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Abstract. A substantial fraction of submicron particles originates from vehicle emissions in urban environ-
ments. This study investigated the chemical characteristics and sources of submicron organic aerosol (OA) at
a traffic site in Helsinki, Finland, using four datasets collected in 2018-2024. Measurements were conducted
using an Aerodyne Aerosol Mass Spectrometer, and source apportionment was performed using Positive Matrix
Factorization.

The results showed that vehicular traffic contributed to several types of OA. Hydrocarbon-like OA (HOA)
typically peaked during morning traffic, whereas more oxygenated OA, referred to here as traffic-related OA
(TrOA), also peaked in the morning but remained elevated for a longer duration. The mass spectra of TrOA
resembled those of HOA and biomass burning OA, however, TrOA had distinct fractions of C2H4O; (at m/z 60),
C2H502' (at m/z 61) and C3H5O;' (at m/z 73) in OA. The exact origin of TrOA remains uncertain, however,
delayed morning peaks suggest that TrOA is processed in the atmosphere or emitted from modern vehicles, which
typically operate later than heavy-duty vehicles. Semi-volatile OOA also appeared to be partially traffic-related,
although due to its secondary nature, it was not directly linked to daily traffic patterns.

This study highlights that traffic-associated OA encompasses both hydrocarbons and oxygenated POA and
SOA. Relying solely on HOA to estimate traffic POA can result in a 50 % underestimation, as HOA and TrOA of-
ten have similar magnitudes. The characteristics of OA linked to vehicular emissions are likely to evolve in future

as the vehicle fleet changes.

1 Introduction

A large portion of submicron particulate matter (PM) con-
sists of organic aerosol (OA) that is a complex mixture of nu-
merous organic compounds with diverse chemical and phys-
ical properties (Zhang et al., 2007; Daellenbach et al., 2019;
Barreira et al., 2021). OA emitted directly from sources with-
out undergoing atmospheric transformation is classified as
primary OA (POA). Additionally, certain organic species
may be released in the gas phase but rapidly condense onto
primary particles or nucleate upon cooling of the exhaust,

without significant chemical alteration (Ronkk®é et al., 2017).
These compounds, together with POA, are commonly re-
ferred to as fresh OA. In contrast, secondary OA (SOA) is
formed in the atmosphere through the oxidation of gaseous
precursors over timescales ranging from hours to days. OA
plays a critical role in influencing air quality and climate sys-
tems (Kanakidou et al., 2005; Hallquist et al., 2009; An et al.,
2019; Sokhi et al., 2022). However, the chemical complexity
of OA, along with its internal and external mixing with inor-
ganic species and redox-active trace metals, presents signifi-
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cant challenges in source apportionment, and in understand-
ing its atmospheric transformation and removal processes.

POA, fresh OA, and SOA all originate from anthropogenic
and biogenic sources. In urban environments, the primary
anthropogenic sources of OA typically include traffic emis-
sions, residential wood burning, industrial activities, cook-
ing, and site-specific sources, such as coffee roastery, coal
and solid fuel combustion, cigarette smoke, and the ship in-
dustry (Crippa et al., 2014; Carbone et al., 2014; Chen et al.,
2022). Biogenic SOA can also constitute a significant por-
tion of total OA during the warm season, driven by increased
biogenic emissions due to higher ambient temperatures and
sunlight (Ding et al., 2014; Zhang et al., 2018; Daellenbach
et al., 2019; Cao et al., 2022). In contrast, POA has been
shown to contribute more substantially to OA during the
cold season, when combustion-related emissions are usually
higher (Budisulistiorini et al., 2016).

In traffic environments, POA typically consists of hydro-
carbons originating from fuel combustion, as well as from the
leakage of lubricant oil and fuel. Identifying traffic-related
SOA is more challenging because the distinct mass spectral
features of POA evolve into more generalized SOA spectra
during atmospheric aging (Jimenez et al., 2009). Zhu et al.
(2021) employed mass spectral similarity analysis and pos-
itive matrix factorization (PMF) to construct representative
mass spectra of vehicular POA and SOA. These spectra were
then used as source constraints in a multilinear engine (ME-
2) model to apportion atmospheric OA sources. Using this
approach, they attributed 10.5 % of OA to vehicle-related
low-oxygenated SOA during winter in Shanghai.

Variations in VOCs emitted by diesel and gasoline vehicles
can lead to differences in the chemical properties and forma-
tion potential of SOA (Wang et al., 2020). Diesel emissions,
in particular, have been identified as a significant contributor
to traffic-related SOA. Based on the VOC and intermediate-
VOC (iVOC) composition of vehicle exhaust, Gentner et al.
(2012) estimated that diesel exhaust is approximately seven
times more efficient at forming SOA than gasoline exhaust.
Fan et al. (2024) attributed 31 % of total SOA to diesel emis-
sions in Jinan, China, while Gentner et al. (2012) suggested
that diesel fuel account for 65 %—90 % of vehicular-derived
SOA, depending on regional fuel usage patterns.

SOA formation from traffic emissions has also been inves-
tigated in several laboratory studies, which have measured
the SOA formation potential from individual vehicles or en-
gines under controlled conditions. The production of SOA is
influenced by both vehicle operating conditions and the ox-
idative environment. For instance, elevated SOA formation
has been observed following cold starts (Karjalainen et al.,
2016; Simonen et al., 2019; Pieber et al., 2018). However, it
has also been shown that oxidation conditions have a greater
impact on SOA mass spectra than engine operating condi-
tions (Zhu et al., 2021). In terms of atmospheric oxidative
capacity and chemical composition, modelling studies have
predicted that reductions in NO, emissions could potentially
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undermine the effectiveness of stricter gasoline vehicle emis-
sions standards in lowering SOA concentrations in urban ar-
eas, such as Los Angeles (Zhao et al., 2017).

Advancements in engine technology and exhaust after-
treatment systems have significantly reduced the emissions
of POA and SOA precursors from vehicles. Studies have
shown that both POA emissions and SOA production factors
decrease with stricter emission standards, highlighting the
impact of fleet modernization (Zhang et al., 2023a). Notably,
the reduction in POA emissions has surpassed that of SOA,
emphasizing the importance of controlling organic precursor
gases in future cars. For example, gasoline vehicles equipped
with a gasoline particulate filter (GPF) emit over 90 % less
POA and approximately 80 % less aged OA than similar
vehicles without a GPF (Saarikoski et al., 2024). However,
the same study also observed substantial variability in POA
and SOA emissions among vehicles compliant with the same
emission standard (Euro 6d), indicating that vehicle-specific
factors still played a role. In the case of diesel vehicles,
the use of a diesel oxidation catalyst (DOC) and diesel par-
ticulate filter (DPF) has been shown to effectively reduce
SOA formation (Chirico et al., 2010; Novakovic et al., 2023;
Ghadimi et al., 2023). Moreover, engine and exhaust after-
treatment technologies influence the chemical composition
of OA. For example, Pirjola et al. (2016) found that OA emit-
ted from diesel-electric hybrid buses equipped with selec-
tive catalytic reduction systems exhibited a higher oxygen-
to-carbon (O : C) ratio compared to OA from older EURO
IIT and EURO 1V diesel buses, which lacked exhaust after-
treatment or used only exhaust gas recirculation and DPF
systems. OA from these older buses consisted almost entirely
of hydrocarbons.

In addition to engine and exhaust after-treatment tech-
nologies, fuel composition significantly influences POA and
SOA emissions. Aromatic-free gasoline fuel (alkylate) has
been shown to reduce POA emissions by approximately 65 %
compared to conventional gasoline, although this reduction
was primarily observed under cold driving conditions. The
mass spectra of POA remained relatively similar between
the two fuels (Saarikoski et al., 2024). Replacing gasoline
with ethanol also led to a ~ 35 % reduction in POA emis-
sions and resulted in slightly more oxygenated POA (Timo-
nen et al., 2017). Both alkylate and ethanol fuels had a more
pronounced effect on SOA formation potential, reducing
SOA by more than 95 % (Timonen et al., 2017; Saarikoski
et al., 2024). Regarding diesel fuels, hydrotreated vegetable
oil (HVO) diesel has been reported to produce less SOA than
conventional petroleum diesel (Karjalainen et al., 2019; Gren
et al., 2021). Compressed natural gas (CNG) vehicles typi-
cally emit low levels of POA, although the particle size of
the exhaust is smaller compared to gasoline and diesel vehi-
cles (Alanen et al., 2015). POA from CNG exhaust is pre-
dominantly composed of hydrocarbons (Pirjola et al., 2016;
Saarikoski et al., 2024). Despite low POA emissions, CNG
vehicles can exhibit remarkable SOA formation, compared to
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diesel vehicles (Saarikoski et al., 2024; Ghadimi et al., 2023).
The source of SOA in CNG exhaust has been attributed pri-
marily to lubricating oil emissions (Ghadimi et al., 2023).

Laboratory measurements may not fully capture real-
world POA emissions and SOA formation potential. Simo-
nen et al. (2019) demonstrated that particle number emis-
sions during real-world driving were significantly higher
than those measured using a dynamometer. Similarly, Zhang
et al. (2024) reported that the SOA formation potential was
greater under real-world driving conditions, likely due to
high-emission events and differences in the profiles of or-
ganic gases compared with those observed in laboratory set-
tings. Driving dynamics, such as high-speed operation, rapid
acceleration, and deceleration, have been shown to enhance
SOA production. These conditions lead to increased emis-
sions of organic gases from unburned fuel or incomplete
combustion, contributing to elevated SOA formation (Zhang
et al., 2023a).

Although exhaust emissions are typically the dominant
source of traffic-related SOA and POA in submicron par-
ticles, their impact is diminishing owing to the moderniza-
tion of vehicle fleets and the implementation of stricter emis-
sion standards. Consequently, non-exhaust emissions, such
as those from tire and brake wear, and road dust, are becom-
ing increasingly significant contributors to urban PM (Har-
rison et al., 2021). In terms of organic content, brake and
road dust are primarily composed of elements, whereas tires
are largely made of natural rubber, butadiene, and styrene-
butadiene rubber (Zhang et al., 2023b), which can contribute
to OA in urban air. Tire wear particles are typically found
at both submicron and supermicron particle sizes, with size
distribution peaks typically observed around 20-200 um and
at 2-10 um (Giechaskiel et al., 2024). However, the overall
contribution of tire-wear particles to PMj 5 or PMyg is gen-
erally rather small, estimated to be less than 5 % (Giechaskiel
et al., 2024; Martinmaiki et al., 2025; Oh et al., 2025).

The aim of this study is to investigate the sources and
chemical characteristics of OA in a traffic-influenced urban
environment in Helsinki, Finland. Measurements were con-
ducted during four one-month measurement campaigns be-
tween 2018 and 2024. OA was measured using an Aero-
dyne Soot Particle Aerosol Mass Spectrometer (SP-AMS,
hereafter referred to as AMS), and its chemically distinct
or process-related components were identified using PMF.
This study focuses especially on OA types associated with
traffic emissions and discusses the challenges in distinguish-
ing them from other OA sources in traffic environments. The
findings contribute to a better understanding of urban OA
composition and variability and provide valuable insights
to air quality authorities and policymakers seeking effective
strategies to mitigate the adverse health and environmental
impacts of urban particulate matter.
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2 Experimental

2.1 Measurement site

Measurements were performed at the Helsinki Supersite, an
air quality monitoring station operated by the Helsinki Re-
gion Environmental Services Authority (HSY). The station
was situated at the kerbside of Mikeldnkatu, a major urban
street comprising six lanes for motorized traffic, two tram
lanes, two rows of trees, and two sidewalks, with a total width
of 42 m (Hietikko et al., 2018). Continuous rows of buildings
on both sides of the street provide the characteristic of a street
canyon. Mikeldnkatu is one of the busiest traffic sites in the
Helsinki city center.

Traffic volume was recorded approximately 500 m north
of the measurement site on the same street, with daily ve-
hicle count of 30000-35000 during the campaigns before
the COVID-19 pandemic and 25 000-27 000 during the cam-
paigns after the pandemic (Fig. S1 in the Supplement, statis-
tics from the City of Helsinki). However, the actual num-
ber of vehicles passing the measurement site may be up to
~ 40 % lower than the recorded traffic volume because of the
substantial number of vehicles turning onto side streets be-
fore reaching the measurement site (Teinild et al., 2025). The
proportion of heavy-duty vehicles was estimated to be ap-
proximately 10 %—12 % (Barreira et al., 2021; Teinild et al.,
2025).

Vehicular traffic is a major source of air pollutants at the
Helsinki Supersite (Ronkko et al., 2017; Teinilé et al., 2025).
Additionally, a coffee roastery located ~ 600 m south of the
site may occasionally impact OA concentrations (Saarikoski
et al., 2023). Local biomass combustion is minimal in the
area, which is predominantly composed of apartment and
industrial buildings. A significant fraction of OA is also
transported to Helsinki from other regions. While long-range
transported (LRT) emissions typically consist mainly of inor-
ganic species (Barreira et al., 2021), LRT particles originat-
ing from biomass burning can contain substantial fractions
of OA (Teinili et al., 2022; Teinild et al., 2025).

Four intensive campaigns were conducted at the Supersite
(Table 1); two in spring (2018 and 2024), one in late summer
to early autumn (2019), and one in winter (2022). Although
two campaigns were classified as spring campaigns, the me-
teorological conditions differed substantially between them.
The Spring 2018 campaign was conducted later in the season
than the Spring 2024 campaign, and consequently, air tem-
perature was considerably higher during the 2018 campaign.
Each campaign lasted for 4-6 weeks. Data from the 2019
campaign have been published by Saarikoski et al. (2023),
and the results from the 2022 campaign have been presented
by Barreira et al. (2024) and Teinild et al. (2025). Differ-
ent from previous publications, the aim of this study was to
provide a comprehensive overview of traffic emissions rather
than focusing on isolated campaigns. The average chemical
composition of PM; particles (OA, sulfate, nitrate, ammo-
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Table 1. Measurement campaigns used in this study.

Campaign Measurement period ~ Reference

Spring 2018 27 Apr-28 May 2018  not published

Summer—Autumn 2019 14 Aug-13 Sep 2019  Saarikoski et al. (2023)

Winter 2022 18 Jan-23 Feb 2022 Barreira et al. (2024); Teinila et al. (2025)
Spring 2024 8 Apr-2 May 2024 not published

nium, black carbon (BC)), as well as the average temperature
and relative humidity, are listed in Table S1 in the Supple-
ment.

2.2 Aerosol Mass Spectrometer

Measurements were conducted using a soot particle aerosol
mass spectrometer (SP-AMS; Onasch et al., 2012, Aerodyne
Research Inc., Billerica, US). The SP-AMS operated with a
typical time resolution of 0.5-2 min, alternating between two
modes: mass spectra mode for measuring mass concentra-
tions and particle-time-of-flight (PToF) mode for determin-
ing mass size distributions. A default collection efficiency
(CE) of 0.5 was applied along with default relative ionization
efficiencies (RIEs) for organics, nitrate, sulfate, and ammo-
nium. Both laser and tungsten (thermal) vaporizers were em-
ployed in all campaigns, and both vaporizers were on all the
time. The vaporizer configuration substantially influences the
results obtained with the AMS. In terms of measured concen-
trations, the use of a laser vaporizer generally yields higher
OA mass loadings than a thermal vaporizer (Wang et al.,
2020). This is primarily because the laser vaporizer typically
exhibits a higher CE, owing to reduced particle bounce com-
pared with the thermal vaporizer (Onasch et al., 2012). In
addition, RIEs depend on the vaporizer setup, for example,
coatings on BC particles can enhance the RIE of organics
when using a laser vaporizer (Willis et al., 2014). The vapor-
izer type also affects organic mass spectra. Organic species
undergo less fragmentation in the laser vaporizer than in the
thermal vaporizer, and the use of a laser vaporizer alters the
derived elemental ratios of OA, typically resulting in higher
hydrogen-to-carbon (H : C) and lower O : C ratios compared
with those measured using a thermal vaporizer (Ma et al.,
2021).

2.3 Data analysis

PMF analysis was performed using CU AMS PMF
tool v2.08D (Ulbrich et al., 2009) for Spring 2018, Summer—
Autumn 2019, and Spring 2024 datasets. The Winter 2022
dataset was analyzed using the SoFi Pro software package
(version 8.4.0; Canonaco et al., 2013) that employs the mul-
tilinear engine (ME-2) as the PMF solver. PMF results for
the Summer—Autumn 2019 and Winter 2022 campaigns have
been previously published (Saarikoski et al., 2023; Barreira
et a., 2024; Teinild et al., 2025) and therefore are not dis-
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cussed in detail here. The results from the PMF analysis for
the Spring 2018 and Spring 2024 campaigns are presented in
the supplementary material, as they have not been published
previously.

PMF analysis was conducted separately for each dataset,
resulting in differences in the number and mass spectra
of the resolved factors. Nevertheless, the common factors
identified across all campaigns included hydrocarbon-like
OA (HOA), traffic-related OA (TrOA), semi-volatile oxy-
genated OA (SV-OOA), and low-volatility oxygenated OA
(LV-O0A). Additional factors were identified in specific
datasets: biomass burning OA (BBOA) and LV-OOA with
biomass burning (LV-OOA w/BB) in Winter 2022, coffee
roastery OA (CoOA) and LV-OOA-LRT factors in Summer
2019. The Spring 2024 dataset also included an unidentified
factor, referred to as “unknown factor”.

It is important to note that the TrOA factor has been la-
belled differently in previous studies. In Saarikoski et al.
(2023), it was referred to as HOA-2 due to its hydrocarbon-
rich profile, whereas in Barreira et al. (2024) and Teinilad
et al. (2025), it was named TrOOA based on the presence
of oxygenated ions in its mass spectrum. In this study, the
term TrOA was adopted, as its oxidation state more closely
resembles that of POA factors, such as BBOA and CoOA,
rather than oxygenated aerosol types, SV-OOA and LV-OOA
(oxidation states are discussed later). The term HOA-2 (or
oxygenated HOA) was not used, as the origin of TrOA and
HOA appears to differ. Mass spectra of all PMF factors are
shown in Figs. S2-S5.

3 Results and discussion

3.1 Characteristics of OA in traffic environment

Organic aerosol was composed of four to six distinct OA
types depending on the campaign (Fig. 1). Primary OA fac-
tors, including HOA, TrOA, BBOA and CoOA, contributed
25 %-32 % to total OA. Secondary OA factors, SV-OOA,
LV-OOA, LV-OOA-LRT and LV-OOA w/BB, accounted for
61 %-70 % of OA based on the campaign averages. Among
the POA factors, TrOA and HOA were clearly linked to
traffic emissions, together contributing 24 %-32 % to OA.
While SV-OO0A is classified as secondary OA, its character-
istics suggest a partial association with traffic-related emis-
sions. However, it is likely influenced more by regionally dis-
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(a) Spring 2018

TrOA 17%

SV-OO0A 58%

12%

(c) Winter 2022

TrOA 14%

SV-O0A 12% HOA 12%

BBOA
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20%
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HOA 12%

LV-O0A

(b) Summer-Autumn 2019

TrOA 10%

HOA 14%

CoOA 7%

LV-OOA-LRT
20%

LV-OOA 10%

(d) Spring 2024

TrOA 18%

SV-O0A 26 %

HOA 14%

Unknown
7%

LV-OOA 35%

Figure 1. The composition of OA during Spring 2018 (a), Summer—Autumn 2019 (b), Winter 2022 (c) and Spring 2024 (d) campaigns.

tributed sources and other non-local contributions than by di-
rect local traffic. The detailed characteristics and source at-
tribution of HOA, TrOA and SV-OOA are discussed in the
following sections.

3.1.1 HOA

HOA contributed to 12 %—14 % of total OA across all cam-
paigns (Fig. 1). The mass spectra of HOA were dominated
by hydrocarbon ions with prominent signals for C3H§r (at
m/z 41), C3HY (at m/z 43), C4HF (at m/z 55), C4Hy (at
m/z 57), CsHy (atm/z 69) and CsHY, (atm/z 71) (Fig. 2a),
consistent with previous studies (e.g. Ma et al., 2025). The el-
emental composition of HOA exhibited a low O : C ratio and
high H : C ratio. While O : C ratio remained fairly consistent
across the campaigns, variations in the H : C ratio were ob-
served (Table S2, Fig. 3), indicating some differences in the
hydrocarbon profiles between the campaigns.

HOA concentrations peaked during the morning rush hour
(07:00-09:00LT) in all campaigns, except in Spring 2018
(Fig. 2a), when concentrations remained relatively stable
throughout the day. Elevated concentrations were observed
during the afternoon/evening rush hour only in Winter 2022
and Spring 2024, with the peak occurring approximately two
hours later in Spring 2024 than in Winter 2022. The pres-
ence and timing of the afternoon/evening peak are typically
influenced by boundary layer dynamics and are more pro-
nounced in winter than in spring and autumn (Barreira et al.,
2021). The absence of a distinct diurnal pattern in Spring
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Table 2. Average weekday-to-weekend ratio for PMF factors. Only
data between 07:00 and 19:00 are included.

Campaign Weekday-to-weekend ratio
TrOA HOA SV-OOA LV-OOA
Spring 2018 1.49 1.86 1.70 1.05
Summer—Autumn 2019 1.39 1.98 1.58 1.37
Winter 2022 2.65 3.80 1.66 1.35
Spring 2024 1.98 1.79 1.87 0.86

2018 may be attributed to occasional meteorological condi-
tions during that campaign, characterized by strong south/-
southwest airflows and unusually warm temperatures. Day-
time maximum temperatures reached up to 25 °C, accompa-
nied by a marked day-to-night temperature variation. Three
OA components, HOA, TrOA, and SV-OOA, had higher con-
centrations at night than during the day, similar to the pattern
observed for nitrate, in Spring 2018.

Weekday HOA concentrations were generally higher than
those observed on weekends across all campaigns (Fig. S6),
with the most pronounced difference occurring during Win-
ter 2022. When calculating the weekday-to-weekend ratio
for peak traffic hours (07:00-19:00,LT; Table 2), the ratio
changed from 1.9 to 3.8, clearly indicating the influence of
traffic on HOA levels. HOA showed moderate correlations
with BC and NOy in all campaigns, except Spring 2018, with
correlation coefficients (R) ranging from 0.48 to 0.78 (Ta-
ble S3). In Winter 2022, these correlations strengthened sig-
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Figure 2. Mass spectra and average diurnal patterns of HOA (a), TrOA (b), and SV-OOA (c¢) from four campaigns. Concentrations in diurnal
patterns were normalized to cumulative concentrations over the whole day.
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Figure 3. Elemental composition (O : C vs. H: C) of PMF fac-
tors in four campaigns. Campaigns are denoted by different marker
shapes.

nificantly when the LRT pollution episodes were excluded
from the dataset. The attribution of HOA to traffic emissions
is consistent with findings from previous studies (Chen et al.,
2022; Saarikoski et al., 2023).

3.1.2 TrOA

The contribution of TrOA to total OA ranged from 10 % in
Summer—Autumn 2019 to 18 % in Spring 2024 (Fig. 1). The
mass spectra of TrOA contained both hydrocarbons and oxy-
genated species (Fig. 2b). Prominent hydrocarbon signals
were observed for CQH;r (at m/z 27), C3H;r (at m/z 39),
C3H5+, and C4H;L . Compared to HOA, TrOA had stronger
signals for hydrocarbon ions with two fewer hydrogen atoms,
suggesting a higher degree of unsaturation and the presence
of more double bonds.

Regarding oxygenated species, TrOA showed notable sig-
nals for CHO™ (at m/z 29), C;H30" (at m/z 43), CO5 (at
m/z 44), and C3H30™ (at m/z 55). Additionally, signals for
CoH405 (at m/z 60), CoHsO (at m/z 61), and C3Hs505
(at m/z 73) were observed. C2H40;r and C3H50§1r are typ-
ically associated with biomass burning OA (Crippa et al.,
2014), however, they are also prominent in the mass spec-
tra of primary biological OA, along with C2H5O;r (Vlachou
et al., 2019; Schneider-Beltran et al., 2026). The ratio of
C>H407 to CoHs507 ranged from 2.0 to 2.4 in Spring 2018,
Summer—Autumn 2019 and Spring 2024, whereas in Winter
2022, C,H;5 O;L was more abundant than C2H4O;r (Table 3).
A detailed analysis of the correlations between C2H4O;,
C2H502+ , and C3H502+ is presented in Sect. 3.2.
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Table 3. Fraction of C;H405 (fC;H403) in OA and the ratio of
C2H4O;' to C2H5O;' in TrOA during the four campaigns.

Campaign fC,H 05 (x 1072)  CoH405 /CoH505
Spring 2018 1.20 2.27
Summer—Autumn 2019 0.939 2.04
Winter 2022 1.61 0.814
Spring 2024 0.957 2.44

Regarding elemental composition, TrOA exhibited a lower
H : C ratio and a higher O : C ratio compared to HOA. The
variability between campaigns was more pronounced for H :
C than for O : C (Table S2, Fig. 3). Among the PMF factors
identified across the four campaigns, TrOA was located close
to BBOA and CoOA in terms of O : C, but it had a lower
H : C ratio than both of those factors.

The concentration of TrOA showed a distinct morning
rush hour peak during Winter 2022 and Summer—Autumn
2019. In contrast, the highest concentrations in Spring 2018
and Spring 2024 occurred at other times of the day, al-
though a minor morning increase was observed in all cam-
paigns (Fig. 2b). Compared with HOA, TrOA peaked at the
same time in the morning but remained elevated for sev-
eral hours longer, whereas HOA exhibited a sharp and short-
lived morning peak. An afternoon/evening rush hour peak for
TrOA was observed only in Spring 2024. The correlations
between TrOA and BC (R =0.40-0.5) and NO, (R =0.42-
0.57) were relatively low in all datasets (Table S3).

Weekday concentrations of TrOA were consistently higher
than weekend levels across all campaigns, although the
weekday—weekend difference was smaller for TrOA than for
HOA, except in Spring 2024. Notably, LV-OOA, typically
considered a regionally distributed OA type, also showed
higher concentrations on weekdays than on weekends, except
for Spring 2024 campaign. This pattern suggests that overall
concentrations may have been slightly elevated on weekdays
due to meteorological conditions or LRT emissions. How-
ever, given the relatively short duration of each campaign
(approximately one month), the uncertainty in the weekday-
to-weekend comparison remains substantial.

Saarikoski et al. (2023) hypothesized that TrOA and HOA
originated from emissions associated with different vehicle
types. This assumption was based on a time series show-
ing a peak in TrOA concentrations during the night between
Saturday and Sunday (Fig. S7), a period when the vehicle
fleet composition is expected to differ from typical morning
traffic, especially with higher prevalence of taxis and fewer
heavy-duty vehicles. Previous observations have shown that
OA emitted from diesel—electric hybrid and ethanol-fueled
buses equipped with exhaust aftertreatment systems contains
C2H40§F and C3H5O§r ions in their mass spectra (Saarikoski
et al., 2017). However, C2H503L was not detected in emis-
sions from any of these vehicles. In addition to POA, the
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mass spectra of SOA formed from vehicle emissions may
also include C,H405, C,Hs0; and C3HsO} ions (Timonen
et al., 2017).

Harni et al. (2024) applied PMF to analyze particle number
size distributions measured at the Helsinki Supersite between
February 2015 and June 2019. Their analysis identified five
distinct factors, each characterized by unique size distribu-
tions and temporal patterns. Three of these factors were at-
tributed to traffic-related sources, whereas one factor, termed
secondary combustion aerosol (SCA), showed a strong cor-
relation with m /z 60, as measured with the aerosol chemical
speciation monitor. Regarding diurnal variations, SCA ex-
hibited a peak slightly later than the two traffic-related factors
(TRA1 and TRA2) and BC. Nevertheless, SCA concentra-
tions increased concurrently with NOy, and, similar to TrOA,
remained elevated for a longer duration than NO,.

TrOA appears to resemble the SCA factor identified in the
PMF analysis of particle number size distributions. SCA is
characterized as a secondary aerosol originating from com-
bustion processes, primarily attributed to biomass combus-
tion. However, the presence of a similar rush hour peak in
both m/z 60 and SCA suggests that SCA may also be influ-
enced by other combustion sources, such as vehicle engines.
SCA accounted for approximately 4 % of the total particle
volume. When its volume size distribution was converted to
a mass size distribution, assuming SCA consists solely of
OA, its average mass contribution to OA mass was estimated
at 7 %. This is slightly lower than the contribution of TrOA
observed in this study, which ranged between 10 % and 18 %
of OA.

TrOA was also compared with levoglucosan concentra-
tions analyzed from PM; filters collected during winter 2022
(Fig. S8a; for details on PM; sampling and analysis, see
Teinild et al., 2025) to investigate its potential association
with biomass combustion. No correlation was observed be-
tween TrOA and levoglucosan, however, levoglucosan did
not correlate with BBOA either. Instead, the strongest corre-
lation was found between levoglucosan and LV-OOA w/BB,
with a moderate correlation to LV-OOA, suggesting that lev-
oglucosan was primarily associated with LRT particles dur-
ing the campaign. The contribution of BBOA to OA dur-
ing Winter 2022 was relatively small (6 %; Fig. 1), however,
BBOA exhibited a pronounced evening maximum around
19:00LT (Fig. S8b), suggesting a dominant influence from
local biomass combustion sources. Similar results were ob-
tained when the concentration of C2H402+ was apportioned
among the PMF factors. The analysis showed that C2H40;r
was mostly attributed to LV-OOA w/BB (41 %), with smaller
contributions from TrOA (24 %), BBOA (18 %), and LV-
OOA (13 %) (Fig. S8c). Levoglucosan has also been detected
in tire wear particles and tire materials (Alves et al., 2020),
challenging its exclusivity as a biomass burning tracer in traf-
fic environments and suggesting that C2H40§F and C3H5O§r
may also originate from non-exhaust emissions.

Atmos. Chem. Phys., 26, 11817-11833, 2026

It is possible that the vaporization scheme employed in
this study (laser + tungsten vaporizer) enhanced the contri-
bution of oxygenated ions in the TrO mass spectra. Elevated
signals of C2H4O; s C2H5O+, and C3H5O;' have previously
been observed for oxygenated organic coatings, including al-
cohols, dicarboxylic acids, and multifunctional compounds,
on BC particles when using the laser vaporizer in the SP-
AMS compared with the thermal vaporizer (Ma et al., 2021).
Similar effects have been reported in PMF analyses. Rivel-
lini et al. (2020) showed that the laser vaporizer increased the
contribution of C2H4O;' in total OA and oxygenated OA fac-
tors, while Wang et al. (2019) identified a substantial fraction
of CoH405 in BBOA when operating the AMS with a laser
vaporizer only. More generally, OOA factors typically ex-
hibit enhanced C;H30™" signals when measured with a laser
vaporizer, whereas CO" and CO;' signals tend to be more
prominent when using a thermal vaporizer (Massoli et al.,
2015; Lee et al., 2017).

3.1.3 SV-OO0A

SV-OO0A accounted for the largest fraction of OA in Spring
2018 (58 %) and Summer—Autumn 2019 (40 %) and the
smallest in Winter 2022 (12 %). The mass spectra of SV-
OOA were dominated by oxygenated ions C;H30™" and CO}L
(Fig. 2c). The elemental composition of SV-OOA showed
some variability across the datasets in terms of the O:C
ratio, whereas the H:C ratio remained relatively stable
(Fig. 3). Overall, SV-OOA was more oxygenated than HOA
and TrOA, but less oxygenated than LV-OOA.

The concentration of SV-OOA peaked during the early
morning hours around 04:00LT, except during Summer—
Autumn 2019, when its concentration was more stable
throughout the day (Fig. 2c). This trend is likely due to
the semi-volatile nature of SV-OOA, which is observed as
smaller concentrations during the day. SV-OOA showed poor
correlations with BC and NO, (Table S3).

By comparing weekday and weekend concentrations, SV-
OOA was larger during weekdays than weekends, with the
difference being smaller than that for HOA but larger than
that for TrOA, except in Winter 2022 and Spring 2024 (Ta-
ble 2). In contrast to HOA and TrOA, SV-OOA may partly re-
flect secondary organic aerosol formed from vehicle-emitted
VOCs and could have a stronger regional component than
more locally influenced HOA and TrOA. It should be noted
that in addition to traffic, SV-OOA is likely to have other
sources, such as biogenic emissions during the growing sea-
son (Saarikoski et al., 2023) or processed biomass combus-
tion emissions during cold months (Canonaco et al., 2015).

3.1.4 Mass size-distributions

The mass size distributions of HOA, TrOA, and SV-OOA
were examined by calculating the size distributions for unit
mass resolution (UMR) m /z values typical for each OA type.
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M /z 57 was used as a surrogate for HOA, m/z 60 and 61
for TrOA, and m/z 43 and 44 for SV-OOA. However, it
should be noted that UMR m/z’s can consist of several high-
resolution (HR) ions, and furthermore, the same UMR m /z’s,
as well HR ions, can be attributed to several sources. There-
fore, the mass size distributions for UMR m /z’s can only be
considered indicative for different sources.

All m/z values exhibited a dominant peak within the
accumulation mode size range (Fig. 4). For m/z 57, the
main peak occurred at 300—450 nm, with a second, less pro-
nounced peak at smaller size, 100-130nm, except during
Spring 2018, when it appeared only as a small shoulder. The
distribution of m/z 57 varied over the course of day, most
notably in Winter 2022, when the peak at 100-130 nm was
observed during daytime (06:00-18:00LT), coinciding with
peak traffic volumes. At other times, this peak was less evi-
dent (Fig. S9).

M /z 60 consistently peaked at 340—400nm in all cam-
paigns. A minor shoulder at 100—130 nm was observed dur-
ing 06:00-12:00 and 12:00-18:00 LT (Fig. S9), likely due to
additional ions beyond C2H40;r , contributing to the shoul-
der. M/z 61 peaked at a larger size (100-140nm) than
m/z 60, suggesting external mixing and different sources.
The difference of accumulation mode maxima between
m/z 60 and 61 was greatest in Winter 2022 (~ 140 nm)
and smallest in Summer—Autumn 2019 (~ 50 nm). In Win-
ter 2022, m/z 60 and m/z 61 were clearly associated with a
mixture of traffic and biomass burning -related OA. The dif-
ference between the size distributions of m/z 60 and m /z 61
became more pronounced during periods when TrOA con-
tributed a higher fraction of OA suggesting that m/z 61, in
particular, was partially related to TrOA (Fig. S10). In con-
trast, during periods of low TrOA contribution, m/z 60 and
m/z 61 peaked at the same particle size, indicating that both
ions were predominantly linked to biomass combustion. As
already discussed in Sect. 3.1.2, C2H4O;' at m/z 60 was
mostly associated with LV-OOA w/BB (41 %), with lower
contributions from TrOA (24 %), BBOA (18 %), and LV-
OOA (13 %) in Winter 2022 (Fig. S8c). However, C2H5O;
atm/z 61 was largely attributed to TrOA (48 %) with smaller
contributions from LV-OOA (19 %) and LV-OOA w/BBOA
(16 %). The size distribution of m/z 61 showed no clear di-
urnal variation (Fig. S9).

Peaks at m/z 43 and m/z 44 exhibited clear accumulation
modes at 350—450 nm, with m/z 43 displaying a slight shoul-
der at 100—130 nm during Winter 2022 and Spring 2024. This
shoulder was most evident between 06:00-12:00 and 12:00—
18:00LT (Fig. S9).

3.2 Separating TrOA from BBOA and HOA

This section explores methods for distinguishing TrOA from
BBOA and HOA, given that TrOA mass spectra share sim-
ilarities with those of BBOA and HOA. First, the relation-
ship of ions C2H40;r , C,HsOT, and C3H50§' were in-
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vestigated. Figure 5 shows the ions for the Winter 2022
data. C2H4O§r and C3H5O;r exhibited strong correlations
across all data points, regardless of the TrOA-to-BBOA
ratio. In contrast, the relationship between C2H50;' and
C3H5O§L showed clear dependency on the TrOA-to-BBOA
ratio. When the TrOA-to-BBOA ratio was high (black dots),
the C,H; O;r / C3H5O;' ratio was approximately 7:6, whereas
it decreased to approximately 2:5 when the ratio was low.
The minimum observed ratio was 1 : 3, indicating that the
C2H50§F signal was always at least 33 % of the C3H5O; sig-
nal.

The analysis of C,H40F, C,HsOF, and C3H5O§r was
extended to the fractions of those ions in OA (1°C2H402+ ,
fC,Hs07, and fC3H50;r). The fractions were calculated to
PMF factors from all datasets, including only those factors
that contained all three ions. Figure 6 shows that TrOA dif-
fers most clearly from BBOA in the fC2H4O;— 1“C2H5O;r
and fC,HsOJ — fC3Hs0; plots, whereas in the fC;H405 -
fCoHs O;“ plot TrOA and BBOA appear closer together. Win-
ter 2022 stands out from other datasets because TrOA has
much higher fCoHs O;‘ values. In addition to biomass burn-
ing factors, the coffee roastery factor (CoOA) can be mis-
taken for TrOA, particularly in the fCoH;405 — fCoHs50;
and 1°C2H50;r —fC3Hs; O;“ plots, as it is positioned near TrOA.
However, CoOA mass spectra contain distinctive nitrogen-
containing ions that are absent from other OA factors in
Helsinki (see, for example, Saarikoski et al., 2023). Other
PMF factors (HOA, SV-OOA and LV-OOA) showed simi-
lar fC,H405 /fC,Hs505 and fC,Hs05 /fC3HsO5 ratios to
TrOA (except in Winter 2022), but their absolute ion frac-
tions were much smaller. Similar ion fraction plots have pre-
viously been used in AMS studies to separate cooking OA
(COA) from HOA sources (Mohr et al., 2012), and to inves-
tigate BBOA evaluation in the atmosphere (Cubison et al.,
2011).

It was also examined whether TrOA can be distinguished
from HOA and BBOA using hydrocarbon patterns. As noted
in Sect. 3.1.2, TrOA exhibited larger signals at m/z values
two hydrogens lower than those of HOA, indicating a higher
degree of unsaturation. This trend is illustrated in Fig. 7,
which shows the ratios of hydrocarbon pairs (fC3HY /fC3H7
fC4H /fC4H] , and fCsHy /fCsH{|; m/z 41/43, 55/57, and
69/71, respectively) for TrOA, HOA, and BBOA (BBOA is
shown only for Winter 2022). While HOA generally had the
largest absolute ion fractions, TrOA consistently displayed
higher foH;L / fCXHy+ 4 ratios than HOA and BBOA across
all ion pairs.

The ratio of fC4H /fC4Hy (m/z 55/57) has been sug-
gested to be larger for lubricant oil than for diesel fuel
(Canagaratna et al., 2004; Saarikoski et al., 2017; Ronkko
et al., 2023). Compared with the ratios for lubricant oil and
diesel fuel, TrOA exhibits an even larger fC4H;' /fC4H; ra-
tio, whereas HOA falls between lubricant oil and diesel fuel,
closer to lubricant oil (Fig. S11). Figure S11 also shows this
ratio for Euro 6 passenger cars using various fuels (EN580

Atmos. Chem. Phys., 26, 11817-11833, 2026
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diesel, HVO, EN228 gasoline, alkylate, CNG) and different
exhaust after-treatment systems (see Saarikoski et al., 2024
for details). Gasoline cars with GPF and diesel cars with DPF
had ratios similar to those of TrOA, whereas CNG cars and
gasoline cars without GPF were closer to HOA. For compar-
ison, fC4H;r /fC4H;r was also presented for cooking-related
OA (Mohr et al., 2012). COA was located close to TrOA hav-
ing slightly larger fC4H7 /fC4HJ than TrOA (Fig. S11).

These hydrocarbon ratios suggest that TrOA may be as-
sociated with modern gasoline and diesel vehicles equipped
with efficient exhaust aftertreatment systems. However, none
of these vehicles exhibited significant signals for oxygenated
ions, C2H4O§r, C,H507, or C3H50§r, in their mass spectra.
This indicates that TrOA is unlikely to be directly emitted by
vehicles but may form through rapid atmospheric process-
ing after emission, consistent with the diurnal patterns shown
earlier. Furthermore, the high degree of unsaturation in TrOA
hydrocarbons suggests that TrOA could undergo oxygena-
tion more rapidly than HOA, which contains more saturated
hydrocarbons.

4 Conclusions

This study investigated the chemical characteristics and
sources of submicron OA in a traffic-influenced environment
in Helsinki, Finland, using data collected between 2018 and
2024. Source apportionment analysis identified two OA fac-
tors attributed to traffic emissions; HOA and TrOA. HOA
was composed primarily of hydrocarbons, while TrOA was
more oxygenated and showed clear signals for C2H4O;
and for C3Hs O;, typically associated with biomass combus-
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tion. Additionally, TrOA exhibited a pronounced signal for
C,Hs07 in Winter 2022 data.

The origin of TrOA remained uncertain. TrOA was iden-
tified as traffic-related primarily based on its diurnal pattern,
which exhibited a distinct morning rush-hour peak in several
campaigns and, at least, a smaller morning increase across all
campaigns. TrOA concentration stayed elevated for a longer
duration than that of HOA during the morning hours, and
its mass size distribution peaked at larger particle sizes, sug-
gesting some degree of atmospheric processing. BBOA was
detected only during the winter 2022 campaign and showed
its highest concentrations in the evening. Overall, biomass
combustion is expected to be only a minor source at the mea-
surement site, as there are very few detached houses with
fireplaces in the surrounding area.

The pronounced signals of oxygenated ions imply that
TrOA contains compounds such as alcohols, carboxylic
acids, or multifunctional oxygenated species. However, the
use of a laser vaporizer is known to enhance the contribu-
tion of these ions compared with the more commonly used
thermal vaporizer. This instrumental effect should therefore
be considered when interpreting the mass spectra or when
comparing them with the spectra obtained using thermal va-
porizers. Hydrocarbon ratios in TrOA mass spectra may indi-
cate its source as emissions from modern vehicles equipped
with advanced exhaust after-treatment systems, which oper-
ate later in the morning than heavy-duty vehicles or diesel
buses, on average.

Several previous studies on source apportionment have at-
tributed only HOA to primary traffic emissions. However,
this study demonstrated that excluding oxygenated primary
OA, such as TrOA, can lead to a significant underestima-
tion (up to 50 %) of total primary OA from traffic, as HOA
and TrOA contributed nearly equally to OA. On average,
HOA + TrOA accounted for 28 % of OA, increasing to 36 %
during morning rush hours (06:00-11:00 LT). It is important
to note that TrOA may not be entirely a primary component.
Its diurnal pattern and possible atmospheric processing sug-
gest that it could be classified as fresh OA or slightly aged
OA.

SV-OOA was also partially associated with traffic emis-
sions as its concentrations were higher on weekdays than
on weekends. However, its diurnal trend did not follow traf-
fic volume or other direct traffic-related indicators, implying
substantial processing in the atmosphere. Consequently, OA
from traffic may still be underestimated, even when HOA and
TrOA are included, if a fraction of SV-OOA is traffic-related.
SV-OOA may also originate from other sources such as bio-
genic emissions during the growing season or aged biomass-
burning emissions during the colder months.

TrOA differed from BBOA based on the fC;HsO5 to
fC2H40§Ir ratio. Furthermore, TrOA could be separated
from HOA using hydrocarbon ion ratios (CXH;‘ / CXHLZ),
as TrOA exhibited fewer saturated hydrocarbon ions than
HOA. Other combustion sources may emit OA resem-
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bling TrOA in terms of oxygenated ions. For example,
a nearby coffee roastery produced OA similar to TrOA
in fC,Hs03 /fC,H405 /fC3Hs05 plots, but its distinctive
mass spectra in terms of nitrogen-containing organic ions
made it easy to separate from TrOA. Cooking-related OA has
not been detected in Helsinki, although based on the litera-
ture, its mass spectra may share features with TrOA. Primary
biological OA has also been shown to have pronounced sig-
nals for C2H40;r , CoH507, and C3H50§r, but it is assumed
to be present mostly in coarse particles.

This study provides a comprehensive view of OA observed
in a traffic setting. The results provide novel insights into the
sources and size distributions of urban OA, supporting air
quality authorities and policymakers in identifying effective
strategies to mitigate the health impacts of urban PM. This
study also highlights the need to account for both primary
and secondary oxygenated OA when evaluating the impact
of traffic-related emissions on air quality. As vehicle fleets
modernize with new engine technologies and alternative fu-
els, and the share of non-exhaust emissions may increase, the
composition of traffic-derived OA is likely to evolve, requir-
ing ongoing assessment and adaptation of air quality strate-
gies.
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