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Oxidation of emitted anthropogenic and biogenic volatile organic compounds (VOCs) and subsequent

chemical reactions reduce the volatility of the products formed leading to secondary organic aerosol

(SOA) formation. Despite the huge diversity of individual SOA compounds, SOA modelling is often

simplified and estimated at the initial oxidation step neglecting chemical and physical process influencing

SOA formation e.g. advection, deposition, chemical degradation and aging processes. To overcome this

shortcoming, the chemical gas-phase mechanism URMELL was developed. URMELL treats more than 40

distinct oxidised gas-phase SOA (gasSOA) precursors with individual molecular characteristics and

physico-chemical partitioning properties enabling a much more explicit gasSOA treatment for products

of aromatics and isoprene oxidation. In this study, CTM simulations using COSMO-MUSCAT were

performed with URMELL and compared with a simplified gasSOA scheme applying the widely used gas-

phase mechanism RACM. The comparison indicates a delayed and thereby locally shifted gasSOA

formation when applying URMELL. This effect is caused by the formation of multigenerational and

multifunctional products along the transport trajectory whereby accounting for changes in the oxidant

regime and leading to a multitude of gasSOA substances with URMELL. For isoprene and aromatics,

URMELL simulates higher contributions of products with lower volatilities whereby aromatics generate

even non-volatile products which can partition in new particle formation. The non-volatile aromatic

products increase the average aromatic surface gasSOA concentration (30% on 20th of May 2014) and

show unexpectedly high concentrations in remote spruce forest areas, away from the emission sources,

highlighting the potential of the detailed schemes and its need for application in CTMs.
Environmental signicance

The oxidation of anthropogenic and biogenic volatile organic compounds (VOCs) leads to the formation of low volatile products which can partition into the
particle-phase through condensation processes contributing to particle mass formation. Depending on the atmospheric oxidation regime, independent SOA
pathways emerge. Such differences can be missed using the classical, but simplied, VBS or 2p approach. Therefore, an explicit SOA scheme for aromatics and
isoprene has been developed and coupled to the gas-phase mechanism URMELL. Adjunct model simulations for Germany highlight the effect of the interplay
between VOC advection and their chemical degradation resulting into SOA formation far from emission sources, especially for aromatic compounds. The study
highlights the efficiency of the detailed scheme and its need for application in chemical transport models.
1. Introduction

Secondary Organic Aerosol (SOA) is a crucial mass fraction of
aerosol particles, which impact air quality, human health and
climate.1–3 SOA is produced by oxidation of non-methane vola-
tile organic compounds (NMVOCs) which can be of
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the Royal Society of Chemistry
anthropogenic (AVOC) or biogenic (BVOC) origin.4,5 However,
the majority of NMVOCs are BVOCs emitted from vegetation.3,6,7

Subsequent chemical degradation of NMVOCs results in less
volatile oxidation products that can condense onto existing
aerosol particles and/or facilitate new particle formation. This is
governed e.g. by atmospheric oxidative and photochemical
conditions (e.g. NOx = NO + NO2; HOx = OH + HO2; O3), as well
as meteorological parameters (radiation, temperature,
humidity). All in all, NMVOC oxidation impacts particle growth,
new particle formation as well as cloud and precipitation
processes by affecting the chemical aerosol composition, aero-
sol particle number and size distribution.8–14 Thus, SOA affects
Earth's climate directly by absorption and scattering of
incoming solar radiation or indirectly by contributing to cloud
Environ. Sci.: Atmos., 2024, 4, 1413–1433 | 1413
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View Article Online
formation and precipitation.3,15–18 Vice versa, a change in the
radiation budget and precipitation impacts the oxidation
capacity of the atmosphere and effects dry and wet deposition
feeding back into SOA formation processes.19–25

During daytime conditions, NMVOC oxidation is dominated
by reaction with OH radicals and O3, while during the night, the
dominant oxidant is the NO3 radical.6,23,26–28 Due to the high
variety of NMVOCs emitted and their individual degradation
pathways driven by environmental conditions, a huge diversity
of SOA precursors exists. Recent studies revealed a high impact
of SOA formation through NMVOC oxidation from the NOx

concentration.14,23,27,29–31 For isoprene, high NO concentrations
lower, while high NO2 concentrations increase the gasSOA yield
in comparison to no NOx conditions.31–34 Linking anthropogenic
and biogenic NMVOC degradation processes under varying
environmental conditions including NOx dependencies creates
complex NOx–O3–SOA interlinkages relevant for air quality and
climate.3,14,28,35–37 Thus, it is of utmost importance to account for
these complex interdependencies in chemical transport (CTMs)
and earth system models (ESMs).

It was revealed recently, that the model representation of
BVOC emissions, their oxidation, SOA formation and particle
size distribution dynamics are crucial sources for the still rela-
tively high uncertainty of the aerosol–cloud–climate feedbacks
as presented in the IPCC.35,38–40 Globally, isoprene is the most
abundant BVOC, followed by monoterpenes and sesquiter-
penes.7 Nevertheless, in terms of SOA formation, sesquiter-
penes followed by monoterpenes and isoprene have the highest
potentials.41–43 Therefore, isoprene dominates the SOA compo-
sition in isoprene-dominated regions such as the tropical rain
forests, but on a regional scale, especially in coniferous forests,
the oxidation of monoterpenes mainly drives SOA
formation.9,28,44–46 The contribution of sesquiterpenes to the
overall SOA budget is assumed to be low, due to their lower
emission rates, but even little contributions can enhance SOA
production via the formation of ultralow-volatile organic
compounds from RO2 cross reactions.41 Such dependencies
demonstrate a strong linkage between BVOC emissions and
biogenic SOA (BSOA) formation which have to be represented in
models adequately. Thus, factors controlling BVOC emissions
such as taxonomic biodiversity, meteorological drivers (e.g.
temperature and radiation) and stressors (e.g. heat, drought or
herbivore infestation) impact SOA formation modelling.7,28,47–52

In addition, within urban and industrial areas AVOCs are of
high importance of which aromatics, higher alkenes and
alkanes being the most important anthropogenic SOA (ASOA)
precursors.3,28,42,53 Major AVOC sources are the transport sector,
industry and biomass burning. Global simulated AVOC SOA
burden is about 40%, but the contribution between BVOCs and
AVOCs differs signicantly in space and time.3,28,42,54 Moreover,
BVOC and AVOC emissions as well as their SOA contributions
are likely to change due to land use change, climate warming
and adaptation as well as air quality measures which further
complicates adequate air quality and climate assessments and
predictions.

Even though there is a huge variety of NMVOCs, current
chemical mechanisms applied in CTMs include only a few
1414 | Environ. Sci.: Atmos., 2024, 4, 1413–1433
mainly lumped species.55–61 Still, an accurate description of the
chemical formation and decomposition of SOA precursor
substances within chemical mechanisms used in CTMs is
crucial for an adequate air quality assessment. This includes the
treatment of diverse AVOC and BVOC sources. Oen, SOA
precursors are partly lumped into the following NMVOC clus-
ters: xylene, toluene, cresols, isoprene, monoterpenes, sesqui-
terpenes, higher alkanes and alkenes. However, the SOA
forming potential of an individual species within such a lumped
NMVOC cluster can vary signicantly.8,62–67

In addition to the uncertainties discussed above, SOA
formation within CTMs/ESMs has mainly been described using
a two product (2p) or volatility basis set (VBS) approach which
oen lumps all considered SOA products into 5 volatility
bins.28–30,42,68–72 These approaches determine the SOA forming
potential of all parent NMVOCs considered at the rst oxidation
step based on a few hypothetical products with certain empir-
ical gas/particle partitioning parameters. Some of these also
include a NOx dependency for OH radical initiated SOA
concentrations.29,30,73 But, a simple NOx dependency can lead to
an over or under prediction of the simulated SOA mass
concentration as NO and NO2 can have opposing effects.14,31–34

However, most SOA products form through multiple subse-
quent chemical reaction chains leading to a variety of different
low to non-volatile products with individual properties. To
account for multigenerational products simplied uncon-
strained aging parameterisations are applied to 2p/VBS
schemes shiing a semi-volatile product into the next lower
volatility bin/class.42,71,73,74

But still, the use of a classical 2p or VBS decouples SOA
formation from the actual/real chemical processes. Transport-
related induced changes in environmental conditions
including a switch from polluted to clean environments or the
integration of additional pathways such as the formation of
stable accretion products (ROOR or dimers) from the reaction of
two RO2 radicals41,75–81 are not represented sufficiently enough
by current SOA approaches. Furthermore, these simplied
schemes do not differentiate between SOA formed from the gas-
(gasSOA) and the aqueous- (aqSOA) or particle-phase.82–85

Depending on the experimental conditions at which the SOA
yield parameters for the simplied 2p/VBS SOA approach were
determined from it can include aqSOA. For isoprene, Stadtler
et al.86 applied a more detailed SOA scheme considering four
gasSOA and two aqSOA products in the ESM ECHAM-HAMMOZ
and compared it to a classical VBS approach. The comparison
revealed the production of non-volatile and aqSOA products,
which are both not considered in the classical VBS approach, in
addition to the low- and semi-volatile products which favour the
production of more volatile products.

Within ECHAM-HAMMOZ, the Jülich Atmospheric Mecha-
nism (JAM) is implemented. For the previous mentioned study86

a slightly revised variation of JAM version 2 (ref. 57) was used.
JAM version 2 was also the basis for the gas-phase mechanism
URMELL19 (short for Urban and Remote cheMistry modELLing),
but URMELL includes substantial updates as it comprises
sophisticated isoprene and aromatic chemistry schemes and
a variety of individual SOA products (26 aromatic- and 20
© 2024 The Author(s). Published by the Royal Society of Chemistry
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isoprene-related gasSOA species). Thus, URMELL enables an
explicit and direct gasSOA approach by maintaining highly-
oxidised reaction products. URMELL allows for the consider-
ation of transport-related changes in the O3/HOx/NOx regime
and investigations on how this impacts the products formed
and their physico-chemical characteristics. Thus, applying
URMELL helps to gain improved knowledge in the underlying
chemical processes and to estimate the detail needed to
adequately describe gasSOA formation. In this study, the semi-
explicit gasSOA modelling approach of URMELL is applied and
compared to a 2p approach using the CTM COSMO-MUSCAT
and the differences are discussed. Finally, conclusions and
implications of this study are presented.

2. Semi-explicit gasSOA modelling
approach

In general, common gasSOA estimates are based on a so-called
2-product (2p) or VBS SOA approach. Both these approaches
determine gasSOA based on xed, empirically derived parti-
tioning parameters (e.g. p*i =C

*
sat;i) for a subset of hypothetical

products at the initial oxidation step for all considered parent
NMVOCs.28–30,68–72 The oxidation of VOCs is described within the
applied gas-phase chemical mechanism, in this study RACM55

and URMELL19 are used. VOC oxidation is mainly initialised by
a reaction with OH, O3 or NO3 and produce numerous reaction
products of which some maybe semi-volatile and able to parti-
tion between the gas and particle phase. Progressing chemical
degradation of VOCs creates organic products characterized
with amultitude of chemical functionalities resulting into lower
volatility. The lower volatility enables an enhanced partitioning
towards the particle phase. Therefore, a fraction of the semi-
volatile reaction products will transfer into the particle-phase
which is of particular interest for SOA concentration estima-
tion. In 1994, Pankow5 introduced an absorption model
describing the gas/particle partitioning appropriable for
organic compounds including such semi-volatile reaction
products.

In COSMO-MUSCAT (see Section 3 for details), SOA forma-
tion follows the recommendations by Schell et al.,68 which are
based on the Pankow approach.5 Following Schell et al.,68 the
total concentration Ctot,i (mg m−3) of a certain semi-volatile
reaction product i is the sum of its gas- Cgas,i (mg m−3) and
particle-phase Cpart,i (mg m−3) concentration:

Ctot,i = Cgas,i + Cpart,i. (1)

Assuming a quasi-ideal solution and following Raoult's law
the partial pressure pi (Pa) of an individual compound i in the
gas phase above the particle is the product of its mole fraction
ci,om in the solution and its saturation vapour pressure as a pure
liquid p*i . In combination with the ideal gas law the gas-phase
saturation concentration Csat,i (mg m−3) is as given by Schell
et al.:68

Csat;i ¼ ci;om � p*i �mi � 106

R� T
¼ ci;om � C*

sat;i; (2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where R is the gas constant (8.314 J mol−1 K−1), T the temper-
ature (K), mi the molar mass of compound i and C*

sat;i (mg m−3)
the saturation concentration as pure liquid compound. The
mole fraction is calculated as follows (Schell et al.68):

ci;om ¼
Cpart;i

miPn
j¼i

�
Cpart;j

mj

�
þ Cini

mini

; (3)

where Cini is the concentration of any additional absorbing
organic material, mj and mini are the molar masses.68

Within COSMO-MUSCAT the p*i notation is directly used
instead of the typical use of C*

sat;i within the VBS approach. The
aerosol mass concentration is calculated as follows and can be
derived from the equations provided by Schell et al.:68

Cpart;i ¼ Ctot;i

1þ p*i � 106

R� T
� 1

Pn
j¼i

�
Cpart;j

mj

�
þ Cini

mini

; (4)

where Cini is the concentration of any additional absorbing
organic material, mj and mini are the molar masses. While Ctot,i

is calculated through the chemical mechanism, the calculation
of Cpart,i creates a set of n nonlinear equations which have to be
solved via iteration. In COSMO-MUSCAT, this is done by the
Newton–Raphson method. For the pure compound vapour
pressure p*i , the Clausius–Clapeyron equation is used to capture
the temperature dependence:

p*i ¼ p*Ri � exp

�
� DHvap

R
�
�
1

T
� 1

TR

��
; (5)

with p*Ri being the reference vapour pressure of compound i at
the reference temperature TR (298 K) and the enthalpy of
vaporisation DHvap (J mol−1).68 Note that based on (eqn (4)), the
portion of a certain SOA precursor substance in the particle-
phase increases with increasing total absorbing organic
matter.

While for the 2p or VBS SOA approaches xed partitioning
parameter values (e.g. p*i =C

*
sat;i, DHvap) at a certain reference

temperature are used for a subset of hypothetical products, the
knowledge of a multitude of real, distinct SOA products allows
for structural based temperature dependent estimates of these
parameters. Therefore, an explicit SOA approach enables the
determination of p*i and DHvap for varying temperatures based
on their chemical structure. Estimating p*i is a crucial task for
SOA formation parameterisations, however, it is associated with
a high level of uncertainty. Different methods can be used to
determine p*i based on chemical structures. Pending on the
method used, deviations of up to three orders of magnitude can
be reached. In this study, p*i estimates based on the molecular
structure from several online frameworks: the Generator for
Explicit Chemistry and Kinetics of Organics in the Atmosphere
GECKO-A,87 EVAPORATION88,89 and UManSysProp90,91 are used.
GECKO-A provides several parameters based on the molecular
structure (molar weight, boiling point estimates, hydration
constants, effective Henry's law constant) including p*i values
for three different methods at 298 K. The three methods are: (i)
Environ. Sci.: Atmos., 2024, 4, 1413–1433 | 1415
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Myrdal and Yalkowsky92 with boiling points from the Joback
group contribution method;93,94 (ii) Nannoolal95 with boiling
points from the Nannoolal contribution method96,97 and (iii)
SIMPOL-1 (ref. 98). Additionally, (iv) the EVAPORATION
method88 is used. To estimate temperature-dependent p*i values
for method (i) and (ii) the online tool UManSysProp is used. For
URMELL, the lowest value established with these four methods
is applied where feasible to reach for the upper limit. Compared
to the 2p or VBS approach which use empirical estimates for
hypothetical SOA substances, the knowledge of the individual
molecular structures provides the opportunity to estimate p*i
values for varying temperatures using the four methods. Based
on the molecular structures of the explicit URMELL SOA
species, p*i values for: 268 K, 273 K, 278 K, 283 K, 288 K, 293 K
and 298 K are calculated. Furthermore, this enables the deter-
mination of a temperature-dependent equation for DHvap. The
conversion of eqn (4) gives:

DHvap ¼
R� ln

�
p*Ri
p*i

�
�
1

T
� 1

TR

� : (6)

Here, p*Ri is set to the reference temperature of 298 K. Plotting
this into a simple x–y diagram and interpolating provides
a linear t function of the type:

DHvap(T) = a × T + b, (7)
Table 1 Aromatic gasSOA species notation within the URMELL gas-phas
saturation vapour pressure ðp*Ri Þ and parameter a and b for calculatin
NAROMOLOOH is treated as non-volatile, here the values for NCATECH

URMELL species SOA notation MW (g mol−1) p

BENZOOH CPBENZOOH 160.14 1
BENZN CPBENZN 189.14 9
BENZ]O CPBENZ]O 142.12 1
BZFUONEOOH CPBZFUONEOOH 134.1
C5DIALOOH CPC5DIALOOH 130.11 1
NPHENOLOOH CPNPHENOLOOH 221.14 3
PHENOOH CPPHENOOH 176.14 1
NPHEN CPNPHEN 139.12 3
N2PHEN CPN2PHEN 184.12 4
NPHENOOH CPNPHENOOH 155.12 1
CATEC1OOH CPCATEC1OOH 126.12 1
NCATECHOL CPNCATECHOL 155.12 1
NAROMOLOOH CPNAROMOLOOH 300.0
MALANHYOOH CPMALANHYOOH 148.08 1
BZQOOH CPBZQOOH 158.12 3
BZQCO CPBZQCO 140.1 1
NBZQOOH CPNBZQOOH 203.12 1
TOLOOH CPTOLOOH 174.17 1
TOLN CPTOLN 203.17 5
TOL]O CPTOL]O 156.15 8
CRESOOH CPCRESOOH 150.15 3
NCRESOOH CPNCRESOOH 235.17 1
FUONEOOH CPFUONEOOH 148.13 1
C615CO2OOH CPC615CO2OOH 144.14 3
XYLENOOH CPXYLENOOH 188.18 2
XYLN CPXYLN 217.18 2

1416 | Environ. Sci.: Atmos., 2024, 4, 1413–1433
where a is the slope and b is the y-intercept. As an example, the
plot for the compound DHHPEPOX is provided in the ESI
(Fig. S1-1)† including the linear t function. This method was
applied to all explicit SOA species and the calculated values are
provided in Sections 2.1–2.3. For cases where the 2p approach is
installed, a is set to 0 and DHvap(T) becomes a constant again.
Tables 1–3 summarize all parameters (molecular weight MW
in g mol−1, p*Ri in Pa for 298 K, slope a, y-intercept b) necessary
for the explicit SOA parameterisation with URMELL using
COSMO-MUSCAT. Tables 1–3 also contain the URMELL species
name and the corresponding notation for the particle-phase,
where the abbreviation CP stands for concentration in the
particle-phase.

2.1. Explicit gasSOA through phase partitioning of aromatic
oxidation products

To enable explicit gasSOA formation, the aromatic chemistry
was extended and resulting on the molecular structure based p*i
estimates 26 gasSOA precursor compounds (see Table 1)
including organic nitrates (BENZN, TOLN, XYLNO3, NPHENO-
LOOH, NCRESOOH), nitro-phenols (NPHEN, N2PHEN, NPHE-
NOOH, NCATECHOL), furanones (BZFUONEOOH,
FUONEOOH), quinones (BZQOOH, BZQCO, NBZQOOH) and
maleic anhydride (MALANHYOOH) had been included in
URMELL.19 Furthermore, a non-volatile multigenerational end
product is considered (NAROMOLOOH) lumping two peroxide-
bicyclic alkenes with ve functional groups whereby the
e mechanism and SOA module, the molecular weight (MW), reference
g the temperature-dependent enthalpy of vaporisation. The species
OOH are given

*R
i ðPaÞ a (kJ mol−1 K−1) b (kJ mol−1) Method

.36 × 10−2 −87.973 121 933 iv

.95 × 10−2 −85.4 116 571 iv

.65 × 100 −68.2 92 447 iv
1.5 × 10−3 −140.72 144 120 ii
.18 × 100 −70.1 94 280 iv
.18 × 10−4 −107.96 146 787 iv
.11 × 10−4 −48.058 118 127 i
.33 × 10−2 −46.963 98 343 i
.39 × 10−6 −47.511 126 521 i
.66 × 10−3 −48.058 108 615 i
.31 × 10−1 −98.388 112 971 ii
.99 × 10−4 −46.963 115 249 i
1.0 × 10−10 −48.606 136 373 i
.18 × 10−3 −101.39 139 990 iv
.17 × 10−5 −47.511 121 369 i
.37 × 10−3 −46.963 108 600 i
.91 × 10−5 −49.154 123 150 i
.01 × 10−2 −48.058 103 265 i
.15 × 10−2 −89.82 120 808 iv
.54 × 10−1 −70.72 96 173 iv
.15 × 10−5 −48.058 121 860 i
.65 × 10−4 −111.16 150 698 iv
.13 × 10−3 −143.16 146 317 ii
.85 × 10−1 −74.68 100 342 iv
.91 × 10−3 −48.058 107 122 i
.66 × 10−2 −91.63 124 337 iv

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Isoprene gasSOA species notation in the URMELL gas-phase mechanism and SOA module, the molecular weight (MW), reference
saturation vapour pressure ðp*Ri Þ and parameter a and b for calculating the temperature-dependent enthalpy of vaporisation

URMELL species SOA species notation MW (g mol−1) p*Ri ðPaÞ a (kJ mol−1 K−1) b (kJ mol−1) Method

LHMVKABOOH CPLHMVKABOOH 120.12 1.81 × 10−1 −95.302 111 499 ii
MACR2NOOH CPMACR2NOOH 181.12 5.23 × 10−3 −123.36 138 027 ii
IHNEOOH CPIHNEOOH 195.15 3.19 × 10−4 −148.96 157 768 ii
MACRNOOH CPMACRNOOH 165.12 1.08 × 10−1 −99.02 115 789 ii
LHMVKNOOH CPLHMVKNOOH 165.12 8.86 × 10−2 −101.36 116 096 ii
MACROOH CPMACROOH 120.12 7.09 × 10−2 −102.35 118 910 ii
NISOPOOHOOH CPNISOPOOHOOH 213.17 2.92 × 10−7 −218.36 211 085 ii
NISOPOOHOH]O CPNISOPOOHOH]O 195.15 1.93 × 10−4 −153.49 161 504 ii
NISOPNOOH CPNISOPNOOH 242.17 3.32 × 10−6 −193.96 192 078 ii
NISOPOHOH]O CPNISOPOHOH]O 179.15 5.01 × 10−4 −51.346 115 321 i
LISOPNO3NO3]O CPLISOPNO3NO3]O 224.15 2.47 × 10−4 −52.99 117 907 i
LISOPNO3OOH CPLISOPNO3OOH 197.17 3.26 × 10−6 −193.73 192 257 ii
LISOPNO3NO3 CPLISOPNO3NO3 226.17 9.86 × 10−6 −55.537 129 040 i
LISOPOOHOOH CPLISOPOOHOOH 168.17 1.62 × 10−7 −225.23 215 756 ii
LIECO3H CPLIECO3H 148.13 2.90 × 10−3 −4.6815 93 100 iii
LHC4ACCO2H CPLHC4ACCO2H 116.13 4.76 × 10−2 −82.568 113 540 iv
LC578OOH CPLC578OOH 150.15 9.38 × 10−5 −50.798 121 245 i
DHHPEPOX CPDHHPEPOX 128.13 2.63 × 10−4 −105.13 144 415 iv
DHPMEK CPDHPMEK 136.12 8.82 × 10−3 −121.39 132 233 ii
DHPMPAL CPDHPMPAL 136.12 1.03 × 10−2 −118.69 132 211 ii

Table 3 Sesquiterpene gasSOA species notation in the URMELL gas-phase mechanism and SOAmodule, the molecular weight (MW), reference
saturation vapour pressure ðp*Ri Þ and parameter a and b for calculating the temperature-dependent enthalpy of vaporisation

URMELL species SOA notation MW (g mol−1) p*Ri ðPaÞ a (kJ mol−1 K−1) b (kJ mol−1) Method

BCNO3 CPBCNO3 283.41 1.24 × 10−3 −47.511 108 322 i
BCOOH CPBCOOH 254.41 6.95 × 10−7 −47.511 132 199 i
P1NO3 CPP1NO3 315.41 6.10 × 10−6 −54.085 130 188 i
P2NO3 CPP2NO3 331.41 1.0 × 10−10 −55.181 150 587 i
PSQTOOH CPPSQTOOH 204.18 1.0 × 10−10 −55.181 159 458 i
PROD1 CPPROD1 236.39 4.04 × 10−3 −52.442 107 230 i
PROD2 CPPROD2 252.39 5.00 × 10−6 −52.442 129 708 i
PROD3 CPPROD3 238.36 5.50 × 10−4 −52.442 113 735 i
PROD4 CPPROD4 254.36 5.85 × 10−7 −52.442 136 373 i
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daytime component contains a nitro, hydroperoxy and three
hydroxyl groups and the night-time component contains
a nitro, nitrate, hydroperoxy and two hydroxyl groups. A brief
description and schematics of aromatic gasSOA formation for
benzene, toluene and xylene are provided in the ESI (Fig. S1-2–
S1-4).†
2.2. Explicit gasSOA through phase partitioning of isoprene
oxidation products

For isoprene, three gasSOA systems pending on the initial
oxidation step emerge: OH, NO3 and O3. While OH and NO3

radical-related oxidation lead to complex systems with a multi-
tude of gasSOA precursor substances (see Fig. S1-5 and S1-6†),
O3 oxidation is implemented to result in only two branches:
MVK and MACR (Fig. S1-7†) leading to the gasSOA precursor
substances LHMVKABOOH, MACROOH and MACR2NOOH.
Note that MVK, MACR and their subsequent reaction products
are also part of the OH and NO3 radical related isoprene gasSOA
© 2024 The Author(s). Published by the Royal Society of Chemistry
oxidation schemes. In total, 20 isoprene gasSOA species are
included in URMELL and listed in Table 2. Compared to the
other gasSOA precursor substances, MVK and MACR reaction
products have rather high saturation vapour pressure values
which restricts their contribution to the particle-phase.
Compounds with multiple hydroperoxy and/or nitrate groups
tend to lower saturation vapour pressure values and thus have
higher gas-to-particle conversion ratios.
2.3. Explicit gasSOA through phase partitioning of
sesquiterpenes oxidation products

The oxidation scheme implemented in URMELL follows Khan
et al.99 and includes eight sesquiterpenes SOA species: PROD2,
BCNO3, BCOOH, P1NO3, P1OOH, PROD4, P2NO3 and P2OOH.
More details about the sesquiterpene scheme including a sche-
matic can be found in Khan et al.99 However, all necessary p*Ri
values of sesquiterpene products were re-examined. Instead of
the Nannoolal method95–97 as in Khan et al.,99 here the Myrdal
Environ. Sci.: Atmos., 2024, 4, 1413–1433 | 1417
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and Yalkowsky method92–94 is used, as it provides lower values.
As a result, PROD1 and PROD3 are added to the SOA species list
and P1OOH turns into a non-volatile compound similar to
P2NO3 and P2OOH. Therefore, no chemical reactions are
included for P1OOH in URMELL and P1OOH and P2OOH are
lumped together into PSQTOOH. Table 3 summarises the
sesquiterpene gasSOA species and their corresponding values
for molecular weight (MW), the reference vapour pressure p*Ri
and the parameters a and b for the DHvap(T) function as
implemented in URMELL.
2.4. 2p approach implementation for monoterpenes,
alkanes and other alkenes

For monoterpenes, higher alkanes and alkenes (excluding
isoprene), a 2p approach is implemented, because of still
lacking knowledge and the necessity for further mechanism
development. The 2p approach applied is based on SORGAM68

but was recently extended and considers more SOA pathways for
monoterpenes (for more detail see Luttkus et al.28). Importantly,
the 2p approach was designed to be used in conjunction with
the gas-phase mechanism RACM55 and therefore URMELL
species have to be transferred to RACM55 species accordingly
(see Table 4).

The lumped URMELL species BIGALK and BIGENE comprise
a multitude of various species with varying SOA forming
potentials which makes the implementation of the 2p approach
designed for the RACM species HC8, OLT and OLI even more
challenging. This is especially true for BIGALK which comprises
the RACM55 species HC3, HC5 and HC8, of which only HC8 is
considered a SOA precursor. Based on the emission ratios
provided by Middleton et al.,100 HC8 contributes about 20% to
BIGALK emissions. Therefore, the stoichiometric coefficient for
SORGAM68 was multiplied by 0.2 to only account for the HC8
fraction. Due to the faster OH reaction rate constant of HC8
compared to BIGALK, this value should be seen as a minimum
contribution.
3. Model setup

To evaluate the developed semi-explicit SOAmodule, simulations
with the CTM COSMO-MUSCAT101,102 are performed. To test the
semi-explicit SOA formation capacity in comparison to the 2p
approach, simulations using the default COSMO-MUSCAT setup
(chemical mechanism: extended RACM version28,55,103 with the
pure 2p-SOA approach28,55) and the new chemical mechanism
URMELL19 in combination with the presented semi-explicit gas-
SOA approach are performed and analysed. Note, that the current
set up calculates total SOA mass concentrations and no particle
size distribution. Further, there is no separate aqSOA module
Table 4 Corresponding URMELL and RACM species

Parent NMVOC URMELL species RACM species

Monoterpenes APIN, BPIN, LIMONENE, MYRC API, LIM
Alkanes BIGALK HC8
Alkenes BIGENE OLT, OLI

1418 | Environ. Sci.: Atmos., 2024, 4, 1413–1433
available for COSMO-MUSCAT yet, therefore only gasSOA can be
considered for the explicit SOA estimation neglecting possible
aqSOA contributions. The 2p approach of the standard set up
includes SOA products from lumped aromatics (xylene, toluene
and cresol), higher alkane and alkene, as well as for the reaction
of monoterpenes, isoprene and sesquiterpenes.28 The current
simulations build upon the recently performed URMELL gas-
phase analysis, therefore, the same setup as for the previous
study is used (for more detail on emissions, deposition, spin-up
and time period the reader is referred to Luttkus et al.19 and
additionally to Luttkus et al.28). The simulations are carried out
for Germany May 2014 to allow for comparison to prior
results.19,28 The model comparison focuses on the 20th of May
2014, because of warm temperatures, high solar radiation and
calm winds that favour local SOA formation processes, aer
a frontal system accompanied with rain passed the model
domain on the 19th of May 2014.
4. COSMO-MUSCAT model results

Based upon the extended isoprene and aromatics mechanism
development of URMELL,19 the analysis focuses on the resulting
explicit gasSOA scheme for aromatics and isoprene. Map plots
of various SOA compounds for 3 UTC, 13 UTC, 19 UTC and 23
UTC of the 20th of May 2014 are shown in S2 and S3.† The
analysis of O3 and OH radical concentrations, the dominant
oxidants, has already been presented in Luttkus et al.19 and will
not be assessed here again. During the 18th and 19th of May
intensive rain events in the east and north of the model domain
(Fig. S1-8†) cause stronger trace gas deposition due to subse-
quent reaction chains and corresponding multiple deposition
processes for URMELL compared to the single oxidation step of
the 2p approach. Therefore, all URMELL SOA precursor
concentrations decline especially in the northeast (Fig. S2-1, S2-
2, S3-1 and S3-2†) at 3 UTC. As described in Section 2, the total
available organic mass also plays an important role in modu-
lating the gas-to-particle conversion ratio of the SOA precursors
and due to the reduction of SOA precursor substances in the
north, the total organic absorbing matter is reduced.
4.1. Simulated explicit aromatic gasSOA

For aromatic compounds, different concentration patterns
emerge between the 2p and the semi-explicit approach (Fig. 1).
The simulation using the 2p approach shows highest aromatic
SOA concentrations (CPARO) closer to the emission sources. In
the simulation with URMELL, the rst oxidation products are
transported further away from the sources, whereby oxidative
condition changes result into diverse reaction pathways inu-
encing the yield of the SOA precursors.

Interestingly, for the simulations with URMELL, high
particle-phase concentration of aromatic SOA is modelled in
remote spruce forest areas, e.g., the Harz and Thuringian Forest
(Fig. 1a–c) at 3 UTC. Analyses of the formation pathways reveal
that NAROMOLOOH is the main contributor to total aromatic
SOA (Fig. 2 and S2-6–S2-8†). NAROMOLOOH is a non-volatile
end product formed aer at least ve to six PHENOL
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Total aromatic particle-phase concentration on the 20th of May 2014 for RACM (a, d, g and j); URMELL (b, e, h and k); difference between
URMELL and RACM (c, f, i and l) for 3 UTC, 13 UTC, 19 UTC and 23 UTC respectively.
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oxidation steps (Fig. S1-2†). The dominant path to form NAR-
OMOLOOH is from oxidation of phenol to NPHEN and later
NPHEN oxidation to N2PHEN (Fig. S1-2†). NPHEN occurrence is
closely linked to phenol and NO2 emission sources with only
minor contributions in remote areas. The further oxidation of
NPHEN and subsequent reaction with NO2 results into
N2PHEN. It is important to note that NPHEN and N2PHEN react
very rapidly with the NO3 radical that is the dominant radical
© 2024 The Author(s). Published by the Royal Society of Chemistry
during night. The distribution of N2PHEN starts to switch
towards spruce forests, where due to low night-time mono-
terpene emissions high NO3 concentrations are reached.28 As
a consequence, rapid N2PHEN oxidation occurs at 3, 19 and 23
UTC which is a NAROMOLOOH precursor. Even though HO2 is
low in concentration during night, the spruce forest oxidising
conditions in the Harz and Thuringia Forest still lead to NAR-
OMOLOOH formation (Fig. 2 and S2-6–S2-8†).
Environ. Sci.: Atmos., 2024, 4, 1413–1433 | 1419
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Fig. 2 Contribution of the individual aromatic gasSOA precursor substances to the particle phase at 3 UTC. Note, the changingmagnitude of the
individual figures starting with the highest concentrations.
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During the day, URMELL outcompetes the aromatic particle
concentration simulated with the 2p approach, except for the
Northern and Baltic Sea (Fig. 1). The total concentration of
1420 | Environ. Sci.: Atmos., 2024, 4, 1413–1433
aromatic SOA precursor concentration (Fig. S2-1†) is higher in
the simulation with URMELL for most parts of the model
domain except the area impacted by heavy rain in the north east
© 2024 The Author(s). Published by the Royal Society of Chemistry
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at 3 UTC, the maritime areas for all time steps and an area along
the river Rhine. These differences are caused by multiple
factors: (i) advection processes, (ii) shi of SOA production from
rst oxidation to subsequent reaction steps, (iii) change in
saturation vapour pressure values and (iv) missing SOA sources
which will be addressed hereaer. Due to advection, the higher
SOA concentrations for the simulation using the 2p approach in
the north of the domain are transported northward towards the
North and Baltic Sea, serving as additional sources which are
missing for URMELL due to the very low simulated concentra-
tions in this rain affected areas. The immediate SOA production
of the 2p approach is likely the cause for the higher aromatic
SOA and precursor concentration along the river Rhine for the
simulation using the 2p approaches. This area is dominated by
anthropogenic emissions originating from ships and the high
density of industrial and urban areas.

Different to these model ndings, the high night-time
occurrence of NAROMOLOOH in spruce forest regions illus-
trates the necessity to consider entire degradation sequences
under varying oxidant conditions throughout the transport
process. This nding is reinforced by box model results from an
urban outow plume, which support a high NAROMOLOOH
night-time production.104 An immediate approximation at the
rst oxidation step does neither cover the contribution nor the
distribution as simulated with the explicit approach well. Due to
longer atmospheric lifetimes of aromatic compounds compared
to BVOCs using the reaction rate constants provide in
URMELL19 and the OH/NO3/O3 concentrations provided by
Atkinson & Arey,26 transport processes are of high importance.
Furthermore, the implementation of the non-volatile product
NAROMOLOOH makes aromatic SOA approximation with
URMELL more efficient, as this allows for continuous SOA
production, independent of the total absorbing organic matter,
which is crucial for the 2p approach. So far, the simulation
using URMELL is only capable of gasSOA modelling, which
neglects several aqSOA contributions. However, possible aqSOA
precursor substances such as maleic anhydride (MALANHY)
which hydrolyse in aqueous solutions yielding maleic
acid85,105–107 are already included in the URMELL chemical
mechanism. Adding MALANHY to the SOA precursor concen-
tration further enhances the URMELL precursor concentration
(Fig. S2-1†). The concentration pattern of MALANHY (Fig. 3) is
in very good agreement with the 13, 19 and 23 UTC RACM ARO
prediction (Fig. S2-1†).

The contribution of the individual aromatic precursor
substances changes over the course of the day (Fig. S2-2–S2-5†)
Fig. 3 MALANHY gas-phase concentration pattern for (a) 3 UTC, (b) 13

© 2024 The Author(s). Published by the Royal Society of Chemistry
but NAROMOLOOH and N2PHEN appear most frequently and
with highest concentrations. The formation of gasSOA
precursor products with a remaining aromatic ring structure
NPHENOOH and CATEC1OOH (Fig. S1-2†) are linked to ozone
oxidation and present throughout the day. A clear daytime
component (high for 13 UTC, lower for 19, 23 and 3 UTC) show
products such as NCATECHOL which require OH oxidation
steps, while products solely generated via NO3 pathways
(NCRESOOH, NPHENOLOOH) have a strong night-time
component. For intermediate products (e.g. furanones and
quinones) with unequal OH and NO3 lifetimes (kNO3

> kOH) the
reaction products accumulate during the day due to inefficient
OH oxidation shiing further degradation processes into the
night, when sufficient concentration levels of NO3 build up.
Therefore, the SOA contribution of e.g. FUONEOOH,
NBZQOOH, BZFUONEOOH is highest at 3 UTC (Fig. 2).
4.2. Simulated explicit isoprene gasSOA

Different to aromatics, similar patterns between the 2p and the
semi-explicit approach are simulated for isoprene at all time
steps considered (Fig. 4). Both simulations show highest
isoprene gasSOA concentrations (CPISO) in the west of the
domain and north of Berlin where high portions of oaks emit
huge quantities of isoprene.

The four most abundant isoprene-related SOA precursor
substances modelled are NISOPOOHOH]O, LISOPNO3NO3,
LISOPNO3OOH and IHNEOOH (Fig. S3-2–S3-5†). Except for
IHNEOOH, which originates from initial isoprene NO3 oxida-
tion favoured during night, all have OH and NO3 oxidation
related formation pathways and are therefore present
throughout the entire modelled day (see Fig. S1-5–S1-7†).
However, based on the products formed, specic conclusions
on the oxidative state of the troposphere can be drawn:

� NISOPNOOH, MACRNOOH and IHNEOOH generally orig-
inate from initial NO3 radical-related oxidation of isoprene.

� LISOPNO3NO3 only forms under very high NO
concentrations.

� DHPMEK, DHPMPAL and DHHPEPOX are produced under
high HOx and low NOx conditions.

� LISOPOOHOOH requires two HO2 oxidation steps also
dementing high HOx concentrations.

At the moment, no conclusion on O3 oxidation processes are
possible, as both primary products formed (MVK, MACR)
together with their subsequent reaction products have also
additional OH and NO3 radical related isoprene oxidation
pathways. In the following, detailed analyses of the modelled
UTC, (c) 19 UTC and (d) 23 UTC.

Environ. Sci.: Atmos., 2024, 4, 1413–1433 | 1421
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Fig. 4 Total isoprene particle-phase concentration (CPISO) on the 20th of May 2014 for RACM (a, d, g and j); URMELL (b, e, h and k); difference
between URMELL and RACM (c, f, i and l) for 3 UTC, 13 UTC, 19 UTC and 23 UTC respectively.
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concentrations are provided. In general, the same factors as
stated in Section 4.1 apply (advection, subsequent reaction
chains, change in saturation vapour pressure values, missing
SOA).

Again, due to southerly winds with an easterly component in
the north of the domain, higher 2p concentrations are advected
north-west bound. More frequent isoprene emission sources28

in the west of the domain enhances the advection effect over the
North Sea for all time steps (Fig. 4). In the east, an isolated spot
1422 | Environ. Sci.: Atmos., 2024, 4, 1413–1433
north of Berlin is present. At 13 UTC, the 2p approach produces
higher SOA precursor concentrations closer to Berlin in close
approximation to the isoprene emission source of an oak forest
due to the immediate SOA formation while URMELL produces
higher concentrations further along the trajectory north of the
forest. A slight increase in wind velocity and change in direction
cause a stronger deviation for 19 UTC with again higher 2p
concentrations north of Berlin but higher URMELL concentra-
tions to the west. The lack of night-time isoprene emissions
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Contribution of the individual isoprene SOA precursor substances to the particle-phase at 3 UTC. Note the changing magnitude of the
individual figures starting with the highest concentrations.
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reduces these deviations at 23 UTC. Note that due to the
southerly winds, this area is also inuenced by NOx outow
from Berlin.
© 2024 The Author(s). Published by the Royal Society of Chemistry
For isoprene, possible important aqSOA formation processes
by isoprene-related epoxides62 lumped into LIEPOX in URMELL
and HMML108,109 are not included in MUSCAT, yet. Adding
Environ. Sci.: Atmos., 2024, 4, 1413–1433 | 1423
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LIEPOX and HMML enhances the isoprene SOA precursor
concentration, but in the case of the two spots with lower
difference values at 3 UTC only a marginal increase can be
observed (Fig. S3-1d and S3-2†). For 13 and 19 UTC LIEPOX
(Fig. S3-3v and S3-4v†) and HMML (Fig. S3-3w and S3-4w†) show
individual contributions similar or even higher than the most
abundant gasSOA precursor NISOPOOHOH]O (Fig. S3-3d and
S3-4d†). As a result, a signicant increase in total URMELL SOA
precursor concentration would be reached for nearly the entire
model domain (Fig. S3-1†). At 13, 19 and 23 UTC, highest
deviations between URMELL and the 2p approach simulated
isoprene particle (Fig. 4) and total SOA precursor concentra-
tions (Fig. S3-1†) appear in the north of the domain especially
the North Sea and north of Berlin. Mainly driven by the already
discussed transport-related effects and the NOx dependency of
the SOA yield, here, including LIEPOX (Fig. S3-3v and S3-4v†)
and HMML (Fig. S3-3w and S3-4w†) enhances the isoprene SOA
precursor concentration. While LIEPOX is linked to high HOx
Fig. 6 Spatial mean total gasSOA precursor and particle-phase concentr
as well as RACM 2p aromatic and isoprene (c, f, i and l) related organic m
the VBS approach (bins sum up all products between the previous value
20th of May 2014 at 3, 13, 19 and 23 UTC, respectively. Additionally, sho

1424 | Environ. Sci.: Atmos., 2024, 4, 1413–1433
and NO, HMML is linked to HOx and NO2 concentrations,
whereby indicating areas of possible NOx dependent over and
under predicted 2p SOA estimations. Especially for Berlin, the
southerly and south-easterly winds transport high urban NOx

concentration from Berlin northward towards the high isoprene
emitting oak forest promoting LIEPOX and HMML in close
approximation.

Overall, an increase in URMELL CPISO concentration is only
reached at 3 and 23 UTC (Fig. 4) in areas where higher isoprene
precursor (Fig. S3-1†) and similar or higher CPARO values
(Fig. 1) are reached. IHNEOOH shows high quantities at both
time steps and its concentration pattern (Fig. 5 and S3-8†)
shows similarities to areas with higher simulated URMELL
CPISO values (Fig. 4c and l). Otherwise URMELL simulates
lower CPISO concentrations than the 2p approach. Especially in
the north, lower CPISO values are reached, where washout
processes reduce the total amount of OM. As isoprene is only
emitted during the day, night-time SOA and SOA precursor
ation of URMELL aromatic (a, d, g and j), URMELL isoprene (b, e, h and k)
ass concentration transferred to individual volatility bins C* as used for
and the current volatility bin value, n.v. stands for non-volatile) on the
wn is the fraction in the particle phase by black crosses.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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patterns are inuenced by advection processes rather than
direct emissions. Even though, the oxidation of isoprene is
rather fast during the day a shi along transport trajectories
combining the impact of stepwise oxidation steps for varying
environmental conditions and the production of individual
products formed with transport related processes are evident
especially at 23 UTC (Fig. 4).
Fig. 7 Total particle-phase concentration (SOA) on the 20th of May 201
URMELL and RACM (c, f, i and l) for 3 UTC, 13 UTC, 19 UTC and 23 UTC

© 2024 The Author(s). Published by the Royal Society of Chemistry
4.3. Advances of an explicit gasSOA approach

The above performed comparisons between a standard 2p and
the new explicit approach for simulated SOA from oxidation of
aromatic compounds and isoprene revealed that simulations
using URMELL result into an increase of modelled CPARO, but
lower modelled CPISO gasSOA concentration. However, the
CPISO concentration might be equally if aqSOA formation from
4 for RACM (a, d, g and j); URMELL (b, e, h and k); difference between
respectively.
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LIEPOX and HMML would be considered by the model. The
model approach of aqSOA formation is only valid for URMELL
as for a 2p approach, no differentiation between gasSOA and
aqSOA is possible, but may be part of the parameterisation. The
creation of a detailed yet compact aqSOA description in
MUSCAT is beyond the scope of the present study, but is part of
future model developments.

Still, specic advancements of the new scheme where
detected that are further outlined in this section. The explicit
aromatics and isoprene SOA modelling scheme using URMELL
delays the actual formation of SOA from the rst initial oxida-
tion step as applied for 2p/VBS approaches towards subsequent
oxidation steps whereby considering multi-generation products
for varying environmental conditions. This shis SOA forma-
tion processes along transport trajectories. For aromatics, the
longer lifetime of the reaction products results oen into the
uncoupling of areas with high CPARO from the emission
sources. This is especially modelled through the integration of
NO3 pathways resulting in high night-time concentrations in
spruce and beech forest areas (Fig. 1 and S2-1†). For isoprene,
SOA formation processes also shi along the trajectories,
resulting in areas of negative and positive difference values
(Fig. 4 and S3-1†) in close proximity (e.g. north of Berlin).

Besides these advection/transport related effects, the contri-
bution of a diversity of explicit SOA precursors and the knowledge
about their individual properties (vapour pressure, molecular
weight, etc.) and functional group composition can provide more
insights into their impacts on cloud and precipitation formation
processes. These processes are governed by the physico-chemical
properties of aerosol particles that include hygroscopicity (related
to the chemical composition) and the size- and number distri-
bution. In the simulations, the overall contribution of aromatics
to total organic mass is smaller than for isoprene, but oxidation
of aromatics leads to a higher portion of very low and non-volatile
compounds which can participate in new particle formation
while isoprene leads to higher quantities of more volatile prod-
ucts facilitating particle growth (Fig. 6).
4.4. Total gasSOA concentration

Even though, the development of URMELL was focussed on
establishing an explicit aromatic and isoprene scheme,
sesquiterpene, monoterpene, alkane and alkene SOA produc-
tion are considered, too and were presented in Sections 2.3 and
2.4. These are necessary to create organic mas for gas-/particle
partitioning. Here, the 2p approach is mainly used and the
results are briey presented in the ESI S1.2 and map plots are
provided in S4.†

For both simulations, the oxidation of monoterpenes repre-
sents the major SOA source. Sesquiterpenes, isoprene, aromatics
and alkanes have comparable modelled effects on SOA concen-
tration levels, while alkenes show the lowest contribution.
Therefore, especially the reduction in monoterpene SOA
concentration within the URMELL simulation impacts the total
available absorbing organic mass. This results into signicantly
lower partitioning from the gas- into the particle-phase for all
SOA precursor substances and reduces the total SOA
1426 | Environ. Sci.: Atmos., 2024, 4, 1413–1433
concentration simulated with URMELL (Fig. 7). Overall, the
reduction of monoterpenes, sesquiterpenes, alkanes and alkenes
SOA contribution results in halved averaged total SOA concen-
tration with URMELL (1.49 mgm−3 compared to 3.03 mg m−3 with
RACM 2p) for the 20th of May 2014. Thereof, CPARO (0.06/0.046
mg m−3) and CPISO (0.066/0.16 mg m−3) contribute 4%/1.5%
and 4.4%/5.3% respectively. Sesquiterpenes (0.06/0.17 mg m−3),
monoterpenes (1.29/2.45 mg m−3), alkanes (0.006/0.21 mg m−3)
and alkenes (0.002/0.01 mg m−3) contribute 4%/5.6%, 86.6%/
81%, 0.4%/7%, 0.1%/0.3%, respectively.

5. Conclusion

Within the present study, two explicit gasSOAmodelling schemes
one for aromatics and one for isoprene have been developed and
presented together for use with the chemical mechanism
URMELL.19 The parameterisations are designed as such that they
can be implemented into other detailed chemical mechanisms.
The switch from the rst oxidation step SOA approximation to
subsequent oxidation steps allows the consideration of a multi-
tude of low to non-volatile reaction products whereby considering
changing environmental conditions such as the NOx regime
along transport trajectories. With such an approach, SOA
formation far away from the emission source can be detected and
put into different, possibly more realistic, context. For example,
the inclusion of NO3 pathways into aromatics oxidation scheme
revealed a link between anthropogenic emissions, transport
processes and taxonomic biodiversity driven impacts through
high night-time aromatic SOA concentrations in beech and
spruce forests. Similar to Lee-Taylor et al.,104 MALANHYOOH and
NAROMOLOOH were identied as multi-generation reaction
products with signicant ASOA contributions.

This study, acknowledges the ndings from Lee-Taylor
et al.104 for urban and forest outow box model simulations
and raises the knowledge to a regional scale conrming
a potentially larger spatial impact of ASOA than previously
thought. Further, there is evidence from measurements, that
even in remote areas a considerable amount of SOA is formed
via anthropogenic precursors or NOx-dependent BSOA
pathways.45,46,110,111

The analysis of the simulated gasSOA composition reveals
different SOA pathways and consequently varying products for
HOx and NOx dominated regimes with individual characteris-
tics (e.g. chemical composition, hygroscopicity, volatility). In
comparison to simulations with the 2p approach, the higher
amount of non-volatile aromatic reaction products increases
the aromatic SOA concentration despite the lower overall SOA
concentration. This highlights the importance of an adequate
volatility representation for SOA modelling as the choice of the
volatility class determines its gas-to-particle partitioning
dependency on the total absorbing organic matter.

Besides the obvious impact on particle mass the simulation
results can be used for other important features such as particle
composition, number and size distribution. With this, cloud
and precipitation formation processes could be further quan-
tied. A recent study emphasises the importance of treating
biogenic SOA in ESM to be essential for estimating the forest
© 2024 The Author(s). Published by the Royal Society of Chemistry
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aerosol–cloud–climate feedbacks.35 In conjunction with the
knowledge gained in this analysis it is shown that quantica-
tion of adequate volatility classes and identication of impor-
tant SOA products and pathways can help to overcome current
model uncertainties and constrains. The advances of an explicit
gasSOA approach has been displayed here for aromatics and
isoprene reaction products, but to further elaborate and eval-
uate the ndings, detailed knowledge about the individual SOA
components of measured aerosol concentrations are required,
which are difficult to identify. Further, the current model
restriction to gasSOA neglects possible aqSOA contributions
(e.g. MALANHY, IEPOX, HMML) reducing the total SOA forma-
tion potential of URMELL in comparison to solely using the 2p
approach. Possible aqSOA contributions to the SOA precursor
concentration were discussed revealing high IEPOX and HMML
in the urban outow plume of Berlin and high MALANHY
contributions closer to the emission sources comparable with
the 2p pattern.

Here, we demonstrate that it is possible to simulate
a detailed SOA parameterisation in CTMs using the model
framework COSMO-MUSCAT with URMELL. Compared to the
RACM-2p simulation the number of species, chemical reactions
and SOA products increased signicantly and as a consequence
the computation time increased (roughly doubles). Further,
SOA formation is no longer decoupled from chemical processes
but rather a direct result from the underlying chemical mech-
anism URMELL enabling direct oxidant feedback. Therefore,
such detailed CTM simulation analysis may help to dene the
degree of sophistication needed to adequately describe SOA
formation processes for a variety of precursors also for use in
ESMs to improve simulated aerosol–cloud–climate feedbacks,
which still show signicant model uncertainties.35

The results presented conrm the feasibility of and lay the
foundation for an explicit SOA modelling approach. Extending the
explicit SOA scheme to monoterpenes, alkane and alkene, as well
as the aqueous-phase requires further chemical mechanism as
well as SOA scheme development andwill be addressed in the near
future. Also, the formation of stable accretion products (ROOR and
dimers) from the reaction of two peroxy radicals have been iden-
tied to yield ultralow volatile compounds41,75–81 and will be
included over the course of future model development steps.

All in all, the current advancements highlight the urgent
need to further improve our understanding of anthropogenic
and biogenic interactions which is essential for robust air
quality and climate mitigation strategy predictions and to
quantify man-made air quality and climate impacts.

Data availability

Model simulation data of the 2p- and semi-explicit URMELL
gasSOA approach for the 20th of May 2014 are available at
Zenodo at https://doi.org/10.5281/zenodo.11444412.
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A. Virtanen, A. L. Vogel, A. C. Wagner, P. E. Wagner,
E. Weingartner, D. Wimmer, P. M. Winkler, P. Ye,
X. Zhang, A. Hansel, J. Dommen, N. M. Donahue,
D. R. Worsnop, U. Baltensperger, M. Kulmala,
K. S. Carslaw and J. Curtius, Ion-induced nucleation of
pure biogenic particles, Nature, 2016, 533, 521–526.

11 F. Riccobono, S. Schobesberger, C. Scott, J. Dommen,
I. Ortega, L. Rondo, J. Almeida, A. Amorim, F. Bianchi,
M. Breitenlechner, A. David, A. Downard, E. Dunne,
J. Duplissy, S. Ehrhart, R. Flagan, A. Franchin, A. Hansel,
H. Junninen, M. Kajos, H. Keskinen, A. Kupc, A. Kürten,
A. Kvashin, A. Laaksonen, K. Lehtipalo, V. Makhmutov,
S. Mathot, T. Nieminen, A. Onnela, T. Petäjä, A. Praplan,
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G. Steiner, A. Tomè, A. Virtanen, A. C. Wagner,
E. Weingartner, D. Wimmer, P. M. Winkler, P. Ye,
K. S. Carslaw, J. Curtius, J. Dommen, J. Kirkby,
M. Kulmala, I. Riipinen, D. R. Worsnop, N. M. Donahue
and U. Baltensperger, The role of low-volatility organic
compounds in initial particle growth in the atmosphere,
Nature, 2016, 533, 527–531.

14 C. Yan, W. Nie, A. L. Vogel, L. Dada, K. Lehtipalo,
D. Stolzenburg, R. Wagner, M. P. Rissanen, M. Xiao,
L. Ahonen, L. Fischer, C. Rose, F. Bianchi, H. Gordon,
M. Simon, M. Heinritzi, O. Garmash, P. Roldin, A. Dias,
P. Ye, V. Hoauer, A. Amorim, P. S. Bauer, A. Bergen,
A.-K. Bernhammer, M. Breitenlechner, S. Brilke,
A. Buchholz, S. B. Mazon, M. R. Canagaratna, X. Chen,
A. Ding, J. Dommen, D. C. Draper, J. Duplissy, C. Frege,
C. Heyn, R. Guida, J. Hakala, L. Heikkinen, C. R. Hoyle,
T. Jokinen, J. Kangasluoma, J. Kirkby, J. Kontkanen,
A. Kürten, M. J. Lawler, H. Mai, S. Mathot, R. L. Mauldin,
U. Molteni, L. Nichman, T. Nieminen, J. Nowak,
A. Ojdanic, A. Onnela, A. Pajunoja, T. Petäjä, F. Piel,
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M. Beekmann, F. Dulac and K. Sartelet, Aerosol
composition and the contribution of SOA formation over
Mediterranean forests, Atmos. Chem. Phys., 2018, 18,
7041–7056.

111 G. Cirino, J. Brito, H. M. J. Barbosa, L. V. Rizzo, P. Tunved,
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