line, showing that PC related effects contribute to, but do not
fully explain, discrepancies between OCrot and OCawms. The improved summer agreement coincides with reduced PC fractions
(range at all sites: ~18-22%, ~0.5-0.6 pg m™), fewer semi-volatile and refractory organics, and decreased combustion
influence. Because NAOK already exhibited a lower PC fraction in winter compared with FRY and MEL, the seasonal decrease
is most pronounced at MEL (15%) and FRY (17%), whereas NAOK (7%) shows a smaller reduction from winter to summer.
Additional analysis of OCawms versus OCosiine as a function of PC/TC (Fig. S5) showed no dependence of the correlation on
PC fraction. Overall, PC alone cannot explain the discrepancy and additional site and season-specific factors must be
considered to fully reconcile OCams with OCror. Therefore, the practical implication is not to introduce matrix dependent split
points, but rather to retain the standardized EUSAAR-2 correction procedure and to interpret OC-EC separation with increased
caution for winter samples with high PC fractions and strong combustion influence. Under such conditions, reporting and

discussing the magnitude of PC, the split behavior, and the associated uncertainty becomes especially important.

3.5.2 AMS

Although the AMS nowadays is a key instrument for direct quantification of organic aerosol mass and bulk chemical
characteristics, the conversion of OM to OC introduces several challenges associated with AMS/ACSM techniques. These
factors can collectively contribute to the underestimation of OC using AMS data. In the UMR approach, the O:C ratio is
determined primarily from the f44 signal, which introduces additional uncertainty in OM:OC and therefore in OCaums, as
discussed earlier in Section 3.2. While these uncertainties are primarily discussed for the AMS (which were deployed at MEL
and FRY, the stations with the highest discrepancies), they also apply to ACSM measurements, as both instruments share the
same vaporization and ionization principles although differences in instrument design and sensitivity may influence the
magnitude of these effects. The most relevant sources of uncertainty, considered in this study, are listed below and are
discussed individually in the following sections:
(i) Physical and instrumental uncertainties in detecting refractory and high molecular weight organic species.

The AMS measures non-refractory organic aerosol components, and therefore does not fully capture refractory organic

material. Malmborg et al. (2019) showed that conventional AMS tends to underestimate refractory organic carbon (ROC),
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particularly that corresponding to the OC3-OC4 (carbon fractions evolving at >450 °C) and PC from the EUSAAR-2 protocol,
because rapid desorption at ~600 °C under high vacuum prevents complete volatilization of thermally stable structures. This
bias is amplified when OC is associated with black carbon (BC) coatings. Ma et al. (2021) showed that AMS underestimates
OC on BC-coated particles due to incomplete vaporization of ROC which prevents subsequent ionization and fragmentation
under the default vaporization scheme as used on the instruments during this study. The A-A and I-A methods, optimized for
this vaporization, may introduce bias, producing artificially higher oxidation (fC2H30+/fCO2+, O:C) ratios while excluding
ROC that fails to vaporize completely. Correlations between OCawms VS. OCoriiine regression residuals and the f44/f43 ratio
during both winter and summer at MEL (Fig. S14) showed only a weak, non-significant negative relationship (r = -0.09, p =
0.46; summer: r = -0.17, p = 0.12), suggesting that organic aerosol oxidation state did not significantly affect observed
differences. Potential coating-based effects could not be directly assessed in this study due to the absence of Laser Vaporization
AMS measurements, which improve detection of BC containing particles but may also enhance fragmentation of organic
material because of higher vaporization temperatures.
Such vaporization limitations are particularly relevant for combustion related organic aerosols. Xu et al. (2020) found that
polycyclic aromatic hydrocarbons (PAHSs) and tarry organics in coal emissions often fragment into high m/z ions or fail to
vaporize altogether, leading to underrepresentation of coal derived organics in AMS. Under laboratory conditions, they
observed that ~40% of the organic signal from fresh coal combustion was associated to ions higher than m/z 150, reflecting
the abundance of high molecular weight species. In the ambient MEL dataset, however, ions above m/z 150 accounted for only
2.3% of the organic signal in winter and 1.2% in summer, suggesting that high molecular weight ions represent only a minor
fraction of the measured AMS organic spectra. Both coal combustion and residential wood burning are known sources of PAH
rich organic aerosols containing large aromatic compounds that can contribute to high m/z fragments (Guerrero et al., 2019;
Xu et al., 2020). The much lower ambient fraction therefore suggests that these compounds either fragment during AMS
vaporization or alternatively, AMS may underestimate thermally stable larger molecular species such as polycarboxylic acids
and humic-like substances (HULIS) (Paglione et al., 2014). These factors likely explain the low fraction of high m/z signal
observed in the MEL winter data despite expected contributions from coal and wood combustion. Although no clear evidence
of refractory or high molecular weight organics as a source of discrepancy was observed, complementary approaches should
be considered when interpreting the data as these components are not directly captured by the AMS.

(ii) Source dependent variability in the relative ionization efficiency (RIE) of organics, leading to uncertainties in organic

mass quantification.

Another potential source of uncertainty in OCawus quantification is variability in the relative ionization efficiency (RIE) of
organics. While a default RIE of 1.4 is suitable for aged SOA, it can bias estimates for fresh POA from coal or biomass
combustion, which have lower OSc values and different ionization behavior (Xu et al., 2018). Nault et al. (2023) demonstrated
that POA with OSc < —0.75 can exhibit highly variable RIEoa values with laboratory measurements of organic compounds
ranging approximately 0.9-11.5 and mass spectra become dominated by high m/z fragments, some of which may be affected

by reduced transmission efficiency at higher m/z. Intercomparison studies have shown that ACSM measurements become
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increasingly uncertain at higher m/z. Variability between Q-ACSM instruments has been reported above m/z 98 (Crenn et al.,
2015), and agreement between ACSM and AMS measurements is generally consistent only below this range (Fréhlich et al.,
2013). Although the ToF-ACSM software applies mass-dependent transmission corrections, these adjustments cannot fully
compensate for reduced transmission efficiency at high m/z. Consistent with this, the measured OSc of organics at MEL during
winter was predominantly between —1 and 1 (Fig. S12), indicating the presence of fresh, less-oxidized POA likely subject to
the same RIE variability and detection inefficiencies described above. A sensitivity test varying RIE values from 1 to 2 was
performed to investigate this hypothesis (Fig. S11); however, the slope of OC ams versus OCofrfiine Worsened, from 0.48 (RIE=1)
to 0.21 (RIE=2). Moreover, volume closure analysis (Fig. S13) showed that the slope of Volumeams versus Volumeswmps
decreased substantially from 1.39 at RIE = 1 to 0.78 at RIE = 2 (compared to 0.92 at the original RIE = 1.4), suggesting that
an underestimation of the organic mass concentration due to an incorrect organic RIE cannot explain the winter deviation
between OCawms and OCror values.

(iii) Potential underestimation of organic oxygen content due to the incorrect attribution of organonitrates (ON) and

organosulfates (OS) fragments to the inorganic nitrate and sulfate fractions.

The misclassification of ON and OS as purely inorganic nitrate or sulfate represents another potential source of uncertainty.
This can change the distribution of the oxygen atoms between the organic and inorganic fractions, introducing systematic bias
into OM:OC estimates (Farmer et al., 2010; Day et al 2022). This phenomenon might not be negligible as Europe-wide study
found that 34 - 44% of fine particulate nitrate was derived from organic nitrates formed through nocturnal chemistry, even
though the AMS would classify all of this as “nitrate” (Kiendler-Scharr et al., 2016). Using the HR mass spectra, the fraction

of ON in particulate nitrate was calculated for MEL as:

(1+ Rorgno3 )X(R d—Rcalib)
porg NO3fac = rg measure cali , (4)
(1+Rmeasured )X(RorgNo3 —Rcalib )

yielding 35.5% during winter and 48.7% during summer. Although the fractional contribution was higher in summer, higher
winter nitrate concentrations imply that the absolute organic nitrate concentration may be comparable or even larger during
winter. The elevated winter proportion remains considerable given the lower photochemical production typically expected
during colder months and falls within the range reported for Melpitz (29-57%) in Kiendler-Scharr et al. (2016). AMS
misclassification of ON/OS as inorganic nitrate or sulfate is expected to bias O:C downward by assigning organic oxygen to
the inorganic fraction (Farmer et al., 2010). A lower O:C would reduce the OM:OC ratio (Eq. 2) and therefore increase OCawms
for a given OA mass (Eq. 3); however, the relatively high O:C and OM:OC ratios observed here (Table S1) that a substantial
fraction of oxygenated organics is already captured in the AMS signal. Therefore, even if ON/OS misclassification occurs, its
effect would tend to increase rather than decrease OCawms, and cannot explain the systematic underestimation of OC aws relative
to OCror observed in winter. It is important to note that the estimation of ON requires HR mass spectra and was therefore only
possible at MEL. These observations suggest that ON/OS misclassification is not a dominant factor in the observed OC

discrepancy, although its influence on OM:OC estimates should be considered.

19



510

515

520

525

530

535

540

https://doi.org/10.5194/egusphere-2026-2028
Preprint. Discussion started: 15 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

(iv) Uncertainties in the f44 signal related to the so called Pieber effect (Pieber et al., 2016), which can cause apparent
increases in measured organic signals unrelated to actual organic mass.

Additionally, the so-called Pieber effect, can lead to overestimation of the CO-" signal at m/z 44. It arises from the thermal
decomposition of inorganic salts like ammonium nitrate on the AMS vaporizer, releasing reactive nitrogen species that oxidize
deposited carbonaceous residues, producing CO and CO- unrelated to the sampled aerosol (Pieber et al., 2016). This non-
organic CO-* can be misattributed to organics, artificially enhancing the f44 signal and OA mass while potentially decreasing
OCAMS due to higher O:C values entering the OM:OC conversion. Since the interference depends on carbonaceous residues
accumulated on the vaporizer, its magnitude is instrument specific and influenced by measurement history. In this study, three
different instruments with different sampling histories were used, making it unlikely that all sites would exhibit the same
residue related behavior. Alternatively, if the vaporizer memory is very short, deposited residues would be rapidly removed
and the artifact would become negligible. In either case, the Pieber effect is unlikely to produce a consistent OC bias across
all sites.
Overall, the identified AMS related limitations do not appear as a single dominant source of bias in the ambient dataset, but
rather suggests that OCams quantification might become uncertain under combustion influenced conditions. In practice, this
means that AMS derived OC should be interpreted in the context of aerosol composition, rather than treated as a standalone
quantitative measure under all conditions. As refractory and chromophoric organic components are not fully represented in the

AMS signal, BrC absorption was used to provide additional information on these fractions.

3.6 Influence of BrC

BrC represents the light absorbing fraction of organic carbon and therefore provides additional information on the chemical
composition of OC beyond bulk OC concentrations (Laskin et al., 2015). Because BrC is commonly associated with
combustion derived aromatic compounds, it may influence OC determination by affecting the optical correction used for the
OC-EC split in TOT analysis (Andreae & Gelencsér, 2006) and by including thermally stable organic material that may not
be fully detected by AMS (Malmborg et al., 2019), potentially contributing to discrepancies between OCror and OCawms. TO
evaluate whether such chromophoric organic material was present in the aerosol, the light absorbing properties of BrC were
examined across sites and seasons. BrC absorption provides insight into the aerosol radiative effects and source composition,
therefore the absorption coefficient (bass) and the relative BrC contribution to total absorption was calculated (Fig. 9). While
eBC dominated total absorption at longest wavelength of the visible light and near-IR spectrum, BrC contributed significantly
at shorter wavelengths, showing strong seasonal and spatial variability. In summer, babs attributed to BrC at 370 nm was
similar across sites: FRY (1.38 = 3.04 Mm ™), NAOK (1.35+ 1.00 Mm!), and MEL (1.29 £+ 3.54 Mm™"), while in winter, they
increased strongly without significant difference between the sites and slightly varied: FRY (11.87 = 12.64 Mm™), MEL (9.07
+ 9.41 Mm™), and NAOK (8.77 = 4.85 Mm™). At NAOK, Mbengue et al. (2021) reported BrC absorption of 12.84 + 9.34
Mm™ (winter) and 3.94 + 2.04 Mm™ (summer), consistent with the seasonal decrease observed here and linked to biomass

burning and secondary formation, respectively. Similarly, Teich et al. (2016) reported BrC babs at 370 nm of 4.13 Mm™!
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(winter) and 0.84 Mm™ (summer) at MEL, confirming higher winter absorption from primary emissions and lower summer
values due to photochemical aging and biogenic influence.

Although NAOK showed the lowest winter basssrc, the corresponding MACec 370 Was substantially higher at FRY (12.21 +
7.84 m? g') compared to NAOK (1.61 + 0.81 m? g') and MEL (5.06 = 4.75 m? g'), indicating that BrC at FRY was
considerably more light-absorbing per unit mass. This indicates that BrC at FRY was more light-absorbing per unit mass,
consistent with enrichment in darker chromophores from coal combustion. This interpretation is supported by the lower
OA:eBC ratio at FRY and by previous findings linking reduced OA:eBC to darker BrC (Pokhrel et al., 2017) and to
chromophore formation through pyrolysis (Donahue et al., 2015). In contrast, during summer, MACgc 370 values were lower
and similar across sites (Table S2) indicating a more uniform BrC light-absorption efficiency. The comparable MAC values
suggest that BrC was dominated by less-absorbing, secondary organic components formed through photochemical aging rather
than by primary combustion sources.
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Figure 9: Winter (top) and summer (bottom) absorption coefficients (Mm-) attributed to eBC (black area) and BrC (brown area)
at MEL, FRY and NAOK. The values in red represent MACgrc 370 (m? g%).

Compositional evidence supports these interpretations. Mo et al. (2024) showed that coal combustion-derived HULIS in BrC
are enriched in high-molecular-weight aromatics, which are resistant to photochemical degradation and exhibit strong light
absorption, whereas biomass burning BrC contains more phenolic and unsaturated components with weaker absorption. At
FRY, elevated winter absorption at 520 nm points to tar-rich coal-derived BrC (Laskin et al., 2015), also consistent with Zhang
etal. (2024), who identified coal-related organosulfates and fused aromatic structures extending BrC absorption into the visible

range. The seasonal variability also reflects differences in aerosol composition. At MEL, Spranger et al. (2020) reported winter
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WSOC and its HULIS fraction as being dominated by fresh biomass burning and coal emissions, while summer HULIS was
more oxygenated, chemically homogeneous, and dominated by secondary formation. Overall, the distinct wintertime BrC
profile at FRY, characterized by a high absorption coefficient, enhanced absorption at shorter wavelengths, and a low OA:eBC
ratio, suggests the possible presence of refractory, coal-derived chromophores. However, this alone cannot explain the
discrepancies between OC determined by AMS and TOT protocols, and targeted molecular-level analyses are required to

confirm such a connection.

4 Conclusion

The present study provides a comprehensive multi-method intercomparison of carbonaceous aerosol measurements across
three Central European background sites - MEL, FRY, and NAOK; using aerosol mass spectrometry (AMS/ACSM), TOT
analysis (both online and offline), and aethalometer-based optical measurements. By evaluating methodological consistency
and seasonal variability in OC quantification, the study addressed critical uncertainties in aerosol characterization and
identified both potential systematic biases and site-specific influences. Across all stations, a pronounced seasonal pattern was
observed with good agreement between the methods during summer (range of slopes and R2), while the comparison
deteriorated strongly in winter at every site. As similar results were obtained at all sites, an instrumental deficiency during
winter was considered unlikely. Instead, potential sources of discrepancy related to the specific composition of the winter
aerosol matrix were investigated. However, factors such as AMS uncertainties in RIE, the presence of high molecular weight
organics, misclassification of ON, and pyrolytic artifacts in TOT analysis were individually considered, but none of them fully
explained the discrepancies, demonstrating the multifaceted nature of the observed disagreement between the methods.
Additionally, source-dependent factors such as OA:eBC ratios and air mass origins clearly influenced the degree of agreement.
For instance, coal-dominated site FRY and long-range dust events during winter were associated with the largest discrepancies.
In contrast, during summer, agreement between methods improved substantially, owing to the lower influence of combustion
emissions, reduced pyrolytic interference, and the dominance of SOA formation. Distinct site-specific trends were evident in
OA:eBC ratios, with NAOK exhibiting elevated ratios due to biomass burning, FRY showing the lowest ratios linked to coal
combustion, and MEL presenting intermediate values indicative of mixed sources. Based on the measurements and analyses
performed in this study, and with appropriate caution, the following recommendation and perspectives for further investigation
are proposed for the determination of aerosol particle OC:
Recommendation
1. Theapplied intercomparison framework performs reliably under summer aerosol conditions but is affected by a strong

matrix dependence in winter. During winter, the bias increases as the OA:eBC ratio decreases; thus, OC values

particularly from the AMS should be interpreted with caution during winter, particularly when OA:eBC ratio value

falls below 5.

Parameters requiring further investigation
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1. PC formation and charring in TOT analysis may contribute to uncertainties in winter OC determination. Although PC
correction alone does not explain the discrepancy between OCror and OCawms, elevated PC fractions during
combustion dominated periods indicate that charring effects may influence the OC-EC split and warrant further
targeted investigation.

2. OCror provides a more stable reference for absolute OC levels due to its standardized thermal-optical protocol,
whereas OCauws is better suited for resolving temporal variability and composition; wintertime OC trend analyses in
monitoring networks are therefore recommended to be anchored primarily to TOT based OC, with AMS based OC
used in a complementary way.

3. Site-specific source composition should be treated as an explicit uncertainty factor. Conditions influenced by coal
combustion, mineral dust, long-range transported aerosol, or any overlap between these regimes require particular
caution; under such conditions, quantitative use of OCams without co-located OCror should be avoided, or at least
treated as providing only a lower bound for OC.

4. Since neither OM:OC parameterization, RIE assumptions, PC correction, nor ON/OS misclassification fully explain
the winter discrepancies, future intercomparisons should include explicit quantification and targeted analysis of
refractory and thermally stable organics (OC3-OC4, HULIS, BC-coated organics, BrC etc.) to close the mass balance
between AMS and TOT under winter combustion and dust conditions.

5. The present analysis is based on the EUSAAR-2 thermal optical protocol. Given known differences in temperature
programs and OC-EC split definitions, comparable intercomparisons should be performed for other widely used
protocols (e.g., NIOSH 5040, IMPROVE_A) to assess the transferability of the observed OC ams-OCror discrepancies
across methods.

Future work should focus on the applicability of winter aerosol measurements for calculating OC from AMS/ACSM data
according to the equations published by Canagaratna et al. (2015). Moreover, intercomparisons should be extended to other
European regions with diverse emission regimes, and harmonized correction and calibration frameworks for consistent long-
term monitoring should be developed. Combining such intercomparison results with source apportionment and air mass

analysis would strengthen links to climate and health models.
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