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Abstract. Secondary organic aerosol (SOA) is a major component of particulate matter but is often underpredicted in chemistry
climate models. Recent advances in measuring and resolving the chemically complex structure of intermediate volatile organic
compounds (IVOC) have shown that IVOCs, despite their high SOA yields, have long been underrepresented in models. These
compounds are key precursors of SOA from emissions in the road transport sector and significantly influence SOA formation.
Understanding vehicle emissions, their chemistry, and their SOA-forming potential is essential for accurately estimating their
contributions to atmospheric SOA and global organic aerosol loads. To improve this understanding, we have updated the
organic module ORACLE in the global chemistry climate model EMAC. The existing IVOC representation was based on
scaled organic carbon (OC) emissions and a highly parameterized volatility basis set (VBS) which underestimated global

IVOC emissions, particularly those from gasoline combustion, and oversimplified their chemistry. Here, we replaced this

approach with a lumped species framework, in which experimental data for gasoline and diesel emissions were grouped into
seven lumped species based on their chemical properties and hydroxylation potentials. These species were linked to adjusted
emission inventories for regional diesel and gasoline consumption. A 10-year simulation with the updated ORACLE-IVOC
model resulted in significant changes. The global atmospheric burden of road transport IVOC-derived SOA (SOA-iv) increased
by 1 order of magnitude, from 0.014 Tg to 0.13 Tg. The composition of road transport organic aerosol (OA) shifted, with
SOA-iv contributing 2.5 to 13 times more than the primary organic acrosol (POA) and SOA derived from semi-volatile organic
compounds combined. In the results using the previous model, this ratio was between 0.4 and 1.1. The geographical distribution
of OA also changed. Regions rich in gasoline relative to diesel emissions experienced higher concentration increases, and
remote areas experienced elevated concentrations due to more efficient long-range transport of the new lumped IVOC species.
Opverall, these changes led to a significant increase in the contribution of road transport to total anthropogenic SOA -iv from an

average value of 3% to 35%,,
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1 Introduction

Secondary organic aerosol (SOA) is formed when volatile organic compounds (VOCs) undergo one or more chemical+

transformations in the gas phase to less volatile compounds, and finally pass into particle phase through nucleation,
condensation or multiphase chemistry (Donahue et al., 2006; Srivastava et al., 2022). As one of the major components of
particulate matter (PM), SOA contributes significantly to air pollution and the associated health risks (Zhang et al., 2007;
Szopa et al., 2021; Pope et al., 1995; WHO, 2021). SOA has also been shown to have the highest association per unit mass
with cardiorespiratory mortality (Pye et al., 2021) probably due to its high oxidative potential (Baulig et al., 2003; Li et al.,
2003; Pye et al., 2021). In addition, SOA affects the Earth’s energy budget by contributing to the absorption and scattering of
radiation (direct effect) and by acting as cloud condensation nuclei and altering the properties of clouds (indirect effects)
(Boucher et al., 2013). However, SOA, especially from anthropogenic precursors, is the least understood major PM component
due to the enormous diversity and complexity of precursors and oxidation products (Szopa et al., 2021; Srivastava et al., 2022).
Therefore, accurate modelling and assessment of the magnitude and variability of atmospheric SOA is a major challenge and
an essential task for improving our understanding of these important aerosols.

A vital factor to consider in this quest is the chemical structure and volatility of the SOA precursors, as this influences their
atmospheric transport and deposition, as well as their oxidation and aerosol formation potential (SOA yields) (Robinson et al.,
2007; Srivastava et al., 2022). The SOA precursors can be classified into four groups based on their volatility (Robinson et al.,
2007; Donahue et al., 2009; Tsimpidi et al., 2014). The most volatile species are the volatile organic compounds with saturation
concentrations (C*, at 298 K and 1 atm) greater than 10° ug m~. With increasing carbon number, the saturation concentration
and the volatility of organic molecules usually decrease. Therefore, species with about 12 or more carbon atoms and C*
approximately between 103 and 10° ug m™ are classified as intermediate volatility organic compounds (IVOCs) (Robinson et
al., 2007; Donahue et al., 2009; Zhang et al., 26222022b). In most ambient atmospheric conditions, IVOCs are still almost
exclusively (> 99%) in the gas phase. At low temperatures around 0°C and high organic aerosol (OA) loadings of 10 pg m,
still about 94% of IVOCs are in the gas phase (Lu et al., 2018). Semivolatile organic compounds (SVOCs) with C* in the order
of 1 to 102 ug m exist in both the particulate and gaseous phases. The low volatility organic compounds (LVOCs) exist almost
exclusively in the particulate phase due to their low saturation concentration in the order of C* < 10-' ug m (Robinson et al.,
2007; Donahue et al., 2009; Tsimpidi et al., 2016; Lu et al., 2018). The most abundant of these compounds are the VOCs of

anthropogenic (e.g., aromatics, alkanes, olefines, etc.) and biogenic (e.g., isoprene and terpenes) origin (Pandis et al., 1992;

than VOCs, they undergo oxidation more efficiently and have higher SOA yields due to their lower volatility (Zhao et al.,

2014; Docherty et al., 2021; Zhang et al., 2022a). This makes IVOCs equally or even more important SOA precursors.

particularly in urban environments, as evidenced by ambient monitoring, smog chamber experiments (Sartelet et al., 2018;
Jorga et al., 2019), computational chemical mechanism studies (Lu et al., 2018; Pye et al., 2023Heowever, FVOCsrepresent-a

OA), and modelling efforts that
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explicitly account for IVOC emissions from combustion sources (Jathar et al., 2014). IVOCs thus represent a chemically

diverse and relatively under-characterized class of SOA precursors, whose role in atmospheric aerosol formation remains

uncertain,

Recent studies of IVOCs have revealed a variety of important sources, ranging from wildfires and residential biomass
burning (Schauer et al., 2001; Tang et al., 2022; Huang et al., 2022) to waste management processes (Fujitani et al., 2020 and
2023), cooking (Song et al., 2022), oil sands mining and oil leaks (Liggio et al., 2016; Sommers et al., 2022 and De Gouw et
al., 2011), chemical (consumer) products (Li et al., 2018; Seltzer et al., 2021), liquid or even solid fuel combustion (Cai et al.,
2019; Tang et al., 2022; Qian et al., 2021, respectively). Among these, ship emissions (Kangasniemi et al., 2023; Huang et al.,

2018) and in partlcular road transport stands out as maj@H@er%b—ePW@@S—Re&d—tFaﬂspethﬂﬁ—beefHd%ﬂ&ﬁéd—aﬁ—m%

some of the most extensively
studied IVOC sources. Globally, the road transportation sector accounts for approximately 9% of total IVOC emissions (Huang

et al., 2023). However, in major urban centers such as Beijing and London, road transport has been reported to contribute a

significant fraction of total IVOCs, with contributions varying depending on fleet composition and fuel type (Schauer et al.,

1999; Drozd et al., 2021; Zhang et al., 2022a; Bessagnet et al., 2022). For instance, diesel-related IVOCs from both road and

non-road engines accounted for 47% of total IVOC emissions in Guangzhou, a coastal city in China (Fang et al., 2022), and
were re_pon51b1e for 30% of total SOA in London in 2012 (Ots et al., 2016).(Zhae-etals2644-Dechertyet-al—2021: Zhang

B d 1asal ; to (Sortalatat ol I01Q- | tal 9010\ ctadi
¥ € = g = 75

For modelling the formation and evolution of POA and SOA in the atmosphere, sector specific emission inventories of

organic carbon (OC) and VOCs are generally available. Pa;ﬁeulat%@@i&typiea}bumeaﬂﬁedﬂs%ﬂg—ﬁkeybase&However

volatility organic compounds (IVOCs). Filter-based methods typically detect only, particulate phase—Hewever,—most-of-the

[ Formatted:

Font color: Auto

[ Formatted:

Font: Not Italic, Font color: Text 1

Formatted:

English (United States)

Formatted:

English (United States)

FVOCs-are—in-the-gas—phase-and-thus—toe—velatile-OC species with saturation concentrations up to be—ea-p&ufed—by—ﬁkefs

Formatted:

English (United States)

{Shrivastava-etal;10* pg m3, while:
air quality monitoring networks are traditionally measured using, gas chromatography-based techniques—Hewever,—gas

eh*eﬁaa%eglﬂaphy—ts—be&er—suﬁeé—fer—\ﬁg& primarily resolve lighter VOC species, with C* > 10%qgm=>IVOCs often-appear
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eomplexity-of FVOEs;2007, 2010; Tsimpidi et al., 2014; Zhao et al., 2014), which may include hundreds of isomers (Fraser et
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al. 1997, Goldstein et al., 2007; Zhao et al., 2014). Consequently, there is an information gap in the inventories for organic

compounds with a saturation concentration of about 10* < C* < 10° pg m (Tsimpidi et al., 2014; Lu et al., 2018) and most
IVOCs from anthropogenic combustion sources are missing from common inventories (Srivastava et al., 2022). To account
for the missing IVOCs, many chemical transport models estimate IVOC emissions assuming that they are proportional to the
OC emissions using enhancement factors of typically 1.5, but up to 6.5 in combination with the volatility basis set (VBS)
framework (Robinson et al., 2007; Shrivastava et al., 2008; 2011; Hodzic et al., 2010; Jathar et al., 2011; Tsimpidi et al., 2010,
2011, 2014, 2016, 2017). The VBS is commonly used by chemistry climate models to simulate the chemical evolution of
IVOCs by distributing IVOC emissions over logarithmically spaced volatility bins and participating in chemical reactions with
the hydroxyl radical, OH (Donahue et al., 2006; Murphy and Pandis, 2009; Tsimpidi et al., 2010). The products of this
oxidation are 1 or more orders of magnitude lower in saturation concentration and can more easily condense to the aerosol
phase to form SOA (Shrivastava et al., 2008; Tsimpidi et al., 2017).

Estimating a fixed scaling factor for IVOC emissions based on the emitted OC is not a universally valid, realistic approach
as the scaling factor varies significantly depending on the emission source type and since the correlation of IVOC to OC is
weaker than to VOC (ZaheZhao et al., 2015, 2016; Lu et al., 2018). Furthermore, the accurate description of SOA formation
and composition by simply knowing the volatility or saturation concentration classification is not sufficient, as the number of
carbon atoms, the molecular weight and especially the chemical structure also strongly influence the chemical reaction rates
and thus the final yield (Gentner et al., 2012; Manavi and Pandis, 2022; Srivastava et al., 2022). For example, a cyclic structure
is responsible for less volatile ring-opening products, which, together with a tendency to form oligomers, increases SOA yields.
Therefore, branched alkanes have lower SOA yields than linear alkanes, which in turn have lower yields than cyclic alkanes
(Srivastava et al., 2022). This means that branched or cyclic hydrocarbons react at different rates despite having the same
carbon number (Zhao et al., 2014). In the case of aromatics, the structure also influences the SOA yield, which depends more
on the position of the substituent than on the length of the compound (Srivastava et al., 2022). Therefore, the fact that each
VBS surrogate species must represent thousands of individual, differently structured IVOCs, for which the same reaction rate
and oxidation pathway are then assumed, is an oversimplification and a weakness in modelling SOA from IVOC-rich sources.

Recently, new approaches have been applied to speciate the missing [IVOCs. An important example is [VOCs from internal
combustion engines, which have been increasingly studied by several laboratory, field and computational studies. Gentner et
al. (2012) and Zhao et al. (2014, 2015, 2016) have characterized the emissions of vehicles representative for the car fleet in
California, Liu et al. (2021) and Zhang et al. (20222022b) for China, Marques et al. (2022) and Sarica et al. (2023) for the one
in Europe. These studies usually report their emission factors of IVOCs as a fraction of VOCs due to their good correlation.
The study of 79 emission factors of speciated and unspeciated IVOCs from both diesel and gasoline combustion by Zhao et
al. (2015, 2016) has served as a database for several model approaches that have taken up the challenge of more accurately
describing the complex chemical evolution of IVOCs in the atmosphere. For example, Sartelet et al. (2018) have-implemented
a-new-parametrization-using TVOC/V/OCused this dataset to estimate IVOC, and SVOCA,OC-emission-factors;-which-show

good-agreement-with-chamberexperiment-measurements: traffic emissions over Paris, Compared to using-SVOC/POA-and
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decrease in simulated OA concentrations-— along motorways, but a 25% increase in OA concentrations across the greater Paris

urban area. As a second example, Lu et al. (2020)
by-grouping-thecategorized 79 IVOC species, whose emission factors were measured by Zhao et al. (2015, 2016)-inte-four
altkane-and-two-), based on their aromatic humped-speeies—and-with-this-taking-into-account-both-velatility-and-melecular-or

aliphatic structure and further subdivided them by volatility, resulting in afour lumped alkane species and two lumped aromatic

species. This framework was used to model SOA concentrations over California and Nevada during May and June 2010

leading to an approximate 70% increase in the daily SOA peak. This approach was furthersubsequently refined with-respeet
i i v i 5 atitity—by Manavi and Pandis (2022), resulingwho

incorporated more detailed chemical structure information, including carbon number, branching, aromatic complexity (e.g.

polycyclic vs. monocyclic), and OH reactivity. Their updated scheme resulted in a slightly different grouping of the four alkane

lumped species and additional-differentiationa more specific classification of the-aromatic IVOCs asinto two lumped species

of polycyclic aromatic hydrocarbons and as-one lumped species of simple aromatics with Cj1-22—Coy, benzenes. FheyAlthough

volatility was not explicitly used as a lumping criterion in their framework, it was implicitly accounted for through molecular

weight and structural characteristics. Using this refined lumping approach, they simulated SOA formation over Europe during

the early summer.

In-this-werk;-The enhanced chemical specificity in the approach-of Manavi and Pandis (2022) is-framework allows for a<—

more accurate representation of reaction rates and SOA yields, both of which are strongly influenced by molecular structure

(Gentner et al., 2012; Srivastava et al., 2022). In this work, we have adopted this framework and implemented init into

ORACLE, a computationally efficient module for simulating the ©A-composition and evolution of organic aerosol ,jn the

atmosphere (Tsimpidi et al., 2014). Fhe-new-medelThis integration, allows thefor a more realistic and thereughcomprehensive, N
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and the resultsresulting SOA simulations, compared to the—SOAsimulated—withthose produced using, the previously

usedemployed, VBS framework, are presented and discussed jn this study.

2 Methods

In this study, the computationally efficient submodel ORACLE (Tsimpidi et al., 2014), which simulates the OA composition
and evolution in the atmosphere, is further developed to incorporate a new IVOC scheme for simulating the SOA formation
from on-road transport emissions. Specifically, a lumped species approach for IVOC emissions from the road transport sector
is implemented into the base version of ORACLE (hereafter referred to as ORACLE-base), resulting in the updated model
version ORACLE-IVOC. The-developed-modelframework-allows for future-extension-to-include OC-emissions-tromothe
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Both ORACLE-base and ORACLE-IVOC are coupled with the ECHAMS/MESSy Atmospheric Chemistry (EMAC)<—

model (Jockel et al., 2005) to simulate the period 2010 — 2020, using 2010 as a spin-up year-and-a. The simulations are
conducted at a horizontal, resolution of approximately ,1.86°x1.88° (fat><-ten)-latitude X longitude) with 31 vertical layers
extending up to 10 hPa (~25 km above the surface), corresponding to the T63L31 configuration. Anthropogenic emissions
from all sectors are derived from the CAMS global anthropogenic emissions inventory (CAMS-GLOB-ANT; Soulie et al.
2023), In both medel-versions; ORACLE-base and ORACLE-IVOC configurations, the formation of SOA from VOC, IVOC

and SVOC precursors is tracked separately. Additionally, emissions from the road transport sector emissions-are treated

separatelyindependently, from allother sectors for the simulation of IVOC, SVOC, and LVOC, enabling-an-iselatedallowing ‘ )
for a targeted, analysis of OAteadSOA and POA contributions specifically, attributable to traffic-related emissions. SOA
formation-fromVOCs emitted-by-the-from road transport seetor-willnet-be-diseussed-in-this-wetksare included, as part of the \

VOC-chemistry-is-identical-in-both- ORACEE-basetotal anthropogenic fossil fuel, and ORACEEIVOCThe- VOC-treatment |
usedbiofuel emissions,in the medelfoHowsCAMS inventory and follow, the implementation described by Tsimpidi et al. (2044)
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and-therefore(2014). ORACLE simulates the photochemical oxidation of seven lumped VOC species considered SOA

precursors, including alkenes, aromatics, isoprene, olefins, and monoterpenes, with oxidants such as OH, O3, O, and NOs. The

resulting oxidation products are grouped into two categories: aSOA-v (from anthropogenic VOCs) and bSOA -v (from biogenic

VOCs). These products are distributed into volatility bins with saturation concentrations of 10°, 10", 102 and 103 ug m™ at 298

K., using aerosol mass yields from Tsimpidi et al. (2014). Since VOC-derived SOA is treated identically in both model versions

base would obscure the differences specifically attributable to the updated IVOC emissions and chemistry, which are the focus
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of this study. Therefore, we do not discuss total SOA formation in detail but instead focus on POA and SOA formation from
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LVOCs, SVOCs, and especially IVOCs from road transport emissions. The POA and SOA formation mechanisms for these

2.1 Description of the ORACLE-base module
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ORACLE (Tsimpidi et al,, 2014) treats both POA and SOA as volatile and reactive and therefore can describe all organics in<_ [ Formatted: English (United Kingdom)

a unified volatility basis set (VBS), framework (Donahue et al,, 2006). Primary emissions include VOCs, IVOCs, SVOCs, and [ Formatted: English (United Kingdom)

LVOCs, which are attributed to several surrogate species with logarithmically spaced bins of their saturation concentration [ Formatted: Indent: First line: 0 cm
[ Formatted: English (United Kingdom)

C*. Except LVOCs, which do not participate in further photochemical reactions due to their low volatility and dominant
existence in the particulate phase, all primary organic gases (POGs) can undergo ageing reactions with OH in the gas-phase to
form oxygenated secondary organic gases (SOGs), which are then assigned to lower volatility bins in the VBS framework.
SOGs and POGs may also partition between the gas and particulate phases to form SOA and POA, respectively, by assuming

bulk equilibrium between the two phases and that all organic compounds form a pseudo-ideal solution. Phase partitioning

depends on atmospheric conditions such as ambient temperature, the species’ enthalpy of vaporization, the pre-existing OA
mass, and size distribution, as detailed in Tsimpidi et al. (2014).
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For the description of OA from the road transport sector, OC emissions are taken from the CAMS global anthropogenic
emissions inventory (CAMS-GLOB-ANT; Soulie et al., 2023) and distributed across six newly introduced POG/POA
surrogate species of different volatilities: 9% of OC is attributed to one surrogate species for LVOCs, 23%, 48% and 20% to
three SVOC surrogate species, and 50% and 100% to two IVOC surrogate species. The additional 150% of OC emissions
accounts for IVOCs that are typically underrepresented in inventories;based-en-chamber. This volatility distribution is derived

from laboratory,experiments on diesel exhaust conducted by Robinson et al. (20073-—Fhis) and were fitted to the volatility basis

set (VBS) framework as described in Tsimpidi et al. (2016). The distribution, along with the associated volatility bins and

ageing reactions, is illustrated schematically in Fig. 1.
OC emissions from other sectors are also based on the CAMS-GLOB-ANT inventory. Similar to the organics from the
road transport sector, their evolution is described with the VBS framework (Tsimpidi et al., 2014). The photooxidations and

partitioning for IVOCs are described by the following reactions:

IVOC; (g) < POAiv; (p) (R1)

IVOC; (g) + OH — 1.15 SOGiv;_, (g, fresh) (R2)
SOGiv; (g) + OH — 1.15 SOGiv;_, (g aged) (R3)
SOGiv; (g) « SOAiv; (p) (R4)

The index i indicates the saturation concentration with C* = 10" pg m™ for each surrogate species. The subsequent oxidation
products have a C* = 10" ug m?, i.e., their volatility is reduced by a factor of 100. Chemically, ORACLE is based on the
assumption that the OH reactions of IVOCs have a rate constant of 2X107!! cm® molecule™ s™' (Pye and Seinfeld, 2010) and
that two oxygen atoms are added in one oxidation step, leading to the 15% mass increase if an average precursor is assumed

to be a C;s molecule (Tsimpidi et al., 2014):; Atkinson and Arey, 2003). The same equations apply to SVOC; that can either

directly partition into the aerosol phase to become POA-sv; or oxidise to SOG-svi., with SOA-svi.» being the corresponding
aerosol. To track the contribution of the road transport sector to SOA formation, five new SOG/SOA-iv species and five new

SOG/SOA-sv species were added to the ORACLE-base model.
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Figure 1: Schematic of VBS resolution and POA and SOA formation from SVOCs, LVOCs and IVOCs road transport emissions for
ORACLE-base.

25
2.2 Description of the ORACLE-IVOC module

A key aspect of the method used in this work to improve representation of the IVOC chemistry is the grouping of speciated< [ Formatted: Indent: First line: 0 cm

and unspeciated IVOCs based on their molecular weight, OH reaction rate constants, and chemical structure. This approach

follows the methodology developed by Manavi and Pandis (2022), which has been largely adopted by ORACLE-IVOC. They

230 classified 79 TVOC species, identified in emissions from a diverse fleet of gasoline and diesel vehicles during chassis

dynamometer testing (Zhao et al., 2015; 2016), into seven lumped species. These datasets include emission factors of 57
speciated IVOCs, 11 unspeciated Ci to Cy; branched alkanes (b-alkanes), and 11 unspeciated Ci2 to Ca; cyclic compounds.

This resolution of the IVOC spectrum could be reached by the application of Tenax adsorbent tubes, which can collect

over 90% and 97% of IVOCs from gasoline and diesel exhaust, respectively. For the determination of common VOC emission

235  studies those tubes are usually not used because they only collect about 5% and 55% of the total organic emissions from

gasoline and diesel exhaust, respectively (Zhao et al., 2015, 2016). After detection, the adsorbent tubes were further analysed

by gas chromatography and mass spectrometry. Finally, the 57 speciated IVOC compounds were found for both diesel and

gasoline, but most of the mass (> 90%) appeared as unresolved complex mixture (UCM) in the chromatograph. For the best

possible characterization, Zhao et al. (2014, 2015, 2016) quantified them into 11 bins depending on their carbon number,

240 according to the gas chromatography retention time. Based on the mass spectra, the IVOC UCM bins could be subdivided

further into unspeciated branched alkanes and then unspeciated cyclic compounds, which resulted in the distinction of a total



of 79 different IVOC species for both fuel types, as described above. Further details about the choice of this dataset are
explained in section 2.3.2.
In diesel emissions, the cyclic compounds are more likely to be cyclic alkanes, whereas in gasoline emissions, they are

245  more likely cyclic aromatics. To reflect this, Manavi and Pandis (2022) assigned the five unspeciated C1 to Cis cyclic
compounds from diesel measurements to alkane lumped species, while those from gasoline measurements were attributed to
polycyclic aromatic hydrocarbons (PAH) lumped species. Careful consideration of unspeciated compounds is crucial because
their emission factors are significantly higher than those of speciated alkanes and PAH IVOCs. Accurately representing these
compounds improves the understanding of IVOC chemistry and their role in SOA formation.

250 The four lumped species, designated as ALK6, ALK7, ALKS, and ALK9, represent C» to Cy, alkanes. They include
speciated alkanes, unspeciated branched alkanes, and unspeciated cyclic alkanes. Each lumped species corresponds to
molecules with specific carbon numbers and reaction rates. For example, ALK6 includes C; to Cy4 alkanes that have reaction
rates of 1.3 — 1.8 107" cm® molecule™ s™'. This group contains both speciated compounds, such as dodecane, tridecane, and
tetradecane, as well as unspeciated ones. Alkanes are in fact the major class of anthropogenic VOCs in urban areas and are

255  mostly emitted from combustion sources (Srivastava et al., 2022). The lumped species for aromatics (ARO3) includes only
speciated IVOCs, ranging from Ci; (pentylbenzene) to C», (pentadecylbenzene). The numbering of the alkane (ALK6-9) and
aromatic (ARO3) lumped species continues from the VOC chemistry introduced in the earlier version of ORACLE (Tsimpidi
et al., 2014), which includes ALK1-5 and ARO1-2. The two PAH lumped species, PAH1 and PAH2, represent Cio — C17

polycyclic aromatic hydrocarbons. Although many PAHs have saturation concentrations above the typical IVOC range (i.e.,

FGO >10° ug m>), their SOA yields are comparable to other IVOC species (see Table 1), justifying their inclusion as IVOC-like [Formatted: English (United Kingdom)
precursors. These seven IVOC lumped species are added to the ORACLE-IVOC as the exclusive IVOC contributors from the
road transport sector. The complete mapping of speciated and unspeciated IVOCs to lumped species, along with a detailed

explanation of the lumping methodology, is provided in Manavi and Pandis (2022).

‘B [ Formatted: Indent: First line: 0.5 cm
P65 Table 1: Molecular weight (MW), reaction rate and molecular aerosol mass-based yields for each IVOC lumped species. [ Formatted: Font: 9 pt
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IvVOoC (g mol™") molec” Ocy=10-1 | Ogy=100 | Oca=10t | Xce=102 | Qcw=103
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ALK6 183 2.5x10* | 9.3x103x10°12 0.03 0.03 0.02 0.05 0.23 Inserted Cells
ALK7 224 9.3x10+ 0.02 0.10 0.36 0.09 0.05 Merged Cells
ALKS 265 | 93xk0" 0.08 0.03 0.66 0.16 0.00 Inserted Cells
Merged Cells
ALK9 302 93x107" 0.09 0.03 0.76 0.18 0.00




70

275

280

285

290

2.6x10
ARO3 188 H1.4x10° 0.00 0.00 0.12 0.18 0.26
1
PAHI 137 2.6x106x10"! 0.00 0.01 0.19 0.02 0.05
PAH2 175 2.6x107 0.00 0.00 0.28 0.05 0.11
4,
Furthermoretor-the

functionalization and fragmentation processes. Consequently, they represent the net effect of all chemical transformations

occurring during oxidation, including the formation of lower-volatility products that contribute to SOA and the fragmentation

of molecules into more volatile species that do not partition into the particle phase. Furthermore, the ambient NOy

concentrations must be considered, as the-presence-0f-NOy fundamentally influences the reaction pathways and thus the
resulting SOA yields. Manavi and Pandis (2022) have used the fitting algorithm of Stanier et al. (2008) and single experimental
studies to estimate the NOx-dependent yields for the new lumped IVOCs. For this study, which focuses on road transport,
high-NOy SOA yields were implemented in ORACLE-IVOC for each lumped IVOC species. These yields, covering oxidation
products with five different saturation concentrations (five-product basis set), are shown in table 1 along with average
molecular weights and reaction rates derived from the SAPRC mechanism (Manavi and Pandis, 2022).

Overall, each lumped IVOC species reacts with OH to produce SOGs across five volatility bins with C* of 0.1, 1, 10, 100
and 10° pg m, based on the aerosol mass-based SOA yields for each bin (a;yoc) , Where i represents the exponent in C*=10!

(Table 1):
IVOC+OH - Y%, a; voc SOGe,_yi (RS)

Possible reactions with O; or the nitrate radical, NOs, are not considered here for computational reasons and because the
atmospheric chemical lifetime of most fossil fuel VOCs is strongly determined by their reaction with OH (Srivastava et al.,
2022). Each of the five fresh SOG-iv products is a composite of precursors from multiple lumped species. These compounds
may either partition into the particulate phase to form fresh SOA-iv or undergo additional oxidation steps with OH to produce
aged SOGs. This representation leads to a total of nine new SOG/SOA-iv species in the ORACLE-IVOC module, with the
subsequent photooxidation reactions being modelled using the VBS framework. Here, the multigenerational products of fresh
SOG-iv are simulated as in ORACLE-base, except that the reaction rate with OH is equal to 1x10"'" cm*molecule” s and
only one oxygen atom is added per oxidation step, corresponding to a 7.5% mass increase and reducing the volatility by a

factor of 10. The corresponding reactions are:

SOGiv; (g, fresh) + OH — 1.075 SOGiv;_; (g aged) (R6)
SOGiv; (g, aged) + OH — 1.075 SOGiv;_; (g aged) (R7)
10
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SOGiv; (g) < SOAiv; (p) (R8)

A schematic overview of this reaction scheme is presented in Fig. 2. For emissions and chemical processing of SVOCs and
LVOCs across all sectors, as well as IVOCs from non-road transport sources, ORACLE-IVOC adopts the same modelling
framework as ORACLE-base.

Furthermore, the Henry’s law (H) constants assigned to IVOC species, which describe their ability to partition into water

and thereby determine their wet removal efficiency, differ between ORACLE-IVOC and ORACLE-base. In ORACLE-base

high H values of 10° M atm' are assumed for surrogate IVOC species, consistent with heavier, less volatile compounds that

are typically hydrophilic. In contrast, the H constants assigned to the lumped IVOC species in ORACLE-IVOC are much lower

(H=2.5x10"*M atm™ for alkanes and H = 0.14 M atm' for aromatics; Table 1), reflecting their relatively hydrophobic

nature, similar to other gaseous VOCs (Jimenez et al., 2009; Pye and Seinfeld, 2010; Hodzic et al., 2014).
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Figure 2: Schematic of the IVOC evolution using the lumping scheme. The contribution of each lumped IVOC species from gasoline and«— [ Formatted: Space After

diesel is expressed as emission factors (EF) in units of molecules of IVOCs emitted per molecule of VOCs emitted (middle). All lumped
species react with OH. The first ageing step to fresh SOG products with different volatilities and saturation concentration C* at 298 K is
mathematically described by the sum equations (right side) with the aerosol mass-based yields i for all 7 lumped species. Further ageing to
aged SOG and partitioning is described by Reactions R6 — R8. On the left side, the same processes are shown as a vector scheme, with gas

and aerosol phases, ageing and partitioning as in Fig. 1.
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Overall, ORACLE-IVOC introduces both a revised emission inventory and an updated chemical mechanism. Therefore

the comparison against ORACLE-base presented in this work reflects the combined impact of enhanced emissions and

improved chemical treatment. It is not possible to isolate the individual contribution of each component to the overall

improvement in SOA predictions, as the previous OC-based scaling approach used in ORACLE-base to estimate IVOC

emissions cannot be directly applied to the new lumped IVOC species due to the lack of necessary chemical speciation. The

developed model framework allows for future extensions to include IVOC emissions from other sectors. However, other

sectors, such as volatile chemical products (McDonald et al., 2018; Seltzer et al., 2021) and biomass burning (Hatch et al.

2015; Koss et al., 2018), emit IVOCs with distinct chemical structures not typically found in transport emissions (e.g., phenols,

furans, cresols, etc.). Therefore, accurately representing [VOC emissions from additional sources will require further research

to compile sector-specific emission profiles and classify emitted compounds into appropriate lumped species based on their

chemical structure and reactivity.

2.3 Estimation of global IVOC emissions from the road transport sector

In ORACLE-IVOC, emissions of IVOCs from the road transport sector are estimated proportionally to the total VOC
emissions reported in the global anthropogenic CAMS-GLOB-ANT inventory (Soulie et al., 2023). Since the composition and
quantity of the emitted IVOCs vary with the relative share of diesel and gasoline vehicles due to their fuel-dependent emission
characteristics, region-specific fleet compositions have been incorporated in the model to more accurately scale the IVOC
emissions. This approach ensures a globally consistent, yet regionally differentiated, representation of IVOC emissions from

road transport.

2.3.1 Global fleet distribution

Organic emissions from the road transport sector originate from the combustion of gasoline and diesel fuels, and multiple non-
combustion sources such as tire and brake wear, road asphalt abrasion, and the evaporation of lubricating oil-, diesel and

gasoline, Most of the non-combustion emissions are typically less volatile and dominate the POA emissions of motor vehicles

(Worton et al., 2014). Emissions from road asphalt can include IVOCs under sunny and hot weather conditions, though this

source remains poorly quantified and is not currently represented in the CAMS-GLOB-ANT inventory (Sarica et al., 2023;

Khare et al., 2020). In-this-werkfor simplicity-and-due-to-data-limitationsFurthermore, VOC emissions from the road transport

sector are typically approximated as originating solely from the exhaust of gasoline and diesel combustion, This assumption

transport-related VOC emissions over the past decade. HoweverNevertheless, evaporation emissions from diesel (Drozd et al.

s aJeasonable assumption—on a global scale, where fuel combustion remainshas remained, the dominant source of road -
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and hot soak events (Liu et al., 2015; Sartelet et al., 2023

also represent important sources of VOCs and IVOCs. These evaporation-related emissions are generally not included in
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standard emission inventories, such as CAMS-GLOB-ANT (Soulie et al., 2024), which do not account for VOCs from fuel

evaporation beyond idling. Similarly, the dataset by Zhao et al. (2016), used to calculate IVOC/VOC emission factors (see

Section 2.3.2), includes measurements under idling conditions but does not capture evaporation scenarios such as permeation

or refueling. Consequently, the IVOC/VOC emission factors derived from Zhao et al. (2016) are consistent with the CAMS

inventory and can be appropriately applied.

Furthermore, since the relative contributions of diesel and gasoline vary significantly by region due to differences in fleet

composition and fuel usage, regional specificity is critical for accurately medelingmodeling IVOC emissions and their impact

on aerosol formation. JTo capture this variability, we distinguish between 18ten, global regions (Fig. 3, Table 2), aligned with

the IPCC ARG regional breakdown (Szopa et al., 2021; Tsimpidi et al., 20242025). For each region, we compiled available, \

country-level data on the relative shares of diesel and gasoline consumption during the years 2010-2020. FheseFor Latin

America and the Caribbean, Africa, and Europe, regional information was derived from 20, 34, and 27 countries, respectively.

For the Middle East, Asia-Pacific Developed, and Southeast Asia and Developing Pacific regions, available data from a few

countries in each region were averaged to represent the whole region. For other regions (i.e., Eastern Asia, South Asia, Eurasia

and North America), data from a single country (i.e, China, India, Russia, and the USA, respectively) were selected, as these

countries already dominate the emissions of their respective regions. The regional average fuel shares are expressed as the

fraction of diesel or gasoline fuel consumed per unit of total fuel (diesel + gasoline), denoted as djie; and gsei, respectively.
However, since diesel and gasoline have different VOC emission factors (2054 mg VOC L' for diesel and 3382 mg VOC L'
for gasoline (Zhao et al., 2015; 2016), the fuel volume shares do not directly translate into VOC emission shares. For example,
if a country consumes equal volumes of diesel and gasoline (dje = gsier), diesel accounts for only ~38% of the total VOC
emissions due to its lower emission factor. The diesel VOC share (Dvoc) and gasoline VOC share (Gvoc) are therefore

calculated as follows:

_ dfyel 2054 L
Dvoc dfyer 2054 + gpyer- 33827 Gvoc=1-Dvoc (Eq. )

The resulting gasoline and diesel contributions to the total fuel consumed and to the total road transport-related VOC
emissions for each subcontinent are summarized in Table 2. Figure 3 illustrates the regional variation in the diesel share of
VOC emissions. Notably, diesel dominates in Southern Asia and Europe, whereas gasoline is the primary fuel in North

America. Finally, the calculated dj..and gy ratios are applied to the road transport VOC inventory, allowing to generate two

separate VOC inventories, one for diesel and one for gasoline emissions, in units of molecules m?s™!. These inventories are

then used to apply fuel-specific IVOC emission factors within the ORACLE-IVOC framework.

13

Formatted: Font color: Auto, English (United States),
Ligatures: Standard + Contextual

Formatted: Font color: Auto, English (United States),
Ligatures: Standard + Contextual

Formatted: Font color: Auto, Ligatures: Standard +
Contextual

Ligatures: Standard + Contextual

Formatted: Font color: Auto, English (United States),
Ligatures: Standard + Contextual

Formatted: Font color: Auto, English (United States),
Ligatures: Standard + Contextual

Formatted: Font color: Auto, English (United States),
Ligatures: Standard + Contextual

{ Formatted: Font color: Auto, English (United States),

(| U | U | U | WD | W | W

[ Formatted: Font color: Text 1

[Formatted: English (United Kingdom)




380

B85

Table 2: Share of diesel and gasoline in total fuel consumption and total VOC emissions from the road transport sector.

[ Formatted: Font: 9 pt

. . Diesel VOC  Gasoline
0, 0, Aol YA p—- -2
Continent Dlezel (%) Gasoline (%) Years Source % VOC (%
fuel (Lfuel (Dvoc) (Gvoo)
1. Southern Asia 78 22 2010 -2019 Bhatt, 2021 68 32
2. Europe 73 27 2010 — 2020 Fuels Europe, 2022 62 38
3. Eastern Asia 64 36 2010-2016 Heetal., 2017; Li et al., 2020 52 48
4. Africa 57 43 2010-2016 Liddle and Huntington, 2020 45 55
. X Ghorbani et al., 2018
5. Middle East 52 48 2010—-2016 Rahman of al.. 2022 40 60
6. Asia-Pacific Australian Bureau of Statistics, 2020;
Developed 9 3l S Klein, 20252, b 3 8
. . . . .
7 Latl.n America & 46 54 2010 - 2016 Liddle and Huntington, 2020
Caribbean E——
8. SE Asia & Xie and Harjono, 2020; Liu and Lin
Developing Pacific e ol 2013 -2018 2019 28 z
9. Eurasia 38 62 2015 Grushevenko et al., 2018 27 73
10. North America 25 75 2010 —2020 Statista Research Department, 2025 17 83
R [Formatted: Font: 12 pt, Not Bold
Diesel- Gasoline
3 3 % share —%-share
24 . §| Detom Seurces ofVOCs | ofVOCs
A I ] L Pyoc) (Gvocy
+ S A 22 S . e 6% 32
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Fuclskurope. 2022
2 e 73 27 S 8 62
3 EasternAsia 64 36 20102016 He-etal; 2017 Lietal; 2020 52 48
4 A#feﬂ' 5_’; 43 2010 2016 Liddl d H; 1 1 2020 45 55
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Relative diesel contribution to road transport VOC emissions

Figure 3: Global diesel share of VOC emissions in 10 subcontinents. The numbers correspond to the subcontinent names in Table 2.

2.3.2 IVOC emission factor dataset

The IVOC emission factors (EF) for diesel combustion were taken from Zhao et al. (2015), who conducted controlled
experiments on three heavy duty vehicles (HDDV) and two medium duty vehicles (MDDV) from model years 2001 to 2010.
Tests were conducted using four different diesel fuels and a range of driving cycles, including hot start and cold start urban

driving, as well as low and high speed HDDV operation. For gasoline, the IVOC emission factors were taken from Zhao et al.
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(2016), who tested 42 light duty gasoline vehicles (LDGV) spanning model years 1984-2012. The fleet included diverse
vehicle types, engines, and aftertreatment technologies. Emission data covered cold-start and hot start united cycles, as well
as high-speed freeway cycles. This broad set of test conditions is crucial, as both IVOC composition and total emissions are
influenced by temperature, driving cycle, and vehicle technology (Zhao et al., 2015; Zhang et al., 2020; Hartikainen et al.,
2023; Paul et al., 2024). Further methodological details are provided in May et al. (2014), and Gordon et al. (2014).

The tested vehicles represent mostly US vehicle standards built before 2012, whereas ORACLE-IVOC aims to simulate
global emissions for the entire 2010s decade. Consequently, these emission factors can only serve as a preliminary

approximation. For instance, IVOC/VOC emission ratios from gasoline combustion tend to increase with stricter vehicle

emission standards (Liu et al., 2021; Drozd et al., 2018), suggesting that while overall emissions may decrease, the proportion

[ Formatted:

English (United Kingdom)
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of IVOCs within VOCs may rise. Fleet compositions and emissions regulations also differ substantially across continents.

For example, according to a 2017 report by the Chinese Ministry of Ecology and Environment, only 5% of diesel cars were

equipped with an aftertreatment system (Liu et al., 2021). On the other hand, Sarica et al. (2023), using a methodology that

accounted for the full range of pre-Euro to Euro-6 vehicles, found an average IVOC/VOC ratio of 31% for diesel combustion.
This ratio is much lower than the average ratio of 90% found by Zhao et al. (2015) due to uncertainties in measurements with

diesel particle filters. For gasoline vehicles, the IVOC/VOC ratios used in ORACLE-IVOC (4% and 17% for cold and hot

starts, respectively; Zhao et al., 2016) align well with those reported by Sarica et al. (2023) who found a 6% ratio for cold start
cycles across Euro standards. Similarly, Zhang et al. (20222022b) tested vehicles conforming to China 6 standards (comparable

to Euro 6) and found IVOC/VOC ratios of 4% and 25% for cold and hot starts, respectively. Despite the variability in

IVOC/VOC ratio, the chemical composition of IVOCs appears to be relatively consistent across different yehicles and test

conditions for the same fuel type (Zhao et al., 2015; Drozd et al., 2018; Lu et al., 2018). Therefore, applying the IVOC
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composition from Zhao et al. (2015; 2016) globally for the 2010s is a reasonable first-order approximation, despite
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uncertainties in emission ratios, particularly for diesel. The-impact-of these-uncertainties-on-modeled-SOA—formation-will-b

addressedThese studies provide detailed data on both speciated IVOCs and unspeciated compounds, categorized by carbon

number and aromatic or aliphatic structure. This chemical detail enables consistent mapping to the lumped species framework

of ORACLE-IVOC across all regions and simulation years, using existing global VOC emission inventories. Such consistency

is essential for comparing the new approach to the previous OC-based method in ORACLE-base and evaluating its impact on

global SOA formation. The impact of emission uncertainties, associated with the variability in IVOC/VOC ratios due to

differences in vehicle types, emission standards, and driving conditions, on modeled SOA formation will be analyzed in a

future study.
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3 The IVOC emission scenario in ORACLE-IVOC for the road transport sector
3.1 Global distribution of IVOC emissions

The IVOC emissions from diesel and gasoline vehicles calculated based on the VOC inventory by utilizing the emission factors<—
of Zhao et al. (2015; 2016) are shown in Fig. 4. As expected, the emission peaks are in metropolitan areas around the globe,
with the highest emissions calculated in Eastern China. A large and dense cluster of high emissions is also found in Iraq and
Western Iran. Given the global demand for transportation across most inhabited areas, organic compound emissions from road
transport are widely distributed, except for the remote regions of Alaska, Siberia, the Amazon basin, the Sahara and Sahel
zones, and the Australian outback. In these regions, emissions are largely limited to major highways, which appear distinctly
on the emission maps. Even in more densely populated countries, the major roads and cities clearly show higher emissions
than the surrounding areas. This spatial contrast is particularly striking for diesel emissions along the ring highway in
Afghanistan (Fig. 4a). The Gulf region of Iran, Turkmenistan, and Pakistan also stand out in this regard for both fuel types. In
contrast, the distribution of emissions in North America is characterized by a dense and more uniform pattern throughout the
entire continent. Due to the heavily gasoline dominated fleet distribution (accounting for 83% of road transport-VOC
emissions), the US also has the most pronounced contrast between diesel and gasoline emissions of any region. The second
most noticeable difference in the distribution is the emission-rich region of Southern Asia, which has the highest share of diesel

consumption (accounting for 68% of road transport-VOC emissions) among the 10 regions considered.

IVOC emissions from diesel IVOC emissions from gasoline

e

(a)

NG

3 6 9 12 15 18 21 24 27 30 03 0.6 0.9 12 15 18 2.1 24 2.7
Emissions in mol d~'km~? Emissions in mol d~*km~?

Figure 4: IVOC emissions from the road transport sector used in ORACLE-IVOC, averaged over the years 2010 — 2020. (a) Emissions

from diesel engine vehicles and (b) emissions from gasoline engine vehicles, both derived proportionally to VOC emissions.

The amount of the emitted IVOCs from diesel and gasoline combustion differs dramatically. Diesel IVOC emissions are
about 1 order of magnitude higher than gasoline emissions, even in countries where the gasoline consumption is much higher

than the diesel consumption, such as in North America, Eastern Eurasia, and the Developing Pacific region (Table 2, Fig. 3).
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This can be attributed to the significantly higher IVOC/VOC molar ratio for diesel emissions (0.31) compared to gasoline
(0.02).

inventory using the emission factors of Zhao et al. (2015, 2016) (hereafter referred to as IVOCvoc) with the previous approach

that estimated IVOC emissions as 1.5 times the primary OC inventory (hereafter referred to as, IVOC;.soc), reveals stark
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increases are—ebserved-across many regions;—thoush-the-masnitude variesconsiderably byeeountry, (Fig. S2).5)The-mest
affectedregions-are- In Nigeria, Ukraine, Russia, and the Caribbean, where JVOC-emissions i ORACEEIVOC are-about 200

A-ofORA E_The-differencebetween-the and

IVOCyoc emissions are up to 200 times higher than IVOC soc; in the U.S., about 50 times higher-than-the F'VOC, soc-emissions
in-most-areas;-exceptformajorroads—In-Europe(except-for-the-easternpart);they-are; and in Western Europe, only abeut2-te

—10 times higher. The reasonfor-this-is-the slobally-differentshares-of This variation reflects global differences in diesel versus

gasoline consumption. Diesel combustion is—eharaeterized—byproduces more particulates and less volatile organic
emtissionscompounds (i.e., more OC)-than), while gasoline combustion;-whieh-has emits more high-volatility eempeunds-and

mainly gaseous emissionscompounds, (i.e., more VOCs) and negligible OC (Lu et al., 2018; Gentner et al., 2017; Morino et

al., 2022). As a result, estimating gasoline-related [IVOC emissions based on scaled OC significantly underrepresents them.

Furthermore, recent studies (Zhao et al., 2015; 2016; Jathar et al., 2017; Lu et al., 2018) have shown that IVOC emissions

correlate more strongly with VOCs than with OC. Consequently, countries with partieutarly-high gasoline consumption;-sueh

Niceri ine—R i nd—the

Ukraine, Russia, and aribbean—(Fig—4b)show—much-higher emission—_show much larger jncreases

withunder, the arew-VOC-based method. Even-though-theAlthough, total IVOC emissions from diesel eombustionjare higher
(Fig. 4a)-thanfremgaseline;), the relative increase in gasoline-related, emissions with-the-new—emission—faetors—js more
stentfieantpronounced, (Fig. 5S2). In Europe, where diesel is-the-deminantfuelthedominates, higher OC and lower VOC
emissions lead-toeresult in a comparatively smaller increase-in-the-ealenlated-total FVOC-emissions{(Fig—5)—This-pattern-is,
consistent with the origins of the IVOC.soc method, which was developed-byRebinsen-et-al(2007)based on diesel exhaust

measurements:_(Robinson et al., 2007), Thus, regions with high diesel use show smaller discrepancies between the two

estimationapproaches, while gasoline-dominated regions show much larger deviations, highlightingunderscoring, the need for

mere fuel-specific IVOC emission medeling-modeling
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3.2 Chemical composition of IVOC emissions e

In addition to the difference in magnitude of IVOC emissions from gasoline versus diesel combustion, the difference in the
IVOC composition of gasoline versus diesel exhaust is also noteworthy. Figure 65 shows the lumped IVOC composition for
diesel and gasoline emissions, based on the sum of the emission factors assigned to each of the lumped species. The total
emissions for Europe, North America, Eastern Asia and Southern Asia are shown for the entire area of each region. Since the
gasoline and diesel emission factors are assumed not to vary between the continents, the composition discussed here is the
same for all four continents.

The diesel IVOC emission spectrum is dominated by alkanes which account for approximately 98% of total emissions.
Within this group, the lumped species ALK6 contributes about 50%. PAHI make about 1.5% of diesel IVOCs, while heavier

PAH2 and aromatic species are almost negligible. In contrast, the JIVOC composition from gasoline exhaust is more diverse

with significantly more aromatics. The more volatile PAH1 species dominate the gasoline IVOC spectrum, accounting for
67% of emissions, mainly due to the high emission factors for naphthalene and other unspeciated PAHs. The ALK6 emissions
are also important with a share of 16% to the IVOC composition. The other alkane lumped species together account for an
additional 11% but individually contribute less than PAH2 (6%). The lumped aromatics ARO3 play an insignificant role in
the IVOC emission spectrum of both diesel and gasoline with 0.1 and 0.2%, respectively. However, they should not be

neglected for SOA formation due to their high SOA yields (Table 1).
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Figure 65: Average IVOC emission fluxes (in kmol d') from the road transport sector in Europe, North America, Eastern and Southern
Asia over the 2010-2020 period in the ORACLE-IVOC model. The contributions of the 7 lumped species for diesel (left) and gasoline
(middle) using the new VOC-based approach in ORACLE-IVOC, and the IVOC emissions derived from OC emissions using the VBS

approach used ORACLE-base (right) are shown. Different y-axis scales are used for the three emission estimates.

For comparison, Fig. 65 also shows calculated IVOC emissions derived from a factor of 1.5 applied to OC emissions
(IVOCi 50c) used in the previous ORACLE model. In this approach, gasoline and diesel emissions are not distinguished, and
only the combined emission load is presented. The IVOC; soc emissions are about 1 order of magnitude lower than the diesel
IVOC emissions derived from VOCs (IVOCyoc) alone: Eastern Asia exhibits the highest daily emissions, with about 1,500
kmol d! for IVOC;soc compared to 28,700 kmol d! for diesel IVOCvoc. North America has the lowest daily average
emissions, with about 400 kmol d' IVOC; soc versus 4,900 kmol d! diesel IVOCyoc. However, the relative proportions
between the four continents of the diesel emission loads and the IVOC, soc loads are very similar. This is most likely due to
the close relationship between the here chosen multiplier of 1.5 times the OC emissions and diesel emissions in general, as
explained in Section 3.1.

Comparing IVOCvoc from gasoline combustion with IVOC; soc, the overall emission levels are similar in magnitude, but

the regional distributions differ notably. Eastern Asia leads in both cases, but gasoline IVOCyoc emissions (1,873 kmol d')

are almost 30% higher than those of IVOC soc. These relatively high gasoline IVOCyoc emissions are observed as emission

20

[ Formatted: English (United Kingdom)




515

520

hotspots across Eastern China and South Korea (Fig. 4b). North America follows closely with gasoline IVOCyoc emissions
of 1704 kmol d!, owing to its high gasoline share in VOC emissions (83%). Therefore, we also find that North America has
the smallest difference between the amount of gasoline and diesel IVOC emissions. Here, diesel IVOCvoc emissions are only
three times higher than gasoline IVOCvoc emissions, a much smaller gap than in other regions. In contrast, Southern Asia,
despite being one of the most populous and polluted regions globally, shows substantially lower gasoline IVOCvyoc emissions
(600 kmol day™), which is about one-third of the values in North America and Eastern Asia. This discrepancy reflects the low
gasoline contribution to VOC emissions in South Asia (i.e., only 32%), which is the lowest among the four regions. In contrast,
the diesel IVOCvoc emissions in South Asia are consequently very high — with 18,700 kmol d"' 31 times higher than gasoline
IVOCyoc emissions and the second highest amount of emissions of the presented four continents. Europe, with a similarly
low gasoline VOC share of 38%, has the lowest gasoline IVOCyoc emissions among the four regions (300 kmol d™'). This is

23 times lower than Europe’s diesel IVOCvoc emissions of 6,300 kmol d*.

4 Results and discussion: Simulated OA from road transport

Using both the newly developed ORACLE-IVOC and the previously employed ORACLE-base model, a 10-year simulation

(2010-2020) was conducted that considers the chemical evolution of all organic compounds, including LVOC, SVOC, IVOC,
and VOCs of both biogenic and anthropogenic origin. Ia-this-werk-heweverTo evaluate the impact of the new modeling

framework, we used the global dataset compiled by Tsimpidi et al. (2025), which includes AMS measurements from field

campaigns conducted worldwide during the 2010s. Simulated total SOA was compared against PMF-derived oxygenated

organic aerosol (OOA) from this dataset. Although traffic emissions contribute only partially to total SOA, the implementation

of ORACLE-IVOC led to a modest but consistent improvement in model performance (Table S1. Fig. S3). The average
underprediction of observed SOA concentrations decreased from 63% (ORACLE-base) to 61% (ORACLE-IVOC)

corresponding to a 6% increase in simulated SOA. While this improvement is relatively small, it is promising, especially given
that traffic is not the dominant global IVOC source. Extending the lumped IVOC approach to other sectors with larger IVOC

contributions, such as volatile chemical products and biomass burning (Huang et al., 2023), could further enhance model

erformance. Additionally, we compared ORACLE-IVOC results with CMAQ simulations using the regional IVOC inventor:

developed by Chang et al. (2022). Unlike ORACLE-base, SOA-iv_concentrations simulated with ORACLE-IVOC over

Eastern Asia, particularly in regions with medium to high SOA-iv load, were of the same magnitude as CMAQ’s OA-iv

concentrations attributed to road transport. This agreement adds confidence to the representativeness of our approach, even

without full regional differentiation of emissions.

In the following subsections, we focus specifically on OA formation from the three lower volatility groups: IVOCs, SVOCs

and LVOCs emitted by the road transport sector. POA is effectively the sum of SVOC and LVOC that partition directly into
the aerosol phase upon emission, without undergoing chemical aging. The SOA is formed through the oxidation of SVOCs
(termed SOA-sv) and IVOCs (termed SOA-iv). Thus, total OA ferin this section is defined as POA + SOA-iv + SOA-sv.
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4.1 SOA-iv from the road transport sector

Figure 76 compares the global 10-year average concentration of SOA-iv from the road transport sector, as calculated by<— { Formatted: Indent: First line: 0 cm

ORACLE-IVOC using a lumping approach and IVOC emissions derived from VOCs (IVOCvoc), and the ORACLE-BASE
model, which applies a simplified VBS approach using IVOC emissions derived from OC (IVOC soc). With ORACLE-IVOC,
these concentrations have increased globally by around 1 order of magnitude. Specifically, ORACLE-base yields a global
decadal average SOA-iv concentration of 0.007 ug m and an atmospheric burden of 0.014 Tg. In contrast, ORACLE-IVOC
estimates these values at 0.06 pg m= and 0.126 Tg, respectively, i.e., about 8 to 9 times higher. This increase is mostly evident
in the Northern Hemisphere, where we have an increase factor of about 10, while the SOA-iv increase over the Southern
Hemisphere oceans is only half as large. The reason for this is that most of the emission sources are in the Northern Hemisphere,
but it is rare for emissions to be transported across the equator because the mixing between the two hemispheres is slow (Kling
at Ackerly, 2020).

B

0.01 0.02 0.03 0.04 0.05 0.06 0.07
ug/m?

Figure 76: Modelled surface concentration of SOA-iv from the road transport sector for the years 2011 — 2020 by using (a) the ORACLE-
IVOC model and (b) the ORACLE-base model.

The highest SOA-iv concentrations simulated with ORACLE-IVOC are over the Middle East, Southern and Eastern Asia
(Fig. 7a6a). In the ORACLE-base simulation, while Southern and Eastern Asia also exhibit high concentrations, the Middle

East show slightly lower levels and the Developing Pacific islands show relatively higher concentrations (Fig. 7b6b). The

maximum SOA-iv concentration by ORACLE-base is 0.075 pg m?, while the ORACLE-IVOC maximum is 0.76 ug m>.
These elevated concentrations of SOA-iv correspond to areas with dense populations and strong road transport sector emissions
(NASA, 2018). In addition, the atmospheric and local conditions in these regions are favourable for SOA formation. Over the
Himalayas region, including the highly populated regions of Northern India and Bangladesh, where both models predict the
highest concentrations, anthropogenic aerosol level are often found to be very high (Tsimpidi et al., 2016; Hassan et al., 2023).

The largest relative increases of SOA-iv concentrations in ORACLE-IVOC occur in areas that are not always the strongest

SOA-iv hotspots under ORACLE-base-Fig— 823 For example, The SOA-iv values over Nigeria increase by a factor of 37,

22

[Formatted: English (United Kingdom)

= [Formatted: Font color: Text 1, English (United States)

)




570

75

580

F90

595

600

and by 20-25 times over Mexico and the Caribbean. Similar increases in SOA-iv (~15-20 times higher) occur across parts of
the Middle East and Eurasia, corresponding to sharp increases in IVOCyoc emissions compared to IVOC| soc (Fig. 554).

In contrast, the lowest increase in a populated area is found over Western Europe, where the concentrations of SOA -iv only
doubled with ORACLE-IVOC compared to ORACLE-base. The continental surface burden over all of Europe increased by a
factor of 5. Only in remote areas such as the Southern Pacific Ocean are there spots where the SOA -iv increase is just as low
(Fig. S2S4). Consequently, ORACLE-IVOC estimates for Western Europe (~0.05 pg m?), are rather insignificant in
comparison to other higher populated areas (Fig. 7a6a). Opposed to this, Europe is according to ORACLE-base indeed an
important contributor of global SOA-iv, with concentrations ranging from 0.01 to 0.04 pg m- (Fig. 76b).

The wide variability in SOA-iv concentrations calculated by ORACLE-IVOC and ORACLE-base is largely driven by the
underlying emission assumptions, especially the regional dominance of gasoline versus diesel use. In Nigeria, Mexico, the
Caribbean, Eurasia, and also North America, gasoline is the predominant fuel consumed (Table 2, Maduekwe et al., 2020).
Accordingly, the ratio of IVOCvoc to IVOCisoc is high, as explained in section 3- (Fig. 5S2). As a result, ORACLE-base
underestimates SOA-iv due to a lack of precursor material, while ORACLE-IVOC captures the higher emissions more
accurately, leading to much higher concentrations of SOA-iv. Compared to the densely emitting regions of Nigeria, Mexico,
and the Caribbean, the more modest increase in SOA-iv concentrations over North America and Eurasia, despite high gasoline
consumption share (Table 2, Fig. 3), is likely due to less spatially concentrated emissions (Fig. 4). In addition, tropical regions
benefit from enhanced photochemistry, which promotes more efficient SOA formation compared to the northern temperate
zone.

In contrast, Europe has the second largest share of diesel vehicles in the world (Table 2, Fig. 3). Consequently, the
IVOC, s0c emissions and the ORACLE-base simulated SOA-iv values are already substantial, and ORACLE-IVOC estimates
are not drastically higher (Figs. 4, 5, 6:7). Even so, due to regional differences (e.g., lower diesel shares in Eastern Europe),
the continental surface burden of SOA-iv in Europe still increases by 430% (+ 323 kg) in ORACLE-IVOC. In Southern and
Eastern Asia, where diesel consumption is also high, the SOA-iv continental surface burden increases by a factor ~10, which
aligns with the global average (Fig. S2S4). One contributing factor is that in the latter two regions not only are OC emissions
exceptionally high, but VOC levels are also much higher compared to Europe (Fig. S1). This provides an abundant source of
precursor material for the lumping framework, leading to higher SOA-iv loads. Additionally, the prevailing atmospheric and
chemical conditions as enhanced ozone and OH formation in these regions may further enhance SOA -iv formation under the

new approach (Chakraborty et al., 2015; Chameides et al. 1992).

Another important observation is the wider spatial distribution of SOA-iv simulated by ORACLE-IVOC compared to
ORACLE-base results. In regions of intense emissions and SOA formation (e.g., Asia, West Africa, western North America),
ORACLE-IVOC simulates a more widespread aerosol distribution, including enhanced concentrations over adjacent oceanic
regions (Fig. 76, Fig. $2S4). These outflow patterns align with prevailing wind patterns (Kling and Ackerly, 2020). Unlike
heavier aerosols, gaseous IVOCs can be transported more efficiently before oxidizing to SOA-iv., increasing the total OA load

far from the original sources. In ORACLE-IVOC, this is facilitated by the lower Henry’s law constants used for IVOCvoc
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species (egsH=25x10-4 M atm Table | foralkanes:-H =014 M atm~foraromaties), which reflect their more hydrophobic

nature similar to the also gaseous VOCs (Jiminez et al., 2009; Pye and Seinfeld, 2010; Hodzic et al., 2014). In contrast,
ORACLE-base assumes a much higher H value (10° M atm™) for IVOC soc, similar to the lower volatile SVOCs, and LVOCs,
implying rapid wet deposition and limited transport. As a result, IVOCvoc species can travel farther before being removed
from the atmosphere or converted to SOA. In addition, the reaction rate constants for IVOCs in ORACLE-IVOC (Table 1),
especially those from the alkane-dominated diesel emissions, are lower (e.g., 9.6 x10'2 cm® molecule™! s™') than those used in
ORACLE-base (2.0x10"!! cm® molecule™ '), meaning that IVOCs have more time to be transported before oxidizing. Due to
the different composition of gasoline combustion IVOCs (dominated by aromatics), the reaction rates are on average more
similar to the rate used in ORACLE-base. However, their overall contribution is small compared to diesel-derived IVOCs (see
Fig. 4), and thus the transport-limiting effect is minimal on a global scale.

This drastic change of SOA-iv concentration and atmospheric load is also evident in both the decadal trend and interannual
variability of the atmospheric load (Fig. 87). Despite this difference in magnitude, the seasonality of the SOA-iv load remains

nearly identical in both models, with monthly standard deviations of 3—7% in both cases. Concentrations are lowest in winter

and higher in spring and autumn when increased sunlight enhances photochemical activity. Both models also predict a slight
dip in concentrations during summer, likely due to reduced condensation into the particulate phase at higher temperatures,

which counteracts the increase in photochemical activity (Tsimpidi et al., 2016).,

Over the decade, the atmospheric burden of SOA-iv increases by 10% in ORACLE-base, but it decreases by 8% in
ORACLE-IVOC. Secondary aerosol concentration trends are strongly influenced by changes in the precursor emissions. Data
from the CAMS-GLOB-ANT inventory (Soulie et al., 2023) show that emissions from the road transport sector have been
declining since 2012, with VOC emissions decreasing by 17% and OC emissions decreasing by only 2.5% by 2020. Given
that the atmospheric oxidation capacity has increased due to reductions in some anthropogenic emissions (Tsimpidi et al.,
2025), SOA-iv does not decrease as much as its precursors. Therefore, ORACLE-IVOC SOA-iv loads decline less than the
precursor IVOCvoc, whereas ORACLE-base SOA-iv can even continue to rise. Despite these different trends, SOA-iv in
ORACLE-IVOC remains 8.6 times higher at its lowest point than the highest level recorded in ORACLE-base in 2020.
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Figure 87: Average predicted atmospheric burden of SOA-iv with ORACLE-base and ORACLE-IVOC in comparison. (a) shows the
decadal-variability-with-annually-averaged-loads-and(b)-the-annual variability with monthly averaged loads for the whole decade and (b

shows the decadal variability with annually averaged loads. The error bars are describing the standard variations.

4.2 Impact of IVOC emissions on the total OA formation from road transport

Figure 98 shows the global 10-year average surface concentration for total OA. Additionally, the total OA composition for
the 10 different regions is shown in pie charts with the continental surface burden of each POA, SOA-sv and SOA-iv. Overall,
the different approaches in the IVOCs treatment and emission scenarios lead to a nearly 2-fold increase in the maximum OA
concentration (0.49 vs. 0.87 ug m™), an almost 4-fold increase in the upper 95 percentile value (0.04 vs. 0.15 pg m™), and a
rise in the atmospheric burden from 0.02 Tg in ORACLE-base to 0.13 Tg in ORACLE-IVOC over the decade. Since the
evolution of IVOCs, SVOCs, and LVOC:s is interconnected, minor differences in absolute POA and SOA-sv concentrations
between ORACLE-IVOC and ORACLE-base are expected and observed. Since in ORACLE-IVOC all IVOCvoc are in the
gas phase, POA consists only of particulate SVOCs and LVOCs. In the case of ORACLE-base, the IVOC; soc emissions are
also initialized as gas-phase emissions, but like SVOCs, they can partition immediately into the aerosol phase and become
POA. However, since unoxidized IVOCs exist almost exclusively in the gas-phase (Lu et al., 2018), they contribute only a
negligible percentage of < 0.1% to POA on most continents. A minor exception is Eastern Asia with a contribution of IVOC
in the form of POA to fotal OA of 1.2%. Consequently, the largest absolute change in POA occurs over Eastern Asia, where
ORACLE-IVOC predicts a continental surface burden 5 kg lower than ORACLE-base. However, this corresponds to only a
1.5% decrease. In other regions, differences between the two simulations are 1 kg or less for both POA and SOA-sv, with

relative changes mostly below 2.5%.

25



655

660

665

670

ORACLE-base predicts the highest total OA concentrations over urban regions of China, reaching a maximum of 0.49 ug
m™ due to substantial contributions from POA and SOA-sv. According to the ORACLE-IVOC simulation, the total OA
concentrations hotspots are with values of up to 0.87 pg m-located in both Eastern China and again in the northern region of
South Asia including the Himalayas, closely followed by the high fofal OA concentrations in the Gulf region. According to
ORACLE-base, other regions with more widespread medium-high total OA concentrations of 0.15 to 0.3 pg m= are the Middle
East and India, but also Europe, South-East Asia and the Developing Pacific.

Since only the representation of IVOCs in ORACLE-IVOC has changed from ORACLE-base, while the chemistry of
SVOCs and LVOCs remains the same, the changes in the OA composition can be entirely attributed to this modification.
Notably, ORACLE-IVOC shows a clear shift towards SOA-iv dominance, with the SOA-iv contribution to fofal OA across
continents increasing from 27%-52% in ORACLE-base to 72%-93% in ORACLE-IVOC. Among all 10 continents, Europe
has the lowest SOA-iv share in ORACLE-IVOC (72%) and the second lowest in ORACLE-base (32%), with only Eastern
Asia showing a lower value. This can largely be attributed to the diesel dominance in European fleet composition, which is
responsible for high OC emissions leading to POA and SOA-sv concentrations above the global average in both ORACLE-
IVOC and ORACLE-base.

Middle East Nort-East Eurasia Eastern Asia

02 03 Latin America &
MQI"' 3 pg/m ’ Caribbean

Southern Asia South-East Asia &  Asia-Pacific Southern Asia  South-East Asia & Asia-Pacific
Developing Pacific  Developed Developing Pacific Developed

Figure 98: Total OA surface concentration in pg m™ from road transport (POA + SOA-iv + SOA-sv) as simulated by (a) ORACLE-IVOC

and (b) ORACLE-base. The pie charts show the OA composition and continental surface burden in kg in each continent.

26



675

F80

685

690

Previous studies indicate that SOA-iv remains the dominant contributor to OA formation from diesel combustion.
According to Zhao et al. (2015) and Lu at al. (2018), IVOCs can contribute up to 95% and 89% of the total diesel SOA load,
respectively. The reason for this high contribution is that diesel combustion exhaust is dominated by a wide range of IVOCs,
most of which are C1, — Cis species, followed by VOCs and comparatively few SVOCs. In contrast, gasoline is a lighter fuel,
dominated instead by VOC species, and has a narrow range of IVOCs, mostly Ci, species, which is also well reflected in the
bar plots of Fig. 65 (Gentner et al., 2012; Lu et al., 2018). Therefore, gasoline SOA is dominated by SOA of VOC origin
(SOA-v), and only secondarily by SOA-iv. For example, a study on a modern EURO 6 compliant gasoline car equipped with
a particle filter found that at least 50% of SOA formation could be attributed to VOCs such as toluene, xylene, and

trimethylbenzene alone (Paul et al., 2024). However, since the global fleet primarily consists of older vehicles, the study by

Zhao et al. (2016), which suggests that gasoline-derived SOA can still contain up to 50% SOA-iv, may be more representative.
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for global simulations.

Further insights into the differences between the new and previous approaches to simulating SOA-iv can be gained by
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comparing the fractional contribution of SOA-iv to fotal OA across both models. Figure 189, shows the fractional difference

[ Formatted: English (United Kingdom)

between these two ratios, highlighting the spatial variation in how the new lumping-based IVOC treatment alters the SOA-iv
contribution.

2.5
ratio

Figure 109: Fractional difference in SOA-iv to total OA ratio after using the ORACLE-IVOC model.

IS

First, the ratio of SOA-iv in fotal OA from the road transport sector reflects how significantly the new lumping-based IVOC

treatment alters the composition of organic aerosols. While the overall spatial patterns in the SOA-iv—to—OA ratios are broadly

similar between the two models (Fig. S3S5), the ranges differ markedly. In ORACLE-IVOC, SOA-iv contributes between
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35% and 98% to fotal OA, whereas in ORACLE-base, the contribution ranges from just 10% to 71%. The fractional difference
now between the simulated SOA-iv—to—OA ratios by the two models is uniformly positive across the globe (Fig. 109),
indicating that SOA-iv always contributes more to fotal O4 in ORACLE-IVOC than in ORACLE-base. This enhancement is
most pronounced over land, with increases in the SOA-iv contribution reaching up to 400% in some regions. Interestingly,
despite these large relative increases, the absolute SOA-iv-to-OA ratios in both models are generally lower over land—

particularly near emission sources (Fig. S3S5). In contrast, ORACLE-IVOC predicts very high SOA-iv fractions (>80%) in

many remote and sparsely populated areas, reflecting the longer atmospheric lifetimes and greater transport potential of [IVOCs
compared to SVOCs and LVOCs. ORACLE-base also shows somewhat elevated ratios in remote areas (60—70%), but its
values are more evenly distributed and consistently lower over land (<40%). The steeper spatial gradient from populated to
remote regions in ORACLE-base suggests a more limited transport range for IVOC precursors compared to ORACLE-IVOC:,

as discussed in Section 4.1, In contrast, the smoother gradients and higher remote-area contributions in ORACLE-IVOC

emphasize the improved representation of long-range IVOC transport and oxidation in the updated framework.

4.3 Contribution of road transport IVOC to total SOA-iv
Eeorthe-eomparisen-ofTo compare, SOA-iv from the road transport sector andwith, total SOA-iv, we consider all anthropogenic

sectors from the CAMS-GLOB-ANT inventory, which-ineludeincluding power and other combustion, industry, fugitives,
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solvents, waste, agriculture, and transport-related seeterssources, as well as biomass burning from the Global Fire Emissions
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Database (GFED). For all sectors except road transport, the traditional VBS approach is applied in both ORACLE-IVOC and
ORACLE-base, due—to—the—tackas a complete sectoral differentiation, of detailed—information—on—sector-speeifie JVOC

eompeosition—emissions would require further development of emission inventories and chemical mechanisms (e.g., Huang et

al., 2023). a task beyond the scope of this study but planned for future work. Therefore, the analysis presented here does not

provide a full sectoral attribution of SOA-iv, but rather a controlled comparison isolating the impact of the updated road

transport IVOC inventory and chemical mechanism.

By incorporating the lumping IVOC approach for road transport, this sector plays a significantly more important role in+

the global SOA-iv budget in ORACLE-IVOC compared to the traditional ORACLE-base (Fig. ++10). In ORACLE-IVOC, the
average SOA-iv contribution of the road transport sector to total anthropogenic SOA-iv is 35%, with peak values reaching
98% in the Gulf region, including Iran. Other regions with notably high contributions from road transport to total SOA-iv load
smaller role to road transport, with an average contribution of only 3%. The greatest influence of road transport to total SOA-
iv formation appears over Europe, North Africa, and the Middle East (up to 15%), followed by the west coast of South America

(~10%). Despite the large differences in magnitude, both models agree on the geographic regions where road transport

emissions are relatively more important for SOA-iv formation.
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Figure H110: Ratio of modelled SOA-iv from the road transport sector to SOA-iv from all sectors as simulated by the (a) ORACLE-IVOC
and (b) ORACLE-base, averaged over the years 2011-2020.

Considering that the multiplier of 1.5 of OC emissions is derived from experiments with diesel (Robinson et al., 2007), it is+—
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likely that this approximation is even less appropriate for other sectors and may well be higher or lower. Certainly, the

neglected complexity of IVOC speciation leads to further underrepresentation of SOA-iv from other sectors. Fwe-oftheThe,

Formatted:

English (United States)

most relevant sectors in this regard, due to both emission magnitude and IVOC fraction-are-tikelyto-beship-and-content,

Formatted:

English (United States)

Formatted:

English (United States)

al., 2017; Huang et al., 2018; Tang et al., 2022; Huang et al., 20225, Kangasniemi et al., 2023);-as-well-as-other seetors-with-a

oun oun ann Yo

Formatted:

English (United States)

English (United States)

English (United States)

lot-of-liquid-fuel combustionsuch-as-industry(Tang-et-al52022):2023), Expanding the lampinglumped IVOC, approach to % Formatted:
| Formatted:

include these and other sectors will likely atteraffect both the magnitude and spatial distribution of the road transport sector’s W\ { F tted
\_| Formatted:

Font color: Auto, English (United States)

contribution to total SOA-iv, compared to the current results, shown in Fig. Ha10a,
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novel in three key aspects. First, it accounts for the complexity of IVOC emissions and their variability across different sources
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by introducing seven lumped species based on 79 IVOC/VOC emission factors for diesel and gasoline internal combustion
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engines. These factors are derived from chemical structure, molecular weight, carbon number, and reaction rate. Gasoline is
dominated by lighter PAH IVOCs with higher reaction rates and lower yields compared to diesel, which is dominated by
alkanes with lower reaction rates but higher yields. Second, the emission factors are linked to VOC emissions from the CAMS
database that has been modified to account for regional variations in diesel and gasoline consumption across 10 global regions.
Third, the reactions of the seven lumped species with OH to form secondary organic gases are implemented, considering
individual reaction rates for alkanes and aromatics and high-NOx SOA mass-based yields for five different saturation
concentrations (107! to 10° pg m™).

These updates have significantly altered both the IVOC emissions from the road transport sector and the simulated SOA
formation compared to the ORACLE-base, where IVOC emissions are approximated by scaling the OC emissions. The new
IVOC emission factors, combined with the generally higher VOC concentrations than OC, result in an average increase in
IVOC emissions by 1 order of magnitude. In regions with high gasoline consumption, IVOC concentrations can be 50 to 200
times higher, even though the IVOC emission factors for gasoline are about 1 order of magnitude lower than for diesel. This
is because gasoline exhaust is dominated by light VOCs and almost free of particulates, resulting in low OC concentrations in
these areas. In contrast, diesel emissions contain both VOCs and OC, and the scaling factor of 1.5xOC is based on diesel
engine measurements. This makes the ORACLE-base approach comparatively more suitable for diesel-dominated regions
such as Northern and Western Europe, where IVOC concentrations are only 2 to 10 times higher than those based on IVOC  soc.

The increase in SOA-iv concentrations in the ORACLE-IVOC simulation is accordingly most pronounced in regions with
high gasoline consumption (e.g., North America), where the increase is a factor of 15 to 35. The east coast of Asia shows the
highest fractional increase in SOA-iv contributions to fotal OA (~400%), followed by Latin America. These regions also have
the highest OA concentrations in the ORACLE-base model, followed by Southern Asia and the Developing Pacific. Moreover,
SOA-iv in the Middle East (Gulf region) becomes much more prominent in the ORACLE-IVOC simulation due to the increase
in IVOCs associated with gasoline emissions that were significantly underestimated in ORACLE-base. In contrast, the SOA-
iv simulated by ORACLE-IVOC in Europe only increased by a factor of 2, the lowest increase of all 10 continents, due to the
high diesel share in the region and therefore low VOC emissions. In Southern Asia, the region with the highest diesel shares
and the highest SOA-iv concentrations in the road transport sector, the SOA-iv burden still increases by a factor of 10, in line
with the global average. This increase is partly because the VOC emissions in Southern Asia are not only higher than in Europe
in absolute terms, but also higher in relation to OC. The reasons for this are most likely the differences in emission standards
of the fleets in the two continents. Consequently, the very high IVOCvoc emissions can be converted into significant SOA-iv
under the new lumping framework. Globally, the atmospheric burden of SOA-iv increased from 0.014 Tg to 0.13 Tg in the
ORACLE-IVOC simulation, an almost 10-fold increase. Meanwhile, POA and SOA-sv concentrations remain largely
unchanged in both model versions, contributing only marginally to the OA load from road transport. A comparison of SOA -
iv from road transport with all other anthropogenic sectors reveals a new dominance of the road transport sector, which
contributes 35% to the global SOA-iv burden in ORACLE-IVOC, compared to only 3% in ORACLE-base. However, this
result is still influenced by the 1.5xOC scaling method applied to emissions from other sectors, which may-ebseureobscures

30



785

790

795

800

BOS

B10

B15

the true role of road transport relative to other IVOC-rich sectors such as shipping, biomass burning, and certain industries.
Nevertheless, given the significant role of diesel fuel in IVOC emissions and the contribution of road transport to global VOC
emissions (17% of total anthropogenic VOCs, not including biomass burning), it is likely that road transport will continue to
play a crucial role in the global SOA-iv and total OA landscape, even with higher IVOC concentrations and yields from other

sectors.
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has already been incorporated into the official development branch of the EMAC modelling system and will therefore be part

of all future released versions.

Authors contribution: APT designed the research with contributions from VAK and SNP. SS and APT developed the
ORACLE-IVOC module. SS selected all information and data needed for the implementation of the lumped IVOC approach
in ORACLE with contributions from APT and SNP. SS performed the simulations and analyzed the results. SS and APT wrote

the manuscript with contributions from VAK, HF, and GG. All co-authors made revisions and corrections.

Competing interests: The authors declare that no competing interests are present.

Acknowledgements: The work described in this paper has received funding from the Initiative and Networking Fund of the
Helmholtz Association through the project “Advanced Earth System Modelling Capacity (ESM)”. The authors gratefully
acknowledge the Earth System Modelling Project (ESM) for funding this work by providing computing time on the ESM
partition of the supercomputer JUWELS (Alvarez, 2021) at the Jiilich Supercomputing Centre (JSC).

Financial support: This research has been supported by the project FORCeS funded by the European Union’s Horizon 2020

research and innovation program under grant agreement no. 821205.

References, <«

Atkinson, R. and Arey, J.: Atmospheric degradation of volatile organic compounds, Chemical reviews, 103, 4605-4638
https://doi.org/10.1002/chin.200410285, 2003.

31

[Formatted: English (United Kingdom)

[Formatted: English (United Kingdom)

[Formatted: Font: 10 pt, Bold

[Formatted: Font: 10 pt

[ Formatted: Normal



https://doi.org/10.1002/chin.200410285

Australian Bureau of Statistics{2620)-; Survey of Motor Vehicle Use, Australia - 12-months-ended-30-june-2020—Feeh-

rep-Canberra:., ABS: website, https://www.abs.gov.au/statistics/industry/tourism-and-transport/survey-motor-

ss: 4FEebruary27 October, 20!

820

Barotkh K= O

=
L

5
articulatemat

R25 of air pollution-and-climate-change-Applied Seiences12-3623-

835

840

845

H 1nd-sour Emvi tal Sei & Tochnol $5 5742 5751
reanic compound sources. Envir & oy, 35,574 +
B50 S Zha —Sahba-GoFrod — 0 ¢ peeiath
; to volatilitvand 1nd-emissions from line-vehicles: Effocts of cold—start
fatitity-and-semivolatile-organic-compound-emissions{rom-sasohine-vehieles- Effects-of cold—starts
andoimnlicati for d £ L, ol coi Lol 2 17061714
and-impheationstorsecondary-organic-acrosoHormation—Enviro e P31 4

BSS

tod-by Paee

£ H nd 1 vpieipnal
Horgant mpounas-emitiea-oy-a-municpar

Fh-
d " L
: 5 v f 4
Gent DR I G Worton-D- R _Chan- A W._DallmannT- R Davis I thers (2012 _Elycidatin
ntrer DR Isaaeman- G Werten; DR Chans AW D —FR-Davis; = —El e
H 10 18
R65 d i 1f¢ ' Yom line-and-dieselLmotorvehicle-emission i tal &
secondary-organic-aerosol-formationfrom-gasoline-and-dieselmotorvehicle-emissions—FEnvi &
teel ) ] 10741003
551074 -

== [Formatted:

English (United States)

. h [ Formatted:

English (United States)

: Font: Not Italic, English (United States)

: English (United States)

\ [ Formatted:

English (United States)

\ [ Formatted:

Font: 10 pt

[ Formatted:

English (United States)

[ Formatted:

English (United States)

\ [ Formatted:

English (United States)

[ Formatted:

English (United States)

o A U U D



https://www.abs.gov.au/statistics/industry/tourism-and-transport/survey-motor-vehicle-use-australia/latest-release
https://www.abs.gov.au/statistics/industry/tourism-and-transport/survey-motor-vehicle-use-australia/latest-release

-fordi

as-a-soluti

leg

1

w+ M R __Gl

S—2018)The bi

V_,(’Dn

B
D
;

i

AR

3

RaseHi;

and-drivdn

+ fuel

1 vehi

‘n-from-die!

13 oo s o ao

T

£ aftert 4

+

chay

le.

11

1 nrody

xhatdst—Hnpa

HerHStry-ana-arrvi;

v
o~
o0

106159

J77]

]S

£ A op v,

]

whaust

15

D05

bb978

5

e

4

nontradits

SO+-precur

Haary

HaRg

33



s
3 n R
E ] 3
o L 3 &
< q "
o LW D F
of 3 X &
o A &
o : < 3
g X T
i AL p
LN 2
= £ =5
L. q B 1)
kS [ R
g Q . el
= g o B
X g b B
B J qf o
< TR 2
3 b -
N, aq oz R h o
. £ 2
2 S E <
I S 3 g
X L xS
-~ P B W o
FE P <
-+ Y £ 5\
- D = -
] g y E g
of 5 W% 5 ~ .
g f 3 T~ & IS
~+ 35 R 4 29 E o
+ h S P E £ g
i P o 3 0 &
it 5 R L' § g
N q & g ] 3 I RS
Ny I £ R FE A
~+ 3 3 E: 0 & ¥ .
X 9 E: i & 333
—+ = 3 & —= 4 N
o P 5 B 3 @
o ~N T 5 P
o ¢ i B 4 3
A wy e’} %3 B € 5
3 ~t ~ 5 5 B N K
B N 5 <X %
g N & L B £ R P
L X 4 E £
I i £3 $i55:4¢
k 3 ; - 3 EERY
&, P R
L 3 S S\ m.. - i
[ L ;3 \ 23 ¥
¥ D R R Sy B o
T P & eI £ gt
$ 3 3 an T & L X
% < & % d $EQ [
= P - n D P
S 4 P g P2 2
L = 5 S T &
5 : AT < ;
L
n mo/ o} P “h = .m x +
) pe - - -
& L ELRAB £ A y
L ; S i % 4 3
. D DG FETY
£ E IS, AR
5 E L 4 g
d E Y N &3
. E A N L o $
N, o~ o = & F L
3 9 B+ E < | o
HA E £ b £
& T [ A N
:
o
g
¥ 0
ok
d
S v Vel S
N N vy \O
N foN fo N [N

34



- A+

] <

L

1

with-partt

Hant-easolin hiol

64
HpHant

fabur

filter-

wih-partiereHiter

£

88-

2022

nd Pk
ettt

(CRACMM)

S

104t

3

YV -VEeFST

AY

M 2018} E

TtV

114

Red

\

Andeé
YHEF

M

VS

André
YHF

Moulkhtar—S.

Zhu—S

\TIEaSTES it ras praEas

let K

>artet

Sart

I MGy

e

EHRSston-ohterty

&)

AS

SV

Mo

g

-

tHctats

35

d

£

mbust

ndsfrom-£

HpounasH

20

1

FEaht

ecFeEHRotogys

VOO

H-Hrep

+ | Factar R (o

SHftvastava; Mo Fast oo Easter - Sustat

A (201 1) Models

Zaveri R_A__1i 1 Hodzt
ot

1

Je A
oW Aay

£

4.

M—E

Shri

ERS

ED

T

T VOaeH,

]l 6630 6662

4 Pl 7
BStes, 4

e

C

e

4

N
aeh-

appt

2 469 490

L

sands. i

from-Chin

o d

nd-emi

latilits

FEant

mpothd

Tathity

1p00

1p05

1p10

35



+

1

2023

Earth-SvetenrS
RO STERt

ane-reanaty

ts-and-reanals

48 3608 3704

T

3

L

1 .
SO EAVHE

FEanic-a

naary

SOHF

mdse
mpounas-atarg

latility
HatHity

"

L

1

1

16

0016

L
Y

1

1

49

)

e

11

26-

1 vrody

HPF

heaary

latilits
tatHity

ate

1

A
BHISOH;

R

A&
o

Mayv—A-

S IViaYs

A__Hennican—C T
ra TR =g

A

g

1

V__Nopyven—N_—T Py
Y% NS

g

Zha

e

oy

44563

B

v
N
o
—

1p30

1p35

1p40

(=
v
o
—

Nal
el
!
—

(=3
\O
S
—

36



D65

D70

D75

D8O

D85

D90

D95

100

105

110

Baulig, A., Garlatti, M., Bonvallot, V., Marchand, A., Barouki, R., Marano, F., and Baeza-Squiban, A.: Involvement of
reactive oxygen species in the metabolic pathways triggered by diesel exhaust particles in human airway epithelial
cells, American Journal of Physiology-Lung Cellular and Molecular Physiology, 285, L671-L679
https://doi.org/10.1152/ajplung.00419.2002, 2003.

Bessagnet, B., Allemand, N., Putaud, J.-P., Couvidat, F., André, J.-M., Simpson, D., Pisoni, E., Murphy, B. N., and Thunis,
P.: Emissions of carbonaceous particulate matter and ultrafine particles from vehicles—a scientific review in a
cross-cutting context of air pollution and climate change, Applied Sciences, 12, 3623
https://doi.org/10.3390/app12073623, 2022.

Bhatt, Yagyavalk: Share of Road Transport and the Consumption of Diesel and Petrol in India, https://www.kapsarc.org/our-
offerings/publications/share-of-road-transport-and-the-consumption-of-diesel-and-petrol-in-india (last access: 30
October 2025), 2021.

Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold. G., Forster, P., Kerminen, V.-M., Kondo, Y., Liao. H.,
Lohmann, U., Rasch, P., Satheesh, S. K., Sherwood, S., Stevens, B., and Zhang, X. Y.: Clouds and Aerosols, edited
by: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and
Midgley, P. M., Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change, 571-658,
https://doi.org/10.1017/CBO9781107415324.016, 2013.

Cai, S., Zhu, L., Wang, S., Wisthaler, A., Li, Q., Jiang, J., and Hao, J.: Time-resolved intermediate-volatility and
semivolatile organic compound emissions from household coal combustion in Northern China, Environmental
Science & Technology, 53, 9269-9278, https://doi.org/10.1021/acs.est.9b00734, 2019.

Chakraborty, T., Beig, G., Dentener, F., and Wild, O.: Atmospheric transport of ozone between Southern and Eastern Asia.
Science of the Total Environment, 523, 28-39, https://doi.org/10.1016/j.scitotenv.2015.03.066, 2015.

Chameides, W. L., Fehsenfeld, F., Rodgers, M. O., Cardelino, C., Martinez, J., Parrish, D., Lonneman, W., Lawson, D. R.,
Rasmussen, R. A., Zimmerman, P., Greenberg, J., Mlddleton, P., and Wang, T.: Ozone precursor relationships in
the ambient atmosphere, Journal of Geophysical Research: Atmospheres, 97, 6037-6055,
https://doi.org/10.1029/91jd03014, 1992.

Chang, X., Zhao, B., Zheng, H., Wang, S., Cai, S., Guo, F., Gui, P., Huang, G., Wu, D., Han, L., Xing, J., Man, H., Hu, R.
Liang, C., Xu, Q., Qiu, X., Ding, D., Liu, K., Han, R., Robinson, A. L., and Donahue, N. M.: Full-volatility
emission framework corrects missing and underestimated secondary organic aerosol sources, One Earth, 5, 403—
412, https://doi.org/10.1016/j.oneear.2022.03.015, 2022.

De Gouw, J. A., Middlebrook, A. M., Warneke, C., Ahmadov, R., Atlas, E. L., Bahreini, R., Blake, D. R., Brock, C. A.
Brioude, J., Fahey. D. W., Fehsenfeld, F. C., Holloway, J. S., Le Henaff, M., Lueb, R. A., McKeen, S. A.. Meagher.
J. F., Murphy, D. M., Paris, C., Parrish, D. D., Perring, A. E.. Pollack, I. B., Ravishankara, A. R., Robinson, A. L.
Ryerson, T. B., Schwarz, J. P., Spackman, J. R., Srinivasan, A., and Watts, L. A.: Organic aerosol formation
downwind from the Deepwater Horizon oil spill, Science, 331, 1295-1299
https://doi.org/10.1126/science.1200320, 201 1.

Docherty. K. S., Yaga, R., Preston, W. T., Jaoui, M., Reidel, T. P., Offenberg, J. H., Kleindienst, T. E., and Lewandowski,
M.: Relative contributions of selected multigeneration products to chamber SOA formed from photooxidation of a
range (C10-C17) of n-alkanes under high NOx conditions, Atmospheric Environment, 244, 117976
https://doi.org/10.1016/j.atmosenv.2020.117976, 2021.

Donahue, N. M., Robinson, A., Stanier, C., and Pandis, S.: Coupled partitioning, dilution, and chemical aging of semivolatile
organics, Environmental science & technology, 40, 2635-2643. https://doi.org/10.1021/es052297¢c, 2006.

Donahue, N. M., Robinson, A. L., and Pandis, S. N.: Atmospheric organic particulate matter: From smoke to secondary
organic aerosol, Atmospheric Environment, 43, 94-106, https://doi.org/10.1016/j.atmosenv.2008.09.055, 2009.

Drozd. G. T., Zhao, Y., Saliba, G., Frodin, B., Maddox, C., Oliver Chang, M.-C., Maldonado, H., Sardar, S., Weber, R. J.,

Robinson, A. L., and Goldstein, A. H.: Detailed speciation of intermediate volatility and semivolatile organic

37


https://doi.org/10.1152/ajplung.00419.2002
https://doi.org/10.3390/app12073623
https://www.kapsarc.org/our-offerings/publications/share-of-road-transport-and-the-consumption-of-diesel-and-petrol-in-india
https://www.kapsarc.org/our-offerings/publications/share-of-road-transport-and-the-consumption-of-diesel-and-petrol-in-india
https://doi.org/10.1017/CBO9781107415324.016
https://doi.org/10.1021/acs.est.9b00734
https://doi.org/10.1016/j.scitotenv.2015.03.066
https://doi.org/10.1029/91jd03014
https://doi.org/10.1016/j.oneear.2022.03.015
https://doi.org/10.1126/science.1200320
https://doi.org/10.1016/j.atmosenv.2020.117976
https://doi.org/10.1021/es052297c
https://doi.org/10.1016/j.atmosenv.2008.09.055

115

120

125

130

135

140

145

150

155

160

compound emissions from gasoline vehicles: Effects of cold-starts and implications for secondary organic aerosol
formation, Environmental science & technology, 53, 1706—1714, https://doi.org/10.1021/acs.est.8b05600, 2018.

Drozd. G. T., Weber, R. J.. and Goldstein, A. H.: Highly resolved composition during diesel evaporation with modeled
ozone and secondary aerosol formation: Insights into pollutant formation from evaporative intermediate volatility
organic compound sources, Environmental Science & Technology, 55, 57425751,
https://doi.org/10.1021/acs.est.0c08832, 2021.

Fang, H., Huang, X., Xiao, S., Lowther, S., Fu, X., Zhang, Y., Wu, T., Hu, W., Zhang, G., Ding, X., Tang, M., Bi, X.. Jones,
K. C., and Wang, X.: Intermediate-volatility organic compounds observed in a coastal megacity: Importance of non-
road source emissions, Journal of Geophysical Research: Atmospheres, 127, €2022JD037301
https://doi.org/10.1029/2022JD037301, 2022.

Fraser, M. P., Cass, G. R., Simoneit, B. R. T., and Rasmussen, R. A.: Air Quality Model Evaluation Data for Organics. 4.
C2—-C36 Non-Aromatic Hydrocarbons, Environmental Science & Technology, 31, 2356-2367,
https://doi.org/10.1021/es960980¢g, 1997.

Fuels Europe: Statistical Report.
https:/fuelseurope.cu/uploads/files/modules/documents/file/1678433400_WxQUX2Y235pcnRjaPDaRBqeCQOPtFi
zSES5iYFZRb.pdf (last access: 30 October 2025), 2022.

Fujitani, Y., Sato, K., Tanabe, K., Takahashi, K., Hoshi, J., Wang, X.., Chow, J. C., and Watson, J. G.: Volatility distribution
of organic compounds in sewage incineration emissions, Environmental Science & Technology, 54, 1423514245
https://doi.org/10.1021/acs.est.0c04534, 2020.

Fujitani, Y., Sato, K., Tanabe, K., Morino, Y., Takahashi, K., and Hoshi, J.: Characteristics of different volatility classes of
organic compounds emitted by a municipal solid waste incineration plant, Atmospheric Environment: X, 17,
100197, https://doi.org/10.1016/j.aca0a.2022.100197, 2023.

Gentner, D. R., Isaacman, G., Worton, D. R., Chan, A. W. H., Dallmann, T. R., Davis, L., Liu, S., Day, D. A., Russell, L.
M., Wilson, K. R., Weber, R., Guha, A., Harley, R. A., and Goldstein, A. H.: Elucidating secondary organic aerosol
from diesel and gasoline vehicles through detailed characterization of organic carbon emissions, Proceedings of the
National Academy of Sciences, 109, 1831818323, https://doi.org/10.1073/pnas.1212272109, 2012.

Gentner, D. R., Jathar, S. H., Gordon, T. D., Bahreini, R., Day, D. A., El Haddad, 1., Hayes, P. L., Pieber, S. M., Platt, S. M.
de Gouw. J., Goldstein, A. H., Harley, R. A., Jimenez, J. L., Prévéto, A. S. H., and Robinson, A. L.: Review of

urban secondary organic aerosol formation from gasoline and diesel motor vehicle emissions, Environmental

science & technology, 51, 1074-1093, https://doi.org/10.1021/acs.est.6b04509, 2017.

Ghorbani, A., Rahimpour, M. R., Ghasemi, Y., and Raeissi, S.: The biodiesel of microalgae as a solution for diesel demand
in Iran, Energies, 11, 950, https://doi.org/10.3390/en11040950, 2018.

Goldstein, A. H. and Galbally, I. E.: Known and unexplored organic constituents in the earth’s atmosphere, Environmental
science & technology. 41, 1514—1521, https://doi.org/10.1021/es072476p, 2007.

Gordon, T. D., Presto, A. A., Nguyen, N. T., Robertson, W. H., Na, K., Sahay, K. N., Zhang, M., Maddox, C., Rieger, P.
Chattopadhyay, S., Maldonado, H., Maricq, M. M., and Robinson, A. L.: Secondary organic aerosol production

from diesel vehicle exhaust: impact of aftertreatment, fuel chemistry and driving cycle, Atmospheric Chemistry and
Physics, 14, 4643-4659, https://doi.org/10.5194/acpd-13-24223-2013, 2014.

Grushevenko, D., Grushevenko, E., and Kulagin, V.: Energy consumption of the Russian road transportation sector:
Prospects for inter-fuel competition in terms of technological innovation, ®opcaiir, 12, 35-44
https://doi.org/10.17323/2500-2597.2018.4.35.44, 2018.

Hartikainen, A. H., Thalainen, M., Yli-Pirild, P., Hao, L., Kortelainen, M., Pieber, S. M., and Sippula, O.: Photochemical
transformation and secondary aerosol formation potential of Euro6 gasoline and diesel passenger car exhaust
emissions, Journal of Aerosol Science, 171, 106159, https://doi.org/10.2139/ssrn.4199864, 2023.

Hassan, M. A., Mehmood, T., Liu, J., Luo, X., Li, X., Tanveer, M., Faheem, M., Shakoor. A., Dar, A. A., and Abid, M.: A
review of particulate pollution over Himalaya region: Characteristics and salient factors contributing ambient PM
pollution, Atmospheric Environment, 294, 119472, https://doi.org/10.1016/j.atmosenv.2022.119472, 2023.

Hatch, L. E., Luo, W., Pankow, J. F., Yokelson, R. J., Stockwell, C. E., and Barsanti, K.: Identification and quantification of
gaseous organic compounds emitted from biomass burning using two-dimensional gas chromatography—time-of-

38


https://doi.org/10.1021/acs.est.8b05600
https://doi.org/10.1021/acs.est.0c08832
https://doi.org/10.1029/2022JD037301
https://doi.org/10.1021/es960980g
https://fuelseurope.eu/uploads/files/modules/documents/file/1678433400_WxQUX2Y235pcnRjaPDaRBqeCQ0PtFizSE5iYFZRb.pdf
https://fuelseurope.eu/uploads/files/modules/documents/file/1678433400_WxQUX2Y235pcnRjaPDaRBqeCQ0PtFizSE5iYFZRb.pdf
https://doi.org/10.1021/acs.est.0c04534
https://doi.org/10.1016/j.aeaoa.2022.100197
https://doi.org/10.1073/pnas.1212272109
https://doi.org/10.1021/acs.est.6b04509
https://doi.org/10.3390/en11040950
https://doi.org/10.1021/es072476p
https://doi.org/10.5194/acpd-13-24223-2013
https://doi.org/10.17323/2500-2597.2018.4.35.44
https://doi.org/10.2139/ssrn.4199864
https://doi.org/10.1016/j.atmosenv.2022.119472

165

170

175

180

185

190

195

flight mass spectrometry, Atmospheric Chemistry and Physics, 15, 1865—1899, https://doi.org/10.5194/acpd-14-
23237-2014, 2015.

Hatch, L. E.. Yokelson, R. J., Stockwell, C. E., Veres, P. R., Simpson, I. J., Blake, D. R., Orlando, J. J., and Barsanti, K. C.:
Multi-instrument comparison and compilation of non-methane organic gas emissions from biomass burning and
implications for smoke-derived secondary organic aerosol precursors, Atmospheric Chemistry and Physics, 17,
1471-1489, https://doi.org/10.5194/acp-2016-598, 2017.

He. L.-Y., Yang, S., and Chang, D.: Oil price uncertainty, transport fuel demand and public health, International journal of
environmental research and public health, 14, 245, https://doi.org/10.3390/ijerph14030245, 2017.

Hodzic, A., Jimenez, J. L., Madronich,. S., Canagaratna, M., DeCarlo, P. F., Kleinman, L., and Fast, J.: Modeling organic
aerosols in a megacity: potential contribution of semi-volatile and intermediate volatility primary organic
compounds to secondary organic aerosol formation, Atmospheric Chemistry and Physics, 10, 5491-5514
https://doi.org/10.5194/acp-10-5491-2010, 2010.

Hodzic, A., Aumont, B., Knote, C., Lee-Taylor, J., Madronich, S., and Tyndall, G.: Volatility dependence of Henry’s law
constants of condensable organics: Application to estimate depositional loss of secondary organic aerosols,
Geophysical Research Letters, 41, 47954804, https://doi.org/10.1002/2014GL060649, 2014.

Huang, C., Hu, Q.. Li, Y., Tian, J., Ma, Y., Zhao, Y., Feng, J., An, J., Qiao, L., Wang, H., Jing, S., Huang, D., Lou, S., Zhou,
M., Zhu, S., Tao, S., and Li, L.: Intermediate volatility organic compound emissions from a large cargo vessel
operated under real-world conditions, Environmental science & technology, 52, 1293412942
https://doi.org/10.1021/acs.est.8b04418, 2018.

Huang, G., Wang, S., Chang, X., Cai, S., Zhu, L., Li, Q., and Jiang, J.: Emission factors and chemical profile of I/SVOCs
emitted from household biomass stove in China, Science of the Total Environment, 842, 156940.
https://doi.org/10.1016/j.scitotenv.2022.156940, 2022.

Huang, L., Zhao, B., Wang, S., Chang, X., Klimont, Z., Huang, G., Zheng, H., and Hao, J.: Global anthropogenic emissions
of full-volatility organic compounds, Environmental Science & Technology, 57, 16435-16445,
https://doi.org/10.1021/acs.est.3¢04106, 2023.

Jathar, S., Farina, S., Robinson, A., and Adams, P.: The influence of semi-volatile and reactive primary emissions on the
abundance and properties of global organic aerosol, Atmospheric Chemistry and Physics, 11, 7727-7746,
https://doi.org/10.5194/acp-11-7727-2011, 2011.

Jathar, S. H., Gordon, T. D., Hennigan, C. J., Pye, H. O., Pouliot, G., Adams, P. J., Donahue, N. M., and Robinson, A. L.:
Unspeciated organic emissions from combustion sources and their influence on the secondary organic aerosol
budget in the United States, Proceedings of the National Academy of Sciences, 111, 10473-10478,
https://doi.org/10.1073/pnas. 1323740111, 2014.

Jathar, S. H., Woody. M., Pye, H. O., Baker, K. R., and Robinson, A. L.: Chemical transport model simulations of organic
aerosol in southern California: model evaluation and gasoline and diesel source contributions, Atmospheric
chemistry and physics, 17, 4305-4318, https://doi.org/10.5194/acp-2016-1055, 2017.

Jimenez, J. L., Canagaratna, M. R., Donahue, N. M., Prevot, A. S. H., Zhang. Q., Kroll, J. H., DeCarlo, P. F., Allan, J. D.
Coe. H., Ng. N. L., Aiken, A. C., Docherty, K. S., Ulbrich, I. M., Grieshop, A. P., Robinson, A. L., Duplissy, J.,
Smith, J. D., Wilson, K. R., Lanz, V. A., Hueglin, C., Sun. Y. L., Tian, J., Laaksonen, A., Raatikainen, T.
Rautiainen, J., Vaattovaara, P., Ehn, M., Kulmala, M., Tomlinson, J. M., Collins, D. R.. Cubison, M. J., Dunlea, E.

J., Huffman, J. A., Onasch, T. B., Alfarra, M. R., Williams, P. 1., Bower, K., Kondo, Y., Schneider, J., Drewnick, F.

Borrmann, S., Weimer, S., Demerjian, K., Salcedo, D., Cottrell, L., Griffin, R., Takami, A., Miyoshi, T.
Hatakeyama, S., Shimono, A., Sun, J. Y., Zhang, Y. M., Dzepina, K., and Worsnop, D. R.: Evolution of Organic
Aerosols in the Atmosphere, Science, 326, 1525-1529, https://doi.org/10.1126/science.1180353, 2009.

Jockel, P., Sander, R., Kerkweg, A., Tost, H., and Lelieveld, J.: Technical Note: The modular earth submodel system
(MESSy)-a new approach towards earth system modeling, Atmospheric Chemistry and Physics, 5. 433444
https://doi.org/10.5194/acpd-4-7139-2004, 2005.

Jorga, S. D., Kaltsonoudis, C., Liangou, A., and Pandis. S. N.: Measurement of formation rates of secondary aerosol in the
ambient urban atmosphere using a dual smog chamber system, Environmental Science & Technology, 54, 1336—
1343, https://doi.org/10.1021/acs.est.9603479, 2019.

39


https://doi.org/10.5194/acpd-14-23237-2014
https://doi.org/10.5194/acpd-14-23237-2014
https://doi.org/10.5194/acp-2016-598
https://doi.org/10.3390/ijerph14030245
https://doi.org/10.5194/acp-10-5491-2010
https://doi.org/10.1002/2014GL060649
https://doi.org/10.1021/acs.est.8b04418
https://doi.org/10.1016/j.scitotenv.2022.156940
https://doi.org/10.1021/acs.est.3c04106
https://doi.org/10.5194/acp-11-7727-2011
https://doi.org/10.1073/pnas.1323740111
https://doi.org/10.5194/acp-2016-1055
https://doi.org/10.1126/science.1180353
https://doi.org/10.5194/acpd-4-7139-2004
https://doi.org/10.1021/acs.est.9b03479

—_

—

[

P25

P55

Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, 1., Dentener, F. J., Facchini, M. C., Van Dingenen, R., Ervens, B.

Nenes, A., Nielsen, C. J., Swietlicki, E., Putaud, J. P., Balkanski, Y., Fuzzi, S., Horth, J., Moortgat, G. K.
Winterhalter, R., Myhre, C. E. L., Tsigaridis, K., Vignati, E., Stephanou, E. G., and Wilson, J.: Organic aerosol and
global climate modelling: a review, Atmospheric Chemistry and Physics, 5, 10531123
https://doi.org/10.5194/acp-5-1053-20035, 2005.

Kangasniemi, O., Simonen, P., Moldanova, J., Timonen, H., Barreira, L. M. F., Hellén, H., Jalkanen, J.-P., Majamaki, E.,
D’Anna, B., Lanzafame, G., Temime-Roussel, B., Mellgvist, J., Keskinen, J., and Dal Maso, M.: Volatility of a
Ship’s Emissions in the Baltic Sea Using Modelling and Measurements in Real-World Conditions, Atmosphere, 14,
1175, https://doi.org/10.3390/atmos14071175, 2023.

Khare, P., Machesky. J.. Soto, R., He, M., Presto, A. A.. and Gentner, D. R.: Asphalt-related emissions are a major missing
nontraditional source of secondary organic aerosol precursors, Science Advances, 6, eabb9785
https://doi.org/10.1126/sciadv.abb9785, 2020.

Klein, Catharina: Domestic demand of diesel fuel in Japan from fiscal year 2011 to 2019 with a forecast for 2020
https://www.statista.com/statistics/749818/japan-diesel-fuel-demand (last access: 30 October 2025), 2025a.

Klein, Catharina: Domestic demand of gasoline in Japan from fiscal year 2011 to 2019 with a forecast for 2020.
https://www.statista.com/statistics/749793/japan-gasoline-demand (last access: 30 October 2025), 2025b.

Kling, M. M. and Ackerly, D. D.: Global wind patterns and the vulnerability of wind-dispersed species to climate change
Nature Climate Change, 10, 868—875, https://doi.org/10.1038/s41558-020-0848-3, 2020.

Koss, A. R., Sekimoto, K., Gilman, J. B., Selimovic, V., Coggon, M. M., Zarzana, K. J., Yuan, B., Lerner, B. M., Brown, S.
S.. Jimenez, J. L., Krechmer, J., Roberts, J. M., Warneke, C., Yokelson, R. J., and de Gouw, J.: Non-methane
organic gas emissions from biomass burning: identification, quantification, and emission factors from PTR-ToF
during the FIREX 2016 laboratory experiment, Atmospheric Chemistry and Physics, 18, 3299-3319
https://doi.org/10.5194/acp-18-3299-2018, 2018.

Li, N., Sioutas, C., Cho, A., Schmitz, D., Misra, C., Sempf, J., Wang, M., Oberley, T., Froines, J., and Nel, A.: Ultrafine
particulate pollutants induce oxidative stress and mitochondrial damage., Environmental health perspectives, 111
455-460, https://doi.org/10.1289/ehp.6000, 2003.

Li, W., Li, L., Chen, C., Kacarab, M., Peng, W., Price, D., Xu, J., and Cocker III, D. R.: Potential of select intermediate-
volatility organic compounds and consumer products for secondary organic aerosol and ozone formation under
relevant urban conditions, Atmospheric environment, 178, 109-117,
https://doi.org/10.1016/j.atmosenv.2017.12.019, 2018.

Li, Z., Sun, R., Qin, M., and Hu, D.: Gasoline to diesel consumption ratio: A new socioeconomic indicator of carbon dioxide
emissions in China, Sustainability, 12, 5608, https://doi.org/10.3390/sul2145608, 2020.

Liddle, B. and Huntington, H.: ‘On the Road Again’: A 118 country panel analysis of gasoline and diesel demand,
Transportation Research Part A: Policy and Practice, 142, 151-167, https://doi.org/10.1016/.tra.2020.10.015, 2020.

Liggio. J., Li, S.-M., Hayden, K., Taha, Y. M., Stroud, C.. Darlington, A., Drollette. B. D., Gordon, M., Lee, P., Liu, P.

Leithead, A., Moussa, S. G., Wang, D., O’Brien, J., Mittermeier, R. L., Brook, J. R., Lu, G., Staebler, R. M., Han
Y., Tokarek, T. W., Osthoff, H. D., Makar, P. A., Zhang, J., L. Plata, D., and Gentner, D. R.: Oil sands operations as
a large source of secondary organic aerosols, Nature, 534, 91-94, https://doi.org/10.1038/nature17646, 2016.

Liu, H., Man, H., Tschantz, M., Wu. Y., He, K., and Hao, J.: VOC from vehicular evaporation emissions: status and control
strategy, Environmental Science & Technology. 49, 1442414431, https://doi.org/10.1021/acs.est.5b04064, 2015.

Liu, W.-H. and Lin, K.-J.: Demand for ground transportation fuels in 10 Asian countries: An application of the
autoregressive distributed lag bounds testing approach, Pacific Economic Review, 24, 606—627,
https://doi.org/10.1111/1468-0106.12245, 2019.

Liu, Y., Li. Y., Yuan, Z., Wang, H., Sha, Q., Lou, S., Liu, Y., Hao, Y., Duan, L., Ye, P., Zheng, J., Yuan, B., and Shao, M.:
Identification of two main origins of intermediate-volatility organic compound emissions from vehicles in China
through two-phase simultaneous characterization, Environmental Pollution, 281, 117020,
https://doi.org/10.1016/j.envpol.2021.117020, 2021.

Lu, Q.. Zhao, Y., and Robinson, A. L.: Comprehensive organic emission profiles for gasoline, diesel, and gas-turbine
engines including intermediate and semi-volatile organic compound emissions, Atmospheric Chemistry and
Physics, 18, 17637-17654, https://doi.org/10.5194/acp-2018-752, 2018.

40


https://doi.org/10.5194/acp-5-1053-2005
https://doi.org/10.3390/atmos14071175
https://doi.org/10.1126/sciadv.abb9785
https://www.statista.com/statistics/749818/japan-diesel-fuel-demand
https://www.statista.com/statistics/749793/japan-gasoline-demand
https://doi.org/10.1038/s41558-020-0848-3
https://doi.org/10.5194/acp-18-3299-2018
https://doi.org/10.1289/ehp.6000
https://doi.org/10.1016/j.atmosenv.2017.12.019
https://doi.org/10.3390/su12145608
https://doi.org/10.1016/j.tra.2020.10.015
https://doi.org/10.1038/nature17646
https://doi.org/10.1021/acs.est.5b04064
https://doi.org/10.1111/1468-0106.12245
https://doi.org/10.1016/j.envpol.2021.117020
https://doi.org/10.5194/acp-2018-752

—_

—_

—

P75

300

305

310

Lu, Q.. Murphy, B. N., Qin, M., Adams, P. J., Zhao, Y., Pye, H. O., Efstathiou, C., Allen, C.. and Robinson, A. L.:
Simulation of organic aerosol formation during the CalNex study: updated mobile emissions and secondary organic
aerosol parameterization for intermediate-volatility organic compounds, Atmospheric chemistry and physics, 20
4313-4332, https://doi.org/10.5194/acp-20-4313-2020, 2020.

Maduekwe, M., Akpan, U., and Isihak, S.: Road transport energy consumption and vehicular emissions in Lagos, Nigeria:
An application of the LEAP model, Transportation Research Interdisciplinary Perspectives, 6, 100172,
https://doi.org/10.1016/j.trip.2020.100172, 2020.

Manavi, S. E. and Pandis, S. N.: A lumped species approach for the simulation of secondary organic aerosol production from
intermediate-volatility organic compounds (IVOCs): application to road transport in PMCAMx-iv (v1. 0),
Geoscientific Model Development, 15, 7731-7749, https://doi.org/10.5194/gmd-2022-90, 2022.

Marques, B., Kostenidou, E., Valiente, A. M., Vansevenant, B., Sarica, T., Fine, L., Temime-Roussel, B., Tassel, P., Perret,
P., Liu, Y., Sartelet, K., Ferronato, C., and D’ Anna, B.: Detailed speciation of non-methane volatile organic
compounds in exhaust emissions from diesel and gasoline Euro 5 vehicles using online and offline measurements
Toxics, 10, 184, https://doi.org/10.3390/toxics10040184, 2022.

May, A. A., Nguyen, N. T., Presto, A. A., Gordon, T. D., Lipsky, E. M., Karve, M., Gutierrez, A., Robertson, W. H., Zhang,
M., Brandow, C., Chang, O., Chen, S., Cicero-Fernandez, P., Dinkins, L., Fuentes, M., Huang, S.-M., Ling, R.,
Long, J., Maddox, C., Massetti, J., McCauley, E., Miguel, A., Na, K., Ong, R., Pang, Y., Rieger, P., Sax, T.
Truong, T., Vo, T., Chattopadhyay, S., Maldonado, H., Maricq, M. M., and Robinson, A. L.: Gas-and particle-phase
primary emissions from in-use, on-road gasoline and diesel vehicles, Atmospheric Environment, 88, 247-260,
https://doi.org/10.1016/j.atmosenv.2014.01.046, 2014.

McDonald, B. C., de Gouw, J. A., Gilman, J. B., Jathar, S. H., Akherati, A., Cappa, C. D., Jimenez, J. L., Lee-Taylor, J.,
Hayes. P. L., McKeen, S. A., Cui, Y. Y., Kim, S.-W., Gentner, D. R., Isaacman-VanWertz, G., Goldstein, A. H.
Harley, R. A., Frost, G. J., Roberts, J. M., Ryerson, T. B., and Trainer, M.: Volatile chemical products emerging as
largest petrochemical source of urban organic emissions, Science, 359, 760-764,
https://doi.org/10.1126/science.aaq0524, 2018.

Morino, Y., Li, Y., Fujitani, Y., Sato, K., Inomata, S., Tanabe, K., Jathar, S. H., Kondo, Y., Nakayama, T., Fushimi, A.,
Takami, A., and Kobayashi, S.: Secondary organic aerosol formation from gasoline and diesel vehicle exhaust
under light and dark conditions, Environmental Science: Atmospheres, 2, 46—64,
https://doi.org/10.1039/d1ea00045d, 2022.

Murphy, B. N. and Pandis, S. N.: Simulating the Formation of Semivolatile Primary and Secondary Organic Aerosol in a
Regional Chemical Transport Model, Environmental Science & Technology, 43, 47224728,
https://doi.org/10.1021/es803168a, 2009.

NASA with Center For International Earth Science Information Network-CIESIN-Columbia University: Gridded Population
of the World, Version 4 (GPWv4): Population Count, NASA Socioeconomic Data and Applications Center
(SEDAC), Palisades, NY, Revision 11. 4.11, https://doi.org/10.7927/H4JW8BX5. 2018.

Odum, J. R., Hoffmann, T., Bowman, F., Collins, D., Flagan, R. C., and Seinfeld, J. H.: Gas/particle partitioning and
secondary organic aerosol yields, Environmental science & technology, 30, 25802585,
https://doi.org/10.1021/es950943+, 1996.

Ots, R.., Young. D. E., Vieno, M., Xu, L., Dunmore, R. E., Allan, J. D., Coe, H., Williams, L. R., Herndon, S. C., Ng, N. L.

Hamilton, J. F., Bergstrom, R., Di Marco, C., Nemitz, E., Mackenzie, I. A., Kuenen, J. J. P., Green, D. C., Reis, S.

and Heal, M. R.: Simulating secondary organic aerosol from missing diesel-related intermediate-volatility organic
compound emissions during the Clean Air for London (ClearfLo) campaign, Atmospheric Chemistry and Physics,
16, 6453—6473. https://doi.org/10.5194/acp-2015-920, 2016.

Pandis, S. N., Harley, R. A., Cass, G. R., and Seinfeld, J. H.: Secondary organic aerosol formation and transport,

Atmospheric Environment. Part A. General Topics, 26, 22692282, https://doi.org/10.1016/0960-1686(92)90358-r.

1992.

Paul, A., Fang, Z., Martens, P., Mukherjee, A.. Jakobi, G., Thalainen, M., Kortelainen, M., Somero, M., Yli-Pirild, P.
Hohaus, T., Czech, H., Kalberer, M., Sippula, O., Rudich, Y., Zimmermann, R., and Kiendler-Scharr, A.: Formation
of secondary aerosol from emissions of a Euro 6d-compliant gasoline vehicle with particle filter, Environmental
Science: Atmospheres, https://doi.org/10.1039/d3ea00165b, 2024.

41


https://doi.org/10.5194/acp-20-4313-2020
https://doi.org/10.1016/j.trip.2020.100172
https://doi.org/10.5194/gmd-2022-90
https://doi.org/10.3390/toxics10040184
https://doi.org/10.1016/j.atmosenv.2014.01.046
https://doi.org/10.1126/science.aaq0524
https://doi.org/10.1039/d1ea00045d
https://doi.org/10.1021/es803168a
https://doi.org/10.7927/H4JW8BX5
https://doi.org/10.1021/es950943+
https://doi.org/10.5194/acp-2015-920
https://doi.org/10.1016/0960-1686(92)90358-r
https://doi.org/10.1039/d3ea00165b

B15

320

325

330

B35

340

345

350

B55

60

Pope, C. A., Thun, M. J., Namboodiri, M. M., Dockery, D. W., Evans, J. S., Speizer, F. E., and Heath, C. W.: Particulate air
pollution as a predictor of mortality in a prospective study of US adults, American journal of respiratory and critical
care medicine, 151, 669—674, https://doi.org/10.1164/ajrccm.151.3.7881654, 1995.

Pye. H. O. and Seinfeld. J. H.: A global perspective on aerosol from low-volatility organic compounds, Atmospheric
Chemistry and Physics, 10, 4377-4401, https://doi.org/10.5194/acpd-10-4079-2010, 2010.

Pye, H. O., Ward-Caviness, C. K., Murphy, B. N., Appel, K. W., and Seltzer, K. M.: Secondary organic aerosol association
with cardiorespiratory disease mortality in the United States, Nature Communications, 12, 7215,
https://doi.org/10.1038/s41467-021-27484-1, 2021.

Pye, H. O. T., Place, B. K.. Murphy, B. N., Seltzer, K. M., D’Ambro. E. L., Allen, C., Piletic, I. R., Farrell, S., Schwantes, R.
H., Coggon, M. M., Saunders, E., Xu, L., Sarwar, G., Hutzell, W. T., Foley. K. M., Pouliot, G., Bash, J., and
Stockwell, W. R.: Linking gas, particulate, and toxic endpoints to air emissions in the Community Regional
Atmospheric Chemistry Multiphase Mechanism (CRACMM) version 1.0, Atmospheric Chemistry and Physics
Discussions, 2022, 1-88, https://doi.org/10.5194/acp-2022-695, 2023.

Qian, Z., Chen, Y., Liu, Z.. Han, Y., Zhang, Y.. Feng, Y., Shang, Y., Guo, H., Li. Q., Shen, G., Chen. J., and Tao, S.:
Intermediate volatile organic compound emissions from residential solid fuel combustion based on field
measurements in rural China, Environmental Science & Technology, 55, 5689-5700,
https://doi.org/10.1021/acs.est.0c07908, 2021.

Rahman, M. M., Rahman, S. M., Shafiullah, M., Hasan, M. A., Gazder, U., Al Mamun, A., Mansoor, U., Kashifi, M. T.
Reshi, O., Arifuzzaman, M., Islam, M. K., and Al-Ismail, F. S.: Energy Demand of the Road Transport Sector of
Saudi Arabia—Application of a Causality-Based Machine Learning Model to Ensure Sustainable Environment.
Sustainability, 14, 16064, https://doi.org/10.3390/su142316064, 2022.

Robinson, A. L., Donahue, N. M., Shrivastava, M. K., Weitkamp, E. A., Sage, A. M., Grieshop, A. P., Lane, T. E., Pierce, J.
R.. and Pandis, S. N.: Rethinking organic aerosols: Semivolatile emissions and photochemical aging, Science, 315
1259-1262, https://doi.org/10.1126/science.1133061, 2007.

Robinson, A. L., Grieshop, A. P., Donahue, N. M., and Hunt, S. W.: Updating the conceptual model for fine particle mass
emissions from combustion systems Allen L. Robinson, Journal of the Air & Waste Management Association, 60
12041222, https://doi.org/10.3155/1047-3289.60.10.1204, 2010.

Sarica, T., Sartelet, K., Roustan, Y., Kim, Y., Lugon, L., Marques, B., D’Anna, B., Chaillou, C., and Larrieu, C.: Sensitivity
of pollutant concentrations in urban streets to asphalt and traffic-related emissions, Environmental Pollution, 332
121955, https://doi.org/10.1016/j.envpol.2023.121955, 2023.

Sartelet, K., Zhu, S., Moukhtar, S., André, M., André, J., Gros, V., Favez, O., Brasseur, A., and Redaelli, M.: Emission of
intermediate, semi and low volatile organic compounds from traffic and their impact on secondary organic aerosol
concentrations over Greater Paris, Atmospheric Environment, 180, 126-137,
https://doi.org/10.1016/j.atmosenv.2018.02.031, 2018.

Schauer, J. J., Kleeman, M. J., Cass, G. R., and Simoneit, B. R.: Measurement of emissions from air pollution sources. 2. C1
through C30 organic compounds from medium duty diesel trucks, Environmental science & technology. 33, 1578—
1587, https://doi.org/10.1021/es980081n, 1999.

Schauer, J. J., Kleeman, M. J., Cass, G. R., and Simoneit, B. R.: Measurement of emissions from air pollution sources. 3. C1-
C29 organic compounds from fireplace combustion of wood, Environmental science & technology, 35, 1716—-1728
https://doi.org/10.1021/es001331e, 2001.

Seltzer, K. M., Pennington, E., Rao, V., Murphy, B. N., Strum, M., Isaacs, K. K., and Pye, H. O.: Reactive organic carbon
emissions from volatile chemical products, Atmospheric Chemistry and Physics Discussions, 2020, 1-33
https://doi.org/10.5194/acp-21-5079-2021, 2021.

Shrivastava, M., Fast, J., Easter, R., Gustafson Jr, W., Zaveri, R. A., Jimenez, J. L., Saide, P., and Hodzic, A.: Modeling
organic aerosols in a megacity: comparison of simple and complex representations of the volatility basis set
approach, Atmospheric Chemistry and Physics, 11, 6639-6662, https://doi.org/10.5194/acpd-10-30205-2010, 2011.

Shrivastava, M. K., Lane, T. E., Donahue, N. M., Pandis, S. N., and Robinson, A. L.: Effects of gas particle partitioning and
aging of primary emissions on urban and regional organic acrosol concentrations, Journal of Geophysical Research:
Atmospheres, 113, https://doi.org/10.1029/2007jd009735, 2008.

4


https://doi.org/10.1164/ajrccm.151.3.7881654
https://doi.org/10.5194/acpd-10-4079-2010
https://doi.org/10.1038/s41467-021-27484-1
https://doi.org/10.5194/acp-2022-695
https://doi.org/10.1021/acs.est.0c07908
https://doi.org/10.3390/su142316064
https://doi.org/10.1126/science.1133061
https://doi.org/10.3155/1047-3289.60.10.1204
https://doi.org/10.1016/j.envpol.2023.121955
https://doi.org/10.1016/j.atmosenv.2018.02.031
https://doi.org/10.1021/es980081n
https://doi.org/10.1021/es001331e
https://doi.org/10.5194/acp-21-5079-2021
https://doi.org/10.5194/acpd-10-30205-2010
https://doi.org/10.1029/2007jd009735

B65

370

B75

380

B85S

390

395

00

105

different sources of semi-and intermediate-volatility organic compounds from the Athabasca oil sands.

Environmental Science: Atmospheres, 2. 469-490, https://doi.org/10.1039/d1ea00053e, 2022.

Song, K., Guo, S., Gong, Y., Lv, D., Zhang, Y., Wan, Z., Li, T., Zhu, W., Wang, H., Yu, Y., Tan, R., Shen, R., Lu, S., Li, S.
Chen, Y., and Hu, M.: Impact of cooking style and oil on semi-volatile and intermediate volatility organic
compound emissions from Chinese domestic cooking, Atmospheric Chemistry and Physics, 22, 9827-9841,
https://doi.org/10.5194/acp-22-9827-2022, 2022.

Soulie, A., Granier, C., Darras, S., Zilbermann, N., Doumbia, T., Guevara, M., Jalkanen, J.-P., Keita, S., Liousse, C., Crippa
M., Guizzardi, D., Hoesly. R., and Smith, S.: Global anthropogenic emissions (CAMS-GLOB-ANT) for the
Copernicus Atmosphere Monitoring Service simulations of air quality forecasts and reanalyses, Earth System
Science Data Discussions, 2023, 1-45, https://doi.org/10.5194/essd-2023-306, 2023.

Srivastava, D., Vu, T. V., Tong, S., Shi, Z., and Harrison, R. M.: Formation of secondary organic aerosols from
anthropogenic precursors in laboratory studies, NPJ Climate and Atmospheric Science, 5
https://doi.org/10.1038/s41612-022-00238-6, 2022.

Stanier, C. O., Donahue, N., and Pandis, S. N.: Parameterization of secondary organic aerosol mass fractions from smog
chamber data, Atmospheric Environment, 42, 22762299, https://doi.org/10.1016/j.atmosenv.2007.12.042, 2008.

Statista Research Department: Consumption of motor gasoline and distillate fuel oil by the transportation sector in the
United States in selected years from 1950 to 2024, https://www.statista.com/statistics/189410/us-gasoline-and-
diesel-consumption-for-highway-vehicles-since-1992 (last access: 30 October 2025), 2025.

Szopa, S., Naik, V., Adhikary, B., Artaxo, P., Berntsen, T., Collins, W. D., Fuzzi, S., Gallardo, L., Kiendler-Scharr, A.
Klimont, Z., Liao, H., Unger, N., and Zanis, P.: Short-Lived Climate Forcers (Chapter 6), Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, https://doi.org/10.1017/9781009157896.008, 2021.

Tang, T., Cheng, Z., Xu, B., Zhang, B., Li, J., Zhang, W., Wang. K., and Zhang, G.: Source Diversity of Intermediate
Volatility n-Alkanes Revealed by Compound-Specific §13C- 3D Isotopes, Environmental Science & Technology,
56, 1426214271, https://doi.org/10.1021/acs.est.2c02156, 2022.

Tsimpidi, A., Karydis, V., Zavala, M., Lei, W., Molina, L., Ulbrich, 1., Jimenez, J., and Pandis, S. N.: Evaluation of the
volatility basis-set approach for the simulation of organic aerosol formation in the Mexico City metropolitan area.
Atmospheric Chemistry and Physics, 10, 525-546, https://doi.org/10.5194/acpd-9-13693-2009, 2010.

Tsimpidi, A., Karydis, V., Zavala, M., Lei, W., Bei, N., Molina, L., and Pandis, S. N.: Sources and production of organic
aerosol in Mexico City: insights from the combination of a chemical transport model (PMCAMx-2008) and
measurements during MILAGRO, Atmospheric Chemistry and Physics, 11, 5153-5168
https://doi.org/10.5194/acp-11-5153-2011, 2011.

Tsimpidi, A., Karydis, V., Pozzer, A., Pandis, S., and Lelieveld, J.: ORACLE: a module for the description of ORganic
Aerosol Composition and Evolution in the atmosphere, Geoscientific Model Development Discussions, 7, 5465—
5515, https://doi.org/10.5194/gmdd-7-5465-2014, 2014.

Tsimpidi, A. P., Karydis, V. A., Pandis, S. N., and Lelieveld, J.: Global combustion sources of organic aerosols: model
comparison with 84 AMS factor-analysis data sets, Atmospheric Chemistry and Physics, 16, 8939-8962
https://doi.org/10.5194/acp-2015-989, 2016.

Tsimpidi, A. P., Karydis, V. A., Pandis, S. N., and Lelieveld, J.: Global-scale combustion sources of organic aerosols:
sensitivity to formation and removal mechanisms, Atmospheric Chemistry and Physics, 17, 7345-7364
https://doi.org/10.5194/acp-2017-6, 2017.

Tsimpidi, A. P., Scholz, S. M., Milousis, A., Mihalopoulos, N., and Karydis, V. A.: Aerosol Composition Trends during
2000-2020: In depth insights from model predictions and multiple worldwide observation datasets, EGUsphere,
2024, 1-66, https://doi.org/10.5194/acp-25-10183-2025, 2025.

World Health Organization: WHO global air quality guidelines: Particulate matter (PM2. 5 and PM10), ozone, nitrogen

dioxide, sulfur dioxide and carbon monoxide, World Health Organization, Geneva, ISBN 978-92-4-003422-8, 2021.

43


https://doi.org/10.1039/d1ea00053e
https://doi.org/10.5194/acp-22-9827-2022
https://doi.org/10.5194/essd-2023-306
https://doi.org/10.1038/s41612-022-00238-6
https://doi.org/10.1016/j.atmosenv.2007.12.042
https://www.statista.com/statistics/189410/us-gasoline-and-diesel-consumption-for-highway-vehicles-since-1992
https://www.statista.com/statistics/189410/us-gasoline-and-diesel-consumption-for-highway-vehicles-since-1992
https://doi.org/10.1017/9781009157896.008
https://doi.org/10.1021/acs.est.2c02156
https://doi.org/10.5194/acpd-9-13693-2009
https://doi.org/10.5194/acp-11-5153-2011
https://doi.org/10.5194/gmdd-7-5465-2014
https://doi.org/10.5194/acp-2015-989
https://doi.org/10.5194/acp-2017-6
https://doi.org/10.5194/acp-25-10183-2025

410

15

120

425

430

135

440

Worton, D. R., Isaacman, G., Gentner, D. R., Dallmann, T. R., Chan, A. W., Ruehl, C., Kirchstetter, T. W., Wilson, K. R.,

Harley, R. A., and Goldstein, A. H.: Lubricating oil dominates primary organic aerosol emissions from motor
vehicles, Environmental science & technology. 48, 3698-3706, https://doi.org/10.1021/es405375j, 2014.

Xie, Y. and Harjono, M.: A review of motor vehicle fuel demand and supply in Indonesia, International Council on Clean
Transportation, working paper 2020-20, https://theicct.org/wp-content/uploads/2021/06/Indonesia-fuel-supply-
demand-sept2020.pdf, last access: 27 October, 2025, 2020.

., Jimenez, J. L., Canagaratna, M., Allan, J. D., Coe, H., Ulbrich, 1., Alfarra, M., Takami, A., Middlebrook, A., Sun
Y., Dzepina, K., Dunlea, E., Docherty, K., DeCarlo, P. F., Salcedo, D., Onasch, T., Jayne, J. T., Miyoshi, T.
Shimono, A., Hatakeyama, S., Takegawa, N., Kondo, Y., Schneider, J., Drewnick, F., Borrmann, S., Weimer, S.
Demerjian, K., Williams, P., Bower, K., Bahreini, R., Cottrell, L., Griffin, R. J., Rautiainen, J., Sun, J. Y., Zhang, Y.
M., and Worsnop, D. R.: Ubiquity and dominance of oxygenated species in organic aerosols in anthropogenically-
influenced Northern Hemisphere midlatitudes, Geophysical research letters, 34,
https://doi.org/10.1029/2007GL029979, 2007.

Zhang, Y., Deng, W., Hu, Q., Wu, Z., Yang, W., Zhang, H., Wang, Z., Fang, Z., Zhu, M., Li, S., Song, W., Ding, X., and
Wang, X.: Comparison between idling and cruising gasoline vehicles in primary emissions and secondary organic
aerosol formation during photochemical ageing, Science of the Total Environment, 722, 137934
https://doi.org/10.1016/j.scitotenv.2020.137934, 2020.

Zhang, Y., Fan, J., Song, K., Gong, Y., Lv, D., Wan, Z., Li, T., Zhang, C., Lu, S., Chen, S., Zeng, L., and Guo, S.: Secondary
Organic Aerosol Formation from Semi-Volatile and Intermediate Volatility Organic Compounds in the Fall in
Beijing, Atmosphere, 14, 94, https://doi.org/10.3390/atmos14010094, 2022a.

Zhang, Z., Man, H., Zhao, J., Jiang, Y., Zeng, M., Cai, Z., Huang, C., Huang, W., Zhao, H., Jing, S., Shi, X., He, K., and Liu
H.: Primary organic gas emissions in vehicle cold start events: Rates, compositions and temperature effects, Journal
of Hazardous Materials, 435, 128979, https://doi.org/10.1016/j.jhazmat.2022.128979, 2022b.

Zhao, Y., Hennigan, C. J., May, A. A., Tkacik, D. S., de Gouw, J. A., Gilman, J. B., Kuster, W. C., Borbon, A., and
Robinson, A. L.: Intermediate-volatility organic compounds: a large source of secondary organic aerosol,
Environmental Science & Technology, 48, 13743—13750, https://doi.org/10.1021/es5035188, 2014.

Zhao, Y., Nguyen, N. T., Presto, A. A., Hennigan, C. J., May, A. A., and Robinson, A. L.: Intermediate volatility organic
compound emissions from on-road diesel vehicles: chemical composition, emission factors, and estimated
secondary organic aerosol production, Environmental science & technology. 49, 1151611526,
https://doi.org/10.1021/acs.est.5b02841, 2015.

Zhao, Y., Nguyen, N. T., Presto, A. A., Hennigan, C. J., May, A. A., and Robinson, A. L.: Intermediate volatility organic
compound emissions from on-road gasoline vehicles and small off-road gasoline engines, Environmental science &
technology, 50, 45544563, https://doi.org/10.1021/acs.est.5b06247, 2016.

Zhan;

44


https://doi.org/10.1021/es405375j
https://theicct.org/wp-content/uploads/2021/06/Indonesia-fuel-supply-demand-sept2020.pdf
https://theicct.org/wp-content/uploads/2021/06/Indonesia-fuel-supply-demand-sept2020.pdf
https://doi.org/10.1029/2007GL029979
https://doi.org/10.1016/j.scitotenv.2020.137934
https://doi.org/10.3390/atmos14010094
https://doi.org/10.1016/j.jhazmat.2022.128979
https://doi.org/10.1021/es5035188
https://doi.org/10.1021/acs.est.5b02841
https://doi.org/10.1021/acs.est.5b06247

