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Air quality is a globally pressing issue as it poses a major threat for human health and ecosystems. Non-

methane volatile organic compounds (NMVOCs) are highly reactive substances and known for their

impact on O3, HOx (OH + HO2) and NOx (NO + NO2) concentrations. NMVOCs comprise a variety of

anthropogenic and biogenic compounds with highly complex and entangled relations. Therefore, it is

key to capture these interdependencies for any air quality assessment through modeling.

Unfortunately, chemical mechanisms used for air quality modeling are often too simplified and partly

outdated. Here, we present the development of the chemical mechanism URMELL (Urban and

Remote cheMistry modELLing) comprising an extended chemical treatment of major anthropogenic

and biogenic NMVOCs based on current knowledge. Box model simulations of standardized urban

and remote conditions were performed with URMELL and other mechanisms, and the obtained

concentration time profiles of key compounds were compared. High correlations (>0.9) with the

benchmark mechanism MCMv3.3.1 are found for all urban conditions. For remote conditions, the

simulations using URMELL have much higher oxidant concentrations, especially for OH reaching

concentrations ∼106 molecules per cm3 which is in the same range of measured ambient OH

concentrations at remote isoprene-dominated sites. For further evaluation, URMELL was applied in

the chemical transport model COSMO-MUSCAT and simulations for Germany in May 2014 were

performed. Modeled O3, NO and NO2 concentrations were compared with 57 measurement sites

indicating improved ozone correlations for urban as well as remote isoprene-influenced sites than the

currently applied mechanism.
Environmental signicance

The chemical degradation of anthropogenic and biogenic NMVOCs differs signicantly implying individual impacts on air pollutants. Future emission
regulations will lead to a decline of anthropogenic sources whereas biogenic sources will increase, due to climate warming and climate mitigation
strategies such as tree planting programs. Therefore, the importance of biogenic NMVOCs such as isoprene with respect to air quality measures will
increase and will require a more comprehensive treatment in chemical transport models than is currently the case. To this aim, a gas-phase chemistry
mechanism for regional CTMs was developed with extended treatment for key biogenic and anthropogenic NMVOCs. This study highlights specic
important adjustments through sensitivity studies and quanties the signicant increases in isoprene-dominated remote OH and O3 concentrations.
esses, Leibniz Institute for Tropospheric
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1 Introduction

Non-methane volatile organic compounds (NMVOCs) are
emitted into the troposphere by various anthropogenic (AVOC)
and biogenic (BVOC) sources. Once emitted, they initiate
complex chemical and photochemical degradation chains
impacting tropospheric chemistry and thus the gas- as well as
particle-phase composition. The multistep oxidation of
NMVOCs therefore, impacts regional air quality1–4 on a short
term and the climate5,6 on a larger timescale. NMVOC oxidation
is coupled with the NOx (NOx = NO + NO2) and HOx (HOx = OH
+HO2) budget and thus affects both directly and/or indirectly O3
© 2024 The Author(s). Published by the Royal Society of Chemistry
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as well as secondary organic aerosol (SOA) formation.4,7–10 As
SOA formation can signicantly impact the aerosol particle
number, mass concentration and chemical composition,
NMVOC oxidation affects the physico-chemical properties of
clouds and thus cloud and precipitation formation
processes.6,11–17

Moreover, the oxidation of NMVOCs impacts the atmo-
spheric oxidizing capacity, especially the OH concentration.
This has major effects on the lifetime of numerous other trace
gases including SO2, CO and the greenhouse gas methane
which all favor OH as reaction partner. However, the extent of
NMVOC chemistry induced perturbations depend on the
atmospheric environment in which the oxidation occurs.
Accordingly, different impacts have to be expected for clean
rural and polluted urban/industrialized areas.18–21 Progressing
NMVOC oxidation leads to the production of highly oxidized
products with multifunctional groups: under high NOx condi-
tions, organic nitrates can form,22,23 while in cleaner environ-
ments, products with multiple hydroperoxy (OOH), carbonyl
(C]O) and/or hydroxy (OH) groups form.24,25 The formation of
organic nitrates, in particular PAN, can be an important NOx

reservoir on the one hand decreasing NOx concentrations in
a certain area. On the other hand, due to atmospheric transport
and decomposition processes, PANs can increase NOx concen-
trations in other less polluted areas. Under low NOx conditions,
the same holds for highly oxidized organic molecules (HOMs)
which affect the HOx budget equally. But, in contrast to PANs,
HOMs are important SOA sources.

The majority of NMVOCs are BVOCs emitted from plants.6,26

Globally, the most abundant BVOC is isoprene (C5H8) with
estimated 535 Tg per year.26 Therefore, CTMs have to describe
its chemistry accurately, even if only treating parameterized
reaction sequences. Otherwise the CTMs can fail to predict
concentrations of adjunct chemical systems. During the last
decades, a discrepancy between modeled and measured HOx

concentration was identied in remote isoprene-rich environ-
ments.9,10,28 Thus, a lot of efforts have beenmade to improve our
knowledge of isoprene chemistry and to adapt the applied gas-
phase chemistry mechanisms.9,10,27–30

To capture BVOC effects on the gas- and particle-
composition of the troposphere also mono- and sesquiterpene
chemistry have to be described adequately, too. Sesquiterpenes
account for about 3% (29 Tg per year) of total BVOC emissions
and therefore only play a minor role.26 For b-caryophyllene, the
most abundant sesquiterpene, a reduced mechanism has been
published by Khan et al.31 including the determination of SOA
precursor substances. Monoterpenes account for about 20%
(162 Tg per year) of global BVOC emissions,26 but are highly
plant species-specic and thus depend on vegetation cover.
Their inuence on atmospheric chemistry intensies poleward,
as coniferous forests emit less isoprene but higher quantities of
monoterpenes. The principal NOx/O3 interrelations are similar
to isoprene while the nal ozone forming potentials differ.32–34

Moreover, monoterpenes have a higher SOA formation potential
and dominate the SOA composition in coniferous forests.12,35,36

So far, only a few lumped monoterpene species are currently
included in chemical mechanisms of CTMs.37–43 Recent
© 2024 The Author(s). Published by the Royal Society of Chemistry
research suggests, that even within these lumped clusters the
SOA forming potential can vary signicantly between different
monoterpenes.24,25,44–48 However, as this is still an open research
eld and new ndings emerge frequently, the present study
mainly remains focused on the most abundant BVOC isoprene.

Considering the fact that most people live in cities and the
number of city dwellers is still climbing, anthropogenic emis-
sion sources are also of key importance, especially in terms of
urban air quality. Cities face new challenges in the near future
of yet unknown consequences, due to air quality measures,
climate change and mitigation strategies. In urban areas, air
quality measures such as changes in the car eet will decrease
NOx and AVOC emissions in the future. At the same time an
increase in urban green infrastructure is favored by urban
development planning due to climate mitigation measures.
Thus, urban environments will likely undergo a shi from
AVOC to BVOC emissions. Thereby, urban green infrastructure
strategies rest on planting trees. Importantly, the tree species-
specic BVOC emissions are additionally impacted by
stressors such as heat and drought.49–53 Overall, cities will
undergo a change in the near future making it more challenging
to determine the sources of air pollutants such as O3 and
particular matter (PM), because of growing NMVOC diversity.
Hence, as O3, NOx and PM impact the human health and the
ecosystem it is of utmost importance to cover a wide variety of
VOCs along with their HOx/NOx/O3/SOA interdependencies in
CTMs typically used for air quality assessments.

Numerous chemical gas-phase mechanisms with varying
complexity are currently available. The most detailed one is the
MCM3.3.1,54–59 but due to its high complexity it is not directly
applicable in CTMs. Nevertheless, the MCM is oen used as
reference mechanism when mechanisms with reduced
complexity are developed. In CTMs, these condensed mecha-
nisms are favored due to their smaller amount of substances
and reactions while remaining a sufficient accuracy and mini-
mizing the computation time. Commonly used CTM mecha-
nisms are: RACM,37 RACM2,38 JAM,39 MOZART,40 the carbon
bond mechanism41 and SAPRC.42,43 While all these mechanisms
focus on NOx/O3 predictability, the formation of higher oxidized
molecules is not described sufficiently enough to enable the
inclusion of direct SOA formation. Instead gas-phase chemistry
and SOA formation are treated separately, if considered at all.

Next to the chemical mechanism, an accurate description of
emission elds is mandatory including vegetative/natural and
manmade emissions. This will ensure adequate anthropogenic
and biogenic interactions from the origin, processing
throughout the transport to the deposition.

To date, the currently applied mechanisms in and emission
setups of CTMs are not capable to project these problems
sufficiently, because of issues related to complexity of chemistry
mechanisms and deposition schemes, as well as adequate input
data such as the description of emission and meteorological
elds etc. In order to address these issues, we developed a more
complex biogenic emission scheme to capture tree species-
specic BVOC emissions within the CTM COSMO-MUSCAT in
a previous study.4 As a next step, we developed and applied the
new chemistry mechanism URMELL (Urban and Remote
Environ. Sci.: Atmos., 2024, 4, 164–189 | 165
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cheMistry modELLing), which is presented in this study.
URMELL combines recent knowledge of both anthropogenic
(e.g. aromatic chemistry) and biogenic (e.g. isoprene chemistry)
organic compounds. We present multiple comparisons of
various sensitivity box model and CTM simulations that reveal
the appropriateness of URMELL for air quality modelling.

2 Mechanism developments

The basis for the URMELL mechanism development is the
chemical mechanism JAM version 002b39 applied in the global
chemistry-climate model ECHAM6.3-HAM2.3-MOZ1.0. This
mechanism is further denoted JAMv2b. JAMv2b is based on the
Model of Ozone and Related Tracers (MOZART) v.4 for tropo-
spheric and the Whole Atmosphere Chemistry Climate Model
(WACCM) for stratospheric chemistry.40,60 Additionally, Jamv2b
also includes a more detailed representation of isoprene by inte-
grating the Mainz Isoprene Mechanisms 2 (MIM-2),29 1,6 H-shi
reactions,27 epoxide formation61 and HPALD photolysis.62 Further
information about JAMv2b39 can be found in the corresponding
publication. Compared to other mechanisms available at the
time of publication and initial URMELL mechanism develop-
ment, JAMv2b is more detailed and treats a larger number of
species explicitly whereby reducing the number of lumped
species and featuring newer measurement results.

So far, RACM-MIM2-ext4,37,63 had been used for air quality
assessments in the model framework COSMO-MUSCAT at
TROPOS.64–66 Advantageously, the JAMv2b mechanism already
contains a more up-to-date chemistry implementation
compared to RACM.37,39 However, within the last ve years since
JAMv2b was published, new ndings from laboratory experi-
ments emerged. In order to take them into account, the reac-
tions within this mechanism have been rst screened to include
the latest recommendations of kinetic reaction rate constants
and oxidation products (see Sect. 2.1–2.5 for further details).

However, the major focus of the mechanism development
described here has been put on the integration of possible SOA
precursor compounds to enable a direct and more explicit SOA
approach. Therefore, already existing reaction pathways have
been investigated to identify possible reaction chains leading to
highly functionalized products with low volatility that are
currently not included in JAMv2b. As URMELL is intended to be
applied for air quality assessments considering both anthro-
pogenic and biogenic sources for air pollutants, these SOA
extensions are considered for their main contributors:
aromatics (Sect. 2.4) and isoprene (Sect. 2.5). Here, the focus is
on aromatics and isoprene, as a lot of effort has already been
made to determine their chemical degradation schemes.

All in all, this study focuses on aromatics and isoprene
chemistry updates and extensions leading to an advanced gas-
phase mechanism. Finally, this mechanism development aims
at a more sophisticated Urban and Remote cheMistry modEL-
Ling, from which the designation of the new mechanism
URMELL was derived. Species number and complexity was
increased substantially by maintaining possible gas-phase SOA
compounds in order to enable an explicit SOA formation
implementation. Overall, URMELL contains 313 species (listed
166 | Environ. Sci.: Atmos., 2024, 4, 164–189
in Table S1-1†), and 916 reactions (summarized in Tables S1-2
and S1-3†). In Table S1-1,† new species are presented in bold
font and new and/or changed reactions in Tables S1-2 and S1-3†
are marked in a separate column. The most important changes
to JAMv2b are summarized in the following subsections (2.1–
2.5). Note while all the described changes apply to JAMv2b,
some of the updates might already be considered in other
mechanisms to some extent. Aer a positive follow-up feasi-
bility study in terms of explicit SOA modeling, URMELL will be
extended to monoterpenes where feasible, too.
2.1 Important general modications in URMELL

In the following, a brief description of the most important
general modications in URMELL is provided. All reactions of
JAMv2b were rst screened to include more recent recommen-
dations of kinetic reaction rate constants as well as oxidation
products and photolysis rates, e.g. by using either the database
of the IUPAC task group on atmospheric chemical kinetic
data evaluation (https://iupac.aeris-data.fr/en/home/)67–74 or
the near explicit master chemical mechanism (MCM3.3.1;
http://mcm.york.ac.uk/).54–59 These updates already affect the
simple Ox, HOx and NOx chemistry, as well as smaller organic
compounds such as glyoxal (GLY), methylglyoxal (MGLY) or
methyl ethyl ketone (MEK).

2.1.1 Smaller organic compounds chemistry. The oxidation
chemistry of MEK in JAMv2b is mainly based on MEKBO2, but
according to MCM3.3.1, MEKAO2 accounts for 45.9%, MEKBO2

for 46.2%, andMEKCO2 for 7.9%. IUPAC recommends a ratio of
62% for MEKBO2. The structure–activity relationship (SAR)
method yields roughly 33%/57%/10%, respectively at 298 K.75

Here we use the 62% yield for MEKBO2 and scale the yields for
MEKAO2 (29.4%) and MEKCO2 (8.6%) accordingly to the SAR
method. For the reaction of MEKCO2 with CH3O2 and CH3C(O)
O2, the same IUPAC recommendations as for propyldioxy,
another organic peroxy radical with a neighboring carbonyl
group, is applied as there is no individual data available.
Another signicant change was made for the reaction rate
constant of GLY with NO3. In most mechanisms, the reaction
rate constant of acetaldehyde has been used for this reaction so
far. However, there is a preferred value of 4 × 10−16 cm3 per
molecules per s available (IUPAC) which is about four orders of
magnitudes lower than in JAMv2b39 (2.5 × 10−12 cm3 per
molecules per s) and still one order of magnitude lower than the
reaction rate constant (kNO3AL based on acetaldehyde) used in
MCM3.3.1, MAGRITTE76 and MIM2.29 Also, the rate coefficient
for peracetic acid changed by two orders of magnitudes from
3.7 × 10−12 (MCM3.3.1) to 3 × 10−14 cm3 per molecules per s
(IUPAC). For substances with no IUPAC recommendation the
reaction rate coefficient and ratios have been calculated using
the SAR method,75 if appropriate.

2.1.2 Sesquiterpenes chemistry. Additionally, the chem-
istry of sesquiterpenes, represented by b-caryophyllene, was
updated using the mechanism described by Khan et al.31 Aer
two oxidation steps, sesquiterpene chemistry merges into the
CRI a-pinene scheme. Therefore, progressing degradation leads
to the formation of lumped monoterpene (a C10 and a C5)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaction products. These products are not directly included in
URMELL yet and are lumped into TERP2O2 and CO2C3CHO,
respectively. Further adjustments were done to P1OOH
(sesquiterpene HOM product) due to lower established volatility
of this sesquiterpene HOM compared to Khan et al.31 turning it
into a non-volatile product. Therefore, P1OOH is considered to
transfer entirely into the particle-phase, analogue to P2OOH
and P2NO3, neglecting its gas-phase reaction pathways.
2.2 Ozonolysis implementation updates

Besides the OH-radical oxidations, the ozonolysis reaction
schemes of ethene and propene are updated using the recent
IUPAC task group recommendations by Cox et al.73 The ozo-
nolysis of ethene (R-1) and (R-2) yields formaldehyde and the
exited Criegee intermediate [CH2OO]* which yields the stable
Criegee intermediate CH2OO. Further details on CH2OO
chemistry are given in the next section (Sect. 2.3). As for the
MCM3.3.1, in URMELL the reaction products HCO and H of
(R-2) are considered to immediately react with O2 and turn into
CO + HO2 (JPL) and HO2, respectively.

C2H4 + O3 / HCHO + [CH2OO]* (R-1)

[CH2OO]* / 0.17(OH + HCO) + 0.18(CO + H2O)

+ 0.23CO2 + 0.18H2 + 0.1H + 0.42CH2OO (R-2)

The ozonolysis of propene (R-3) yields acetaldehyde
(CH3CHO), [CH2OO]*, formaldehyde and two excited Criegee
intermediates [E-CH3CHOO]* and [Z-CH3CHOO]* which both
can be transferred into stabilized Criegee intermediates
E-CH3CHOO and Z-CH3CHOO. For the latter one, thermal
decomposition is expected to be the dominating pathway
releasing OH and CH2CHO, which oxidation by O2 leads to
OOCH2CHO. Following the main reaction pathway of
HCOCH2O2 (MCM3.3.1), OOCH2CHO becomes HCHO + HO2 +
CO. About 60% of [E-CH3CHOO]* decomposes yielding CH4,
CO2, CH3OH, CO, CH2CO and H2O. Subsequent oxidation of
CH2CO by OH and O2 (IUPAC) produces CO + HCHO + HO2.77

The remaining 40% form the stabilized Criegee intermediate
E-CH3CHOO.

C3H6 + O3 / 0.38CH3CHO + 0.38[CH2OO]*

+ 0.62HCHO + 0.32[E-CH3CHOO]*

+ 0.3[Z-CH3CHOO]* (R-3)

Within the next section, the chemistry of the stabilized
Criegee intermediates CH2OO and E-CH3CHOO are addressed
further. Note, that in Jamv2b the reaction of C3H6 with O3 has
a direct CH3O2 production channel and the MCM3.3.1 also
produces CH3O2 through the exited Criegee intermediate
(CH3CHOOA) channel.

2.2.1 Chemistry of the stabilized Criegee intermediate
CH2OO. In URMELL, CH2OO is formed through the ozonolysis
of ethene,73 propene,73 isoprene,30 MACR and MVK.30 Addi-
tionally, the reaction of CH3O2 with OH yields 0.05 CH2OO
(IUPAC).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Based on the IUPAC recommendations, the chemical
degradation of CH2OO under tropospheric conditions is
dominated by the reaction with the water dimer.73 Unfortu-
nately, the two laboratory studies from Sheps et al.78 (ratios
presented in bold) and Nguyen et al.79 (ratios given in brackets)
provide inconsistent results regarding the branching ratios of
the reaction pathways (R-4):

CH2OOþ ðH2OÞ2/

8>><
>>:

0:55 ð0:4Þ � ðHOCH2OOHþH2OÞ
0:4ð0:06Þ � ðHCHOþH2O2þ H2OÞ
0:05 ð0:54Þ � ðHCOOHþ 2H2OÞ

(R-4)

Both studies report comparable branching ratios for (R-4) of
0.55 and 0.4, respectively. However, the contributions to (R-4)
(0.4 and 0.06) and (R-4) (0.05 and 0.54) are very different. This
generates uneven production strengths for formaldehyde
(HCHO) and formic acid (HCOOH). Recent studies revealed that
potential chemical sources of HCOOH are missing in up-to-date
mechanisms.80–82 Therefore, the formation pathways of HCOOH
are in the focus of current research, because of its importance
for future evolvement of atmospheric acidity. But no recom-
mendations have been done so far for (R-4).73 Therefore, aer
the main mechanism development was nished, rst evalua-
tion simulations were performed (see S2.1 for details). In these
sensitivity simulations, either the yields of Nguyen et al.79 or the
yields from Sheps et al.78 are applied to examine their effect on
the gas-phase compositions predicted by URMELL (see Fig. 2).
The sensitivity studies reveal a signicant impact on gas-phase
HCOOH production. Therefore, it is important to further clarify
the branching ratios for this reaction. This would also help to
quantify the discrepancies between measured and modeled
values.81,82 Finally, the newer ratios from Sheps et al.78 are
implemented in URMELL representing the lower limit of
HCOOH production from Criegee degradation.

For the newly included oxidation product HOCH2OOH,
reactions with OH (R-5)83 and photolysis ((R-6); IUPAC) are
implemented. The IUPAC photolysis parameters are trans-
formed into photolysis rate formula parameters as used in
URMELL (see Tables S1-3 and S1-4†). The photolysis of
HOCH2OOH produces OH and the HOCH2O radical. The reac-
tion of HOCH2OOH with OH generates a hydroxy hydroperoxide
radical HOCH2OO, for which several channels are possible (R-7)
till (R-10) and included in URMELL following the IUPAC
recommendation. For the reaction of HOCH2OO with HO2 (R-9)
the IUPAC recommendations are uncertain as for one reaction
channel two possible formulations exist. Here, we use the
recommendation from Jenkin et al.84 including the HOCH2O
radical formation rather than the direct production of HCOOH
and HO2. For the self-reaction (R-10), only the dominant branch
is considered. The most likely degradation channel for the
reaction product HOCH2O is reaction with O2 forming HCOOH
with HO2 (R-11).83

HOCH2OOH + OH / HOCH2OO, (R-5)
Environ. Sci.: Atmos., 2024, 4, 164–189 | 167
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HOCH2OOH �����!phot
HOCH2OþOH; (R-6)

HOCH2OO / HCHO + HO2, (R-7)

HOCH2OO + NO / HOCH2O + NO2, (R-8)

HOCH2OO + HO2 / 0.5HOCH2OOH

+ 0.3(HCOOH + H2O)

+ 0.2(OH + HOCH2O) + O2, (R-9)

HOCH2OO + HOCH2OO / 2HOCH2O + O2, (R-10)

HOCH2O + O2 / HCOOH + HO2. (R-11)

2.2.2 Chemistry of the stabilized Criegee intermediate
E-CH3CHOO. For the stabilized Criegee intermediate E-CH3-
CHOO, the same ratios as for the water dimer reaction of the
Criegee intermediate CH2OO are assumed (see (R-12)).

E-CH3CHOOþ ðH2OÞ2/8>><
>>:

0:55� ðCH3CHðOHÞOOHþH2OÞ
0:4� ðCH3CHOþH2O2 þH2OÞ
0:05� ðCH3CðOÞOHþ 2H2OÞ

(R-12)

Except for the reaction rate constant of CH3CH(OH)OOH
with OH (R-13), no separate data was available. Therefore,
CH3CH(OH)OOH chemistry (R-14)–(R-19) was adapted analog to
HOCH2OOH. According to Chen et al.83 and the IUPAC recom-
mendation, the most likely degradation channel for CH3-
CH(OH)O is C1–C2 bond separation producing HCOOH and
CH3 which reacts with O2 and produces CH3O2 (R-19).
Fig. 1 Temperature dependent reaction rate coefficient for (a) the reacti
ratio for the third channel producing OH and CH3O2 together with kAPH
CH3C(O)O2 with NO2 kNO2

leading to PAN. Moreover, the branching ratios
are adapted based on the IUPAC recommendations for CH3C(O)O2.

168 | Environ. Sci.: Atmos., 2024, 4, 164–189
CH3CH(OH)OOH + OH / CH3CH(OH)OO, (R-13)

CH3CHðOHÞOOH �����!phot
CH3CHðOHÞOþOH; (R-14)

CH3CH(OH)OO / CH3CHO + HO2, (R-15)

CH3CH(OH)OO + NO / CH3CH(OH)O + NO2, (R-16)

CH3CH(OH)OO + HO2 / 0.5CH3CH(OH)OOH

+ 0.3(CH3C(O)OH + H2O)

+ 0.2(OH + CH3CH(OH)O)

+ O2, (R-17)

CH3CH(OH)OO + CH3CH(OH)OO / 2HOCH2O + O2,(R-18)

CH3CH(OH)O / HCOOH + CH3. (R-19)

2.3 Organic acyl peroxy radicals

Further updates relate to branching ratios and rate coefficients
of organic acyl peroxy radicals (RC(O)O2) based on recent
recommendations from Jenkin et al.85 Accordingly, the reaction
of CH3C(O)O2 with HO2 (R-20) was adjusted as follows (in bold
new ratios in brackets old ratios):

CH3CðOÞO2 þHO2/

8>><
>>:

0:37ð0:4Þ � ðCH3CðOÞOOHþO2Þ
0:13ð0:2Þ � ðCH3COOHþO3Þ
0:5ð0:4Þ � ðCH3CðOÞOþOHþO2Þ

(R-20)

The reaction product CH3C(O)O decomposes into CO2 and
CH3 and subsequent O2 reaction produces CH3O2. Furthermore,
on of CH3C(O)O2 with HO2 kHO2
, as well as the product of kHO2

and the

O2
as a function of nCON and kAPHO2

for CH3C(O)O2; (b) the reaction of
for the reactions of RC(O)O2with CH3O2 (R-21) and CH3C(O)O2 (R-22)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the reaction rate constant changed from 5.2× 10−13× exp(980/T)
(MCM3.3.1) to 1.73 × 10−12 × exp(730/T). This results in a faster
reaction and a higher OH and CH3O2 production (see Fig. 1a).
NoteWennberg et al.30 uses the previous IUPAC recommendation
before the latest change in preferred values in 2019 occurred
resulting in slightly higher kHO2

values than the actual one (see
black line in Fig. 1a). The recommendations of Jenkin et al.85 have
further been applied to CH3C(O)O2-radical equivalent reactions
of RC(O)O2 with HO2 using the Jenkin et al.85 formula kAPHO2

.
kAPHO2

is visualized in Fig. 1a for 298 K as a function of carbon,
nitrogen and oxygen atom number nCON (excluding the peroxy
radical oxygen atoms) in gray. With increasing atom number the
HO2 reaction rate coefficient increases. For nCON = 3 excellent
agreement with the IUPAC recommendation for CH3C(O)O2 is
reached (gray dashed line in Fig. 1a).

RC(O)O2 + CH3O2 / O2 + 0.9CH3O + 0.9RC(O)O

+ 0.1RC(O)OH + 0.1HCHO (R-21)

RC(O)O2 + CH3C(O)O2 / RC(O)O + CH3C(O)O + O2 (R-22)

CH3O forms HCHO and HO2 aer oxidation by O2

(MCM3.3.1). The reaction rate constants of RC(O)O2 with
CH3O2, CH3C(O)O2, NO, NO3 and NO2 are also based on IUPAC
preferred values for CH3C(O)O2 if not stated otherwise in
Table S1-2.†

The reaction of RC(O)O2 radicals with NO2 leads to the
formation of PANs. Changes to the reaction rate constant
describing PAN formation or decomposition can impact the
NOx as well as the O3 budget, as they are closely linked. In
URMELL, PAN formation and decomposition follow the IUPAC
recommendations, but the rate coefficient for PAN formation
ktroe(3.28× 10−28,−6.87, 0, 1.125× 10−11,−1.105, 0, 0.3) differs
from the one applied in JAMv2b ktroe(2.7 × 10−28, −7.1, 0,
1.2 × 10−11, −0.9, 0, 0.6). For calculation specications see ESI
S1.† Both functions are shown in Fig. 1b for 1 atm (molecular
densityM= 7.34× 1021/T(K)) and varying temperature values. A
sensitivity study was carried out to investigate the impact of the
updated reaction rate constant. An additional sensitivity study
was performed addressing the overall change on RC(O)O2

chemistry. For the sake of clarity, the results are discussed in
more detail in the ESI S2.2.1.† Both sensitivity studies indicate
an increase in O3, OH, HO2, NO, NO2, NO3 and HNO3 peak
concentrations for the updated RC(O)O2 reaction pathways.

2.4 Advanced oxidation scheme for aromatic compounds

As outlined before, the present study aims at an improved air
quality modeling in urban environments, thus the treatment of
anthropogenic SOA sources, e.g. from aromatic compounds was
revised and extended. The original JAMv2b mechanism
describes the oxidation of benzene, toluene and lumped xylenes
as well as their corresponding phenols (PHENOL, CRESOL,
XYLOL). The oxidation with OH of these monohydroxy phenols
form ring-opening products (peroxyl radicals; BENZO2, TOLO2,
XYLO2), lumped aromatic 1,2-diols (CATECHOL) and lumped
phenoxy radicals (C6H5O). The latter are currently implemented
© 2024 The Author(s). Published by the Royal Society of Chemistry
to yield nitrophenols when reacting with NO2. Nitrophenols are
not very reactive towards OH radicals and are thus determined
as sticky nitrate compounds.39 Therefore, in the previous
studies using JAMv2b, their fate was determined by deposition
rather than oxidation processes. However, aromatic compounds
with an added hydroxyl group are sensitive towards oxidation by
NO3 radicals (IUPAC, MCM3.3.1). Therefore, oxidation by NO3

radicals might determine their oxidative fate in urban polluted
environments, where the conditions of high NOx and ozone
concentrations enable stronger NO3-radical formation. As the
mechanism URMELL is projected to be applied for such envi-
ronments, the formation of nitro-hydroxy compounds and its
further oxidation by OH and NO3 radicals have been included.
The same applies for the formation of aromatic nitro-dihydroxy
compounds, reaction products of CATECHOL. The further
oxidation of these nitro-hydroxy and -dihydroxy products leads
to highly oxidized molecules with extremely low vapor
pressures.

Furthermore, the oxidation of monohydroxy phenols with
NO3 form lumped phenoxy radicals (C6H5O), ring-opening
products without (PHENO2, CRESO2) and with an ON(]O)]O
group (NPHENOLO2, NCRESO2). The formation of the latter
products is handled very differently between different mecha-
nisms and are in general not treated explicitly in reduced
mechanisms.37,39,43,86 A sensitivity study, considering three
different approaches for the handling of the phenol + NO3

reaction channels can be found in the ESI Sect. S2.2.† In JAMv2b
NPHENOLO2 and NCRESO2 are approximated with PHENO2.
While this has no signicant impact for warmer temperatures
and longer solar radiation periods (see Sec. 4.1 summer cases) it
gains in importance for colder temperatures and longer nights.
Then signicant amounts of NO3 can form which facilitate NO3

degradation channels. When including NPHENOLO2 and
NCRESO2 their further oxidation by NO, NO3, CH3O2 and
CH3C(O)O2 produces NO2 while when using PHENO2 HO2 is
released. This has major impacts on the entire oxidizing
capacity especially when reducing the solar radiation impacts
(see Sect. 4.3 and ESI S2† winter_05 case). The oxidation of
NPHENOLO2 and NCRESO2 with HO2 leads to NPHENOLOOH
and NCRESOOH, two additional SOA precursor substances.
Further possible SOA branches are included by integrating
nitrate formation (BENZN, TOLN, XYLN) from bicyclic peroxy
radical (BENZO2, TOLO2, XYLO2) reactions with NO and their
OH reaction products (BENZ]O, TOL]O).

Additionally, the reaction pathways of aromatic RO2 radicals
are extended by using the product yields given in MCM3.3.1. So
far, only the reaction products glyoxal, methylglyoxal and the
lumped species for unsaturated oxidized aldehydes (BIGALD1,
BIGALD2, BIGALD3, BIGALD4) are considered in JAMv2b. For
the unsaturated oxidized aldehydes, only photolysis processes
are considered in JAMv2b. In URMELL, also reactions with OH,
NO3 and ozone are added following MCM3.3.1. Other products
of aromatic RO2 radicals such as unsaturated organic acids,
furanones, quinones and anhydrides as described in the
MCM3.3.1 are missing in JAMv2b. As a consequence, the carbon
balance is not closed and possible important SOA pathways are
neglected. To overcome this gap, these potential SOA precursor
Environ. Sci.: Atmos., 2024, 4, 164–189 | 169
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species are incorporated into URMELL. The unsaturated
oxidized organic mono acids are represented by the lumped
species BIGACID1, BIGACID2 and BIGACID3 in accordance to
BIGALD compounds for unsaturated oxidized aldehydes. Fur-
anones, quinones as well as anhydrides are represented by the
lumped species BZFUONE, FUONE, BZQONE and MALANHY,
respectively (Table S1-1†). Also, the photolysis products of
BEPOMUC and TEPOMUC are adjusted to include the SOA
products C5DIALOOH and C615CO2OOH.
2.5 Advanced isoprene chemistry implementation

In addition to aromatics, the chemistry of isoprene is extended
to incorporate the latest state-of-the-art knowledge, including
subsequent reaction pathways of formed products such as
methyl vinyl ketone (MVK) and methacrolein (MACR). These
follow, e.g. the comprehensive study of Wennberg et al.30 but
with a few adaptations. In the following, a brief description of
these adaptations is presented, including changes to the
isoprene NO3 and OH chemistry within the next two subsec-
tions. For isoprene + O3, only the treatment of the stable Criegee
intermediate CH2OO changed as outlined in Sect. 2.2.1. For
initial isoprene reactions with NO3, OH and ozone, the latest
IUPAC task group reaction rate constant recommendations are
used (Table S1-2†).

Specic isoprene oxidation products are lumped to reduce
the complexity of URMELL where feasible. The lumped prod-
ucts are labelled with an L as rst letter of their lumped group
name. Here, the reaction rate constant is a weighted constant
based on the contribution to the lumping group and the indi-
vidual rate constant of the single compound. The overall reac-
tion product ratios are also calculated using the contribution of
the single reaction pathways to the lumping group. Reactions of
radicals with O2 are assumed to occur instantaneously, there-
fore these intermediate steps are skipped following the
MCM3.3.1 implementation.

2.5.1 Isoprene + NO3. According to Wennberg et al.,30 the
NO3-initiated isoprene oxidation produces peroxy radicals with
a nitrate group (INO2) which are lumped into two species:
46.5% NISOPBO2 (90% b-1,2-INO2; 10% b-4,3-INO2) and 53.5%
NISOPDO2 (84% s-1,4-INO2; 16% s-4,1-INO2). The further
degradation of NISOPDO2 generates HO2, NO2, an C5 aldehyde
(NC4CHO) and an organic radical (NISOPO), while the further
oxidation of NISOPBO2 yields HCHO, NO2, MVK and MACR.
But, the proposed decomposition of NISOPBO2 can induce
high night-time production rates of MVK. To scrutinize the
impact of this channel, initial box model simulations were
performed including the recommended degradation in
URMELL. The simulations showed three times higher MVK
concentrations under high NOx conditions. A study by Ver-
eecken et al.87 reported an overestimation of both MVK and
MACR between 250 to 400%. They attribute this to the
complete conversion of b-1,2-INO2 to MVK, whereas their study
favors the formation of peroxy radicals with a nitrate and
epoxide group (NISOPEOO1). For the implementation of this
scheme, the ratio between the anti- (68%; NISOPEOO1E) and
syn-1-NO3-2,3-epoxy-isoprene-4-OO (32%; NISOPEOO1Z) was
170 | Environ. Sci.: Atmos., 2024, 4, 164–189
determined for 298 K using the pseudo-steady-state approxi-
mation88 for the ring opening/closing and oxidation by O2. This
is in agreement with the results of Vereecken et al.87 (68 ± 2%
NISOPEOO1E).

Within the NISOPBO2 scheme, the contribution from b-4,3-
INO2 plays only a minor role. Therefore, only b-1,2-INO2 is
considered for NISOPBO2 chemistry in URMELL including the
formation of NISOPEOO1 isomer following Vereecken et al.87

The majority of oxidation steps of NISOPEOO1E produce
MACRN + HCHO + HO2 and a product with a carbonyl, nitrate
and epoxide group (ICNE) + HO2. In the temperature interval of
270 to 315 K, the yields for the MACRN and ICNE pathways
range from 63–87% and 37–13%, respectively. For URMELL,
xed ratios for 298 K are implemented yielding 80% MACRN
and 20% ICNE. For ICNE, the OH-pathway described by
Wennberg et al.30 leading to OH + 2CO + 0.35NOA + 0.65MGLY +
0.65NO2 + 0.65HO2 is assumed to occur immediately. As this
reaction directly regenerates OH, this has no effect on the OH
budget. The NISOPEOO1Z pathways mainly leads to LIECHO +
NO2 formation.

2.5.2 Isoprene + OH. The OH oxidation is the major loss
process for isoprene resulting into a highly complex system of
different isomers.30,89 OH-addition to the C]C double bonds of
isoprene is possible at four positions: C1, C2, C3 and C4,
whereby terminal OH-addition dominates. Thus, only the
terminal products are considered (63% C1 and 37% C4) in
URMELL. The remaining second double bond can take two
alignments creating cis/trans alkyl radicals which undergo
a reversible O2-addition creating a pool of various isoprene
peroxy radicals (ISOPOO). The peroxy group of the ISOPOO-
isomer is either in b- or d-position. As the degradation path-
ways between the ISOPOO-isomers differ substantially, it is
crucial to capture the ISOPOO-composition adequately. Teng
et al.89 investigated this system and determined, that roughly
95% of ISOPOO is of b O2-addition under most atmospheric
relevant conditions. This is much higher compared to the
kinetic distribution and the reason for the shi in ISOPOO
distribution between JAMv2b and URMELL. In JAMv2b, the
reaction of isoprene and OH yields:

C5H8 + OH / 0.4LISOPACO2 + 0.35ISOPBO2

+ 0.25ISOPDO2, (R-23)

and in URMELL:

C5H8 + OH / 0.05LISOPACO2 + 0.6ISOPBO2

+ 0.35ISOPDO2. (R-24)

The new branching is in agreement with Wennberg et al.30

andMüller et al.76 The contribution of dO2-addition to the 1-OH
system is about 5% and for the 4-OH system 6%.64 Within
MAGRITTE76 and the reduced mechanisms of Wennberg et al.,30

the b- and d-isomers are lumped within their OH system
resulting in two ISOPOO reaction products. In URMELL, b-
isomers are treated separately: ISOPBO2 for the 1-OH and
ISOPDO2 for the 4-OH system. While the d-isomers are grouped
into LISOPACO2 with a ratio of 60 : 40 for the 1-OH:4-OH system,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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respectively. For b-isomers, the 1,5 H-shi and for cis-d-isomers
the 1,6 H-shi is implemented following Wennberg et al.30

These H-shi reactions are a major HOx recycling pathways and
can signicantly impact OH, HO2, ozone and NO3 concentra-
tions. This is further analyzed by a sensitivity study and dis-
cussed in the ESI S2.2.4.† Most parts of the OH-driven isoprene
chemistry follow the full mechanism of Wennberg et al.30

Unfortunately, for some reaction products no subsequent
reactions are listed, such as ISOP1OH4OH, ISOP1OH2OH and
ISOP3OH4OH. Here, the reactions for ISOPAOH, ISOPBOH and
ISOPDOH of the MCM3.3.1 are implemented in URMELL. To
reduce the complexity of the system, also the recommendations
for the reduced mechanism of Wennberg et al.30 are considered
such as for aldehyde peroxyl radicals with (i) two hydroperoxyl
or (ii) a hydroperoxyl and a hydroxyl group. Here, only H-shis
are considered as they are assumed to outcompete all bimo-
lecular chemistry.30
2.6 URMELL compared to other mechanisms

In summary, the developed mechanism URMELL contains 313
species and 916 reactions. Compared to other reduced
mechanisms this is much more sophisticated as for example
RACM with around 100 species and 300 reactions, or JAMv2b
with around 200 species and a bit more than 500 reactions.
However, URMELL is still more condensed than the nearly
explicit MCM3.3.1 with more than 5500 species and around 14
000 reactions, and applicable for 3D CTMs. While for
aromatics most updates follow the MCM3.3.1, additional
adjustments are performed based on recent ndings which
have not been included into a CTM chemical mechanism to
this extent before or the MCM3.3.1. This already starts at the
fundamental basics, the HOx, NOx and Ox systems itself, fol-
lowed by changed chemical treatments of RC(O)O2 as well as
ozonolysis reactions including stabilized Criegee intermedi-
ates and goes beyond isoprene. Although, newer mechanism
focusing on isoprene exists, they were released before new
ndings on isoprene–NO3-chemistry became available.76,90 In
the next sections, the impact of these changes on the tropo-
spheric gas-phase composition are emphasized through both
box model and CTM simulations.
3 Design of model simulations

To evaluate the impact of all changes previously stated, the
performance of URMELL is analyzed using box model simula-
tions for several environmental scenarios and is compared
with other chemical mechanisms of varying complexity
(RACM, JAMv2b, MCM3.3.1). For this rst task, the box model
SPACCIM, the Spectral Cloud Chemistry Interaction Model is
used (Sect. 3.1).91 Secondly, URMELL is applied in the chemical
transport model COSMO-MUSCAT64,92 and examined through
comparisons with multiple measurement sites for ozone, NO
and NO2 (Sect. 3.2). For the evaluation, time series analyses are
frequently used. To gain knowledge about the linear relation-
ship between modeled and/or measured data, Pearson correla-
tion values are calculated with Python. But, even though time
© 2024 The Author(s). Published by the Royal Society of Chemistry
series show a good agreement between their curve progression,
they still may differ signicantly in absolute values. Therefore,
the coefficient of divergence (COD) is given in addition and
calculated as follows:

COD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

�
xi � yi

xi þ yi

�2

vuut

where n is the number of data points, xi is the concentration of
one of the mechanisms to be compared with yi the reference
data set concentration at time step i.93 The COD is a measure of
variability and can reach values close to 1 for low similarity and
values close to zero for high similarity or even equal zero if
identical concentrations are present between the compared
datasets. This is applied to box model simulations in Sect. 4
comparing the comprehensive MCM3.3.1 with the reduced
mechanisms (RACM, JAMv2b, URMELL), as well as CTM
simulations in Sect. 5.
3.1 Box model simulation with SPACCIM

For the mechanism comparison using the box model SPACCIM,
the near explicit Master Chemical Mechanisms version 3.3.1
(MCM3.3.1) is used and functions as the benchmark mecha-
nism throughout the box model analysis. Additionally, JAMv2.b,
which was the starting point of URMELL, and an extension of
the Regional Atmospheric Chemistry Mechanism RACM-MIM2-
ext4,37,63 hereaer called RACM are considered. RACM has been
extensively used for air quality studies within the chemical
transport model COSMO-MUSCAT and is used as reference
simulation for the 3D chemistry transport model simulations of
Sect. 5.4,65,94,95 For all box model simulations, the MCM3.3.1 is
considered as the reference point, as this is currently the most
sophisticated mechanism available.96 Therefore, given correla-
tion and COD values hereaer always refer to the MCM3.3.1, if
not stated otherwise.

The box model simulations are carried out for 45°N to dene
the period of solar radiation and zenith angle. Two different
emission scenarios are considered: remote and urban which
have been previously used with SPACCIM.99–103 The emission
values are based on Guenther et al.,97 and EDGAR v2,98 respec-
tively. But as RACM contains lumped species, the emissions are
split into the individual species of the different chemical
mechanisms (MCM, JAMv2b, URMELL) by using the fractions
provided by Middleton et al.104

The urban case comprises higher anthropogenic emissions,
e.g. for NOx and aromatics, while the remote case comprises
lower NOx and higher BVOC emissions. The emissions are
implemented as constant uxes throughout the entire simula-
tion period. Note, that this causes deviations from real emis-
sions of anthropogenic as well as natural origins. However, this
emission set-up is used for all mechanisms giving a systematic
error and thus, for mechanism comparisons this approach is
feasible.

To also account for deviating conditions, a summer (indi-
cated by _s) and a winter (indicated by _w) case are simulated,
which are initialized for the 19th of June and 19th of December
Environ. Sci.: Atmos., 2024, 4, 164–189 | 171
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Table 1 Overview of performed boxmodel simulations with SPACCIM

Scenarios

Emission Season
Photolysis
rate

Urban Remote Summer Winter Full Halved

urb_s_1 x x x
urb_s_05 x x x
urb_w_1 x x x
urb_w_05 x x x
rem_s_1 x x x
rem _s_05 x x x
rem _w_1 x x x
rem _w_05 x x x

Fig. 2 Time series of (a) O3, (b) NO, (c) HCHO, (d) C5H8, (e) OH, (f) NO2, (g
MGLY, (p) HCOOH, (q) CH3O2, (r) CH3(O)O2, (s) CH3COOOH and (t) C
modeled with MCM3.3.1 (black line), RACM (red line), JAMv2b (blue lin
branching ratios of Nguyen et al.79 for the Criegee intermediate CH2OO
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with a constant boundary layer temperature of 280 K and 273 K,
respectively. Additionally, different radiation conditions are
investigated by either no attenuation of incoming radiation
(indicated by _1), or an attenuation of incoming radiation by
50% (indicated by _05) resulting in halved photolysis rates. An
overview about all scenarios is given in Table 1. The rst 24 h are
used as spin-up time. Therefore, the plots (Fig. 1, 2 and S2-1 till
S2-6†) always start at 24 h and run until 96 h (showing 20.06.
−22.06 or 20.12. −22.12.) and also the performed statistics
(Tables 3, 4 and S2-1†) include these three model days, only.

Please note that the present study is a theoretical study to
analyze the performance of the different mechanisms between
each other under various environmental conditions. Thus, the
results from the box model cannot directly be transferred to the
) PAN, (h) MACR, (i) HO2, (j) NO3, (k) GLY, (l) MVK, (m) H2O2, (n) HNO3, (o)
H3COCH2OH for the remote summer case with clear sky conditions
e) and URMELL (yellow line) as well as a sensitivity run including the
(yellow dashed line).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reality and should be seen as extreme events to test the sensi-
tivity of the mechanisms. But the studies can still provide
insights on the concentration magnitude and help to identify
important night- and day-time path ways and eventually on
temporal proles. For the mechanism comparison, 20 chemical
compounds are considered. To investigate the effects of the
updates to isoprene chemistry, isoprene and its reaction prod-
ucts MACR and MVK as well as the multi-generation product
CH3COCH2OH are chosen. Additional common reaction prod-
ucts from various sources considered for the comparison are
HCOOH, MGLY, GLY, HCHO, CH3COOOH, CH3O2 and
CH3CO3. Other substances of interest are O3 and OH, HO2,
H2O2, HNO3, NO, NO2, NO3 and PAN. All chemical compounds
chosen are treated explicitly in the different mechanisms (no
lumped compounds) except in RACM where MACR, PAN, CH3-
COOOH (PAA), CH3COCH2OH (HKET) and MGLY are lumped
species.

3.2 CTM simulations with COSMO-MUSCAT

The comparison through box model comparisons has limita-
tions with regard to advection, entrainment and deposition. In
order to evaluate and verify the quality of URMELL for air
quality modeling, it has been applied in the CTM COSMO-
MUSCAT.64 Simulation results are compared with a simulation
using the COSMO-MUSCAT default gas-phase mechanism
RACM. The model system COSMO-MUSCAT and its good
performance has been conrmed through multiple model
intercomparison studies.105–108

The period May 2014 is chosen for the model domain of
Germany, as for this episode a detailed sensitivity study was
carried out recently by Luttkus et al.4 The simulations are
initialized for the 20th of April 2014. The time period until the
1st of May is used as spin-up while the entire May is used for
the CTM simulation analysis. Additionally, a time period in
spring enables a closer look at the model performance under
varying meteorological conditions. At the 19th of May, a frontal
system passes the model domain accompanied by rain and the
formation of a high-pressure system aerwards. On the 20th of
May calm winds, high solar radiation and warm temperatures
boost BVOC emissions while at the same time their distribu-
tion is limited facilitating local degradation processes aer
a washout event. Therefore, the 20th of May is selected for
further analysis. For both COSMO-MUSCAT simulations, the
detailed land use data set with 138 land use categories is used
together with the agricultural biomass density enhancement
(for more detail about the model system and setup, the reader
is referred to Luttkus et al.4 and references within). However,
Table 2 Assignment of the emitted 17 monoterpenes to the correspond

URMELL species APIN BPIN M

Emitted
monoterpenes

a-Pinene,
D3-carene,
a-thujene

b-Pinene, camphen,
sabinene

M
tra
cis

© 2024 The Author(s). Published by the Royal Society of Chemistry
a few modications have been made within the model setup
compared to Luttkus et al.,4 which are outlined hereaer.
Firstly, the outer European model domain providing the
initial and boundary conditions for the inner German domain
is enhanced and has a ner resolution of 14 km × 14 km now.
Secondly, the deposition ux calculation changed from a bulk
to a mosaic approach. Meaning, that instead of dominant or
weighted average values for every grid cell, individual contri-
butions of all appearing land use categories within a grid cell
are considered, now. Both of these changes apply for RACM
and URMELL simulations.

Additionally, URMELL considers more BVOCs as RACM and
thus, for simulations with URMELL, the BVOC emission and
deposition module are adapted as follows. The BVOC emission
model distinguishes between 17 monoterpenes,109 while
URMELL considers only four monoterpene clusters: a-pinene,
b-pinene, myrcene and limonene. Therefore, all cyclic mono-
terpenes with a terminal C]C double bond (b-pinene,
camphene, sabinene) are lumped into b-pinene (BPIN) and with
an inner C]C double bond (a-pinene, D3-carene, a-thujene)
into a-pinene (APIN). Cyclic monoterpenes with multiple C]C
double bonds (limonene, a- and g-terpinene, a- and b-phel-
landrene) are grouped into limonene (LIMONENE) and acyclic
monoterpenes (myrcene, trans- and cis-ocimene, linalool) into
myrcene (MYRC). P-cymene is an aromatic compound and
treated as xylene (XYL). 1,8-cineol is a bicyclic ether and
a monoterpenoid from limonene, thus it is treated as the
monoterpene reaction product TERPROD1, that represents all
C10 secondary products of terpene oxidation. An overview of the
monoterpene assignment is given in Table 2. Unlike RACM, the
smaller BVOCs methanol, acetone, ethanol, acetaldehyde,
formaldehyde, formic acid, and acetic acid are treated individ-
ually in URMELL. Therefore, the BVOC emission algorithm was
adapted accordingly.

The dry deposition scheme implemented in COSMO-
MUSCAT is based on Schlünzen et al.110–112 and essentially
considers all RACM species. In each case, the dry deposition
ux is the product of the species concentration and the
deposition velocity, which is calculated based on a resistance
model and is the reciprocal value of the aerodynamic, the
sublayer and the surface resistance. Overall, the deposition
depends on the atmospheric stability, land use type, season,
solar irradiation, relative humidity and gaseous species (solu-
bility, reactivity). The scheme used was adapted and extended
to URMELL species based on functional group composition
(see Table S1-1†). But unfortunately, information of the
deposition velocity or resistances for multifunctional
ing URMELL species

YRC LIMONENE XYL TERPROD1

yrcene,
ns-ocimene,
-ocimene, linalool

Limonene, a-terpinene,
g-terpinene,
a-phellandrene,
b-phellandrene

p-Cymene 1,8-Cineol
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molecules are scarce. Therefore, measurements from Nguyen
et al.113 for a temperate forest were used as a guideline. While
for hydroperoxides with an additional hydroxyl or carbonyl
group the surface resistance is small (as for methyl hydrogen
peroxide (OP) and peroxyacetic acid (PAA), respectively), it gets
higher for compounds with at least one carbonyl and hydroxyl
and/or nitrooxy group (similar to formic acid (ORA)). All peroxy
radicals are set to peroxides (RO2), all peroxyacetyl nitrates to
PAN and substances with one or more carbonyl groups to
acetaldehyde (MeCHO). Even though, more sophisticated
deposition schemes are available,114–116 the implementation of
a new deposition scheme into COSMO-MUSCAT is beyond the
scope of this paper, but will be the subject of future model
development.

In the following section, results from box model and CTM
simulations are presented and discussed.
Fig. 3 Time series of (a) O3, (b) NO, (c) HCHO, (d) C5H8, (e) OH, (f) NO2, (g
MGLY, (p) HCOOH, (q) CH3O2, (r) CH3(O)O2, (s) CH3COOOH and (t) C
modeled with MCM3.3.1 (black line), RACM (red line), JAMv2b (blue line)

174 | Environ. Sci.: Atmos., 2024, 4, 164–189
4 Box model results

To test the updates presented in the previous section multiple
box model simulations are performed with SPACCIM for two
emission scenarios (remote and urban) and various meteoro-
logical condition. Especially for the remote case URMELL
predicts much higher peak oxidant concentrations e.g. O3, OH
and NO3 radicals. To further quantify the sources leading to
these increased oxidant concentrations, multiple sensitivity
studies are performed for the rem_s_1 scenario and analyzed.
The main results are presented hereaer and a more detailed
analysis can be found in the ESI S2.3.†

4.1 Sensitivity study for the remote case

In contrast to the updates on aromatic chemistry, most modi-
cations in isoprene chemistry implemented in URMELL are
not part of the current MCM3.3.1. Therefore, deviations within
) PAN, (h) MACR, (i) HO2, (j) NO3, (k) GLY, (l) MVK, (m) H2O2, (n) HNO3, (o)
H3COCH2OH for the urban summer case with clear sky conditions
and URMELL (yellow line).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Overview of the different sensitivity studies and their considered modifications

Sensitivity study PAN RC(O)O2 Phot. GLY O3 MVK & MACR C5H8 H-shi

1: PAN x
2: RC(O)O2 x x
3: Photolysis x x x
4: GLY & O3 x x x x x
5: C5H8 x x x x x x x x
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the remote scenario simulations will occur more likely (Fig. 2).
For the OH radical, the modeled concentration peak is a factor
of two to three higher. The modeled OH concentration levels of
URMELL reach up to 1.75 × 106 molecules per cm3 for clear sky
conditions (Fig. 2e) while the other mechanisms do not reach
106 molecules per cm3, which is in contrast to the urban case,
where all mechanisms simulated noon values above 106 mole-
cules per cm3 (Fig. 3e). But, measurements from isoprene-
dominated regions would support higher OH values as
modeled by URMELL.10,117–120

For the rem_1_s sensitivity studies, the reactions of the
updated reaction scheme (described in Sect. 2) are stepwise
reset to JAMv2b reaction equations. At rst, non-isoprene
related updates are analyzed starting with the changed RC(O)
O2 chemistry which comprises two simulations: (i) solely
changed kNO2

rate coefficient and (ii) total RC(O)O2 related
updates (Sect. 2.3). All reactions considered for these two
studies are indicated by 1 and 2 in Table S1-2.† In a next step,
the impact of changed photolysis rates and products are
analyzed (Sect. 2.1, Table S1-3† indicated by 3). Finally, the
change in GLY rate constant (Sect. 2.1) and ozonolysis imple-
mentations (Sect. 2.2) are investigated (Table S1-2† indicated by
4). Aerwards, the isoprene related effects including initial
oxidation steps, H-shi reactions as well as MVK and MACR
updates are examined (Sect. 2.5, indicated by 5 in Table S1-2†).
Note, that due to the stepwise resetting to JAMv2b scenario 5
includes all changes indicated by step 1 through 5, for scenario
4 it is 1 through 4 and so on. For the original JAMv2b equations
the reader is referred to the corresponding publication.39 Table
3 summarizes the presented sensitivity studies of Fig. S2-1† and
the considered adjustments.

In the following, the main results are summarized, but
a more detailed analysis is given in the ESI S2.3.† Roughly half
the difference of O3 (Fig. S2-1a†) and OH (Fig. S2-1e†) increase is
caused by non-isoprene related changes mainly RC(O)O2

chemistry (Sect. S2.3.1†) and photolysis processes (Sect.
S2.3.2†). The other half is due to isoprene chemistry primarily
by the newly implemented H-shi reactions of ISOPOO and the
ISOPOO pool distribution itself (Sect. 2.5.2 and S2.3.4†). The
ISOPOO pool composition impacts O3 through LHC4ACCHO,
MVK and MACR ozonolysis and indirectly through formation
and degradation pathways of the isoprene nitrates
LISOPACNO3, ISOPBNO3 and ISOPDNO3. NO3 (Fig. S2-1j†)
reduces throughout all changes but most signicantly for
isoprene chemistry updates which is primarily caused by MPAN
chemistry as well as lower NO2 (Fig. S2-1f†) and O3 (Fig. S2-1a†)
concentrations mitigating the major NO3 production pathway
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Sect. S2.3.4†). The increase in day-time NO3 is caused by the
oxidation of MPAN (reaction product from MACR) by OH or O3.
Additionally, the changed RC(O)O2 kNO2

rate constant also
notably impacts NO3 concentrations (Sect. S2.3.1†).

Photolysis processes impact the HOy budget (Fig. S2-1e, i and
m†) as well as HCHO, CH3O2, CH3C(O)O2, GLY (Fig. S2-1k†) and
MGLY (Fig. S2-1o†) concentrations (Sect. S2.3.2†). Compared to
JAMv2b, the most signicant effects on GLY is from the changed
NO3 reaction rate constant (Sect. S2.3.3†). But in comparison to
MCM3.3.1 changes to isoprene chemistry (internal OH addition
channels) are the driving factors (Sect. S2.3.4†). A substantial
increase in HCOOH (Fig. S2-1p†) is evoked by high JAMv2b yields
from MVK ozonolysis (Sect. S2.3.4†). CH3C(O)O2 (Fig. S2-1r†) is
governed by changes to its rate constants (Sect. S2.3.1†) and
photolysis reactions (Sect. S2.3.2†). CH3C(O)O2 reaction product
CH3COOOH (Fig. S2-1s†) is coupled to HO2 rate coefficient and
CH3C(O)O2 concentration changes. Furthermore, CH3C(O)O2

chemistry governs day-time while ozonolysis processes dominate
night-time CH3O2 production (Fig S2-1q†). In JAMv2b ozonolysis
processes have no signicant impact on CH3O2 concentrations.
In URMELL a much higher CH3O2 yield of 0.407 for C5H8 ozo-
nolysis is implemented and due to its fast reaction rate coeffi-
cient a continues rise until 5 a.m. is observed. But due to missing
ozonolysis CH3O2 sources such as from BIGENE, CH3O2 is still
lower than the MCM3.3.1 (this is addressed further in Sect. 4.3).
On the other hand MCM3.3.1 may provide overestimated CH3O2

ozonolysis yields based on recommendations from Cox et al.73

Furthermore, BIGENE oen have slower O3 reaction rate coeffi-
cients which makes them less efficient with decreasing O3

concentrations and therefore result in opposing night-time
trends.

Please note, that especially all the non- but also the isoprene
related modications effect not only the remote but also
dominate the alterations in the urban cases for which no
separate sensitivity study is presented.

4.2 Remote case

URMELL predicts much higher oxidant concentration (Fig. 2
and S2-5–S2-7†) linked to isoprene (e.g. OH recycling, ISOPOO
pool) and non-isoprene related changes (e.g. RC(O)O2, photol-
ysis) as described before. For all remote cases, correlation
coefficients (see Table 4 and S2-1†) of O3, OH, NO, NO2, NO3 and
HO2 are high for all mechanisms (R > 0.9). One exception is O3

for URMELL (R = 0.881), for which a slightly increasing trend is
modeled in the end in comparison to the slightly decreasing
trend of the MCM3.3.1 (Fig. 2a). In the case of reduced actinic
radiation (Fig. S2-5†), the difference between peak O3, OH, NO,
Environ. Sci.: Atmos., 2024, 4, 164–189 | 175
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Table 4 Pearson correlation coefficients (R) and COD values between MCM3.3.1 and URMELL, JAMv2b and RACM for the remote summer case
with full radiation as well as for the sensitivity run comprising all discussed anthropogenic and isoprene-related modifications (case 5)

Scenario Compound

URMELL JAMv2b RACM URMELL sens

R COD R COD R COD R COD

rem_s_1 O3 0.881 0.071 0.998 0.010 0.986 0.115 0.985 0.077
NO 0.982 0.159 0.986 0.137 0.971 0.137 0.981 0.129
NO2 0.980 0.184 0.987 0.084 0.972 0.100 0.992 0.065
OH 0.987 0.340 0.998 0.104 0.987 0.065 0.997 0.120
HO2 0.990 0.345 0.991 0.372 0.998 0.229 0.989 0.336
H2O2 0.992 0.185 0.995 0.041 0.997 0.146 0.989 0.045
NO3 0.954 0.379 0.986 0.202 0.967 0.448 0.973 0.161
HNO3 0.959 0.278 0.759 0.503 0.988 0.104 0.999 0.079
HCHO 0.959 0.048 0.993 0.116 0.964 0.304 0.993 0.154
PAN 0.998 0.037 0.999 0.105 0.999 0.332 0.998 0.211
GLY 0.472 0.202 0.628 0.578 0.615 0.547 0.530 0.463
MGLY 0.892 0.114 0.843 0.371 0.891 0.684 0.792 0.337
C5H8 0.892 0.333 0.989 0.072 0.990 0.036 0.989 0.082
MACR 0.519 0.268 0.980 0.193 0.995 0.197 0.963 0.219
MVK 0.711 0.223 0.757 0.492 0.999 0.149 0.780 0.471
HCOOH 0.952 0.329 0.998 0.083 0.972 0.364 0.994 0.113
CH3O2 0.952 0.192 0.959 0.419 0.956 0.382 0.934 0.463
CH3C(O)O2 0.982 0.204 0.985 0.281 0.984 0.198 0.990 0.293
CH3COOOH 0.999 0.116 0.999 0.178 0.988 0.299 0.999 0.131
CH3COCH2OH 0.997 0.079 1.000 0.273 0.998 0.103 1.000 0.090
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NO2, NO3 and HO2 concentrations decreases. This is also the
case for the winter scenarios, but NO and NO2 estimates
increase for all reduced mechanisms (Fig. S2-6 and S2-7†). In
general, nearly all correlation coefficients of URMELL are above
0.8 (Table S2-1†) for the winter scenarios (Fig S2-6 and S2-7†).
Here, the weaker photochemical activity and lower tempera-
ture reduce the diurnal variability, straightening most temporal
prole, whereby the curve similarity increases. For MGLY,
URMELL predicts very similar curves to the MCM3.3.1 for all
scenarios (see Fig. 2o and S2-3o–S2-7o†).

All mechanisms show similar diurnal isoprene cycles
(Fig. 2d). The increase in daytime OH lowers the isoprene
minimum and causes a slightly earlier onset of aernoon
isoprene rise for URMELL, which impacts the correlation and
COD values (Table 4). This also holds for the rem_05_s case
(Fig. S2-5d†). For the winter scenarios (Fig. S2-6d and S2-7d†),
the OH concentration is much lower and only present for
a shorter period of time which minimizes this shi and leads to
higher R values (R > 0.9). For the isoprene reaction products
MACR and MVK, stronger diurnal uctuations are visible
compared to all other mechanisms (Fig. 2h and l). This is
caused by higher production from isoprene chemistry while at
the same time degradation is intensied due to higher oxidant
concentrations. But these variations attenuate for reduced
actinic radiation and the winter scenarios (Fig. S2-5h/l–S2-7h/
l†). MACR is linked to ISOPDO2 and MVK to ISOPBO2. For the
rem_1_s scenario, MVK and MACR are directly impacted by the
ISOPOO composition. In JAMv2b the reaction of C5H8 with OH
yields 0.4/0.35/0.25 LISOPACO2/ISOPBO2/ISOPDO2 and in
URMELL 0.05/0.6/0.35, respectively. Thus, higher MVK and
similar MACR values are simulated. But, the increased oxidant
concentration (Fig. 2a, e and j) intensies the degradation.
176 | Environ. Sci.: Atmos., 2024, 4, 164–189
When reducing OH, MCM3.3.1 and URMELL adjust in the case
of the rem_05_s scenario, while for the winter scenario
URMELL simulates higher concentrations. Besides MACR and
MVK, HCHO is e.g. linked to ISOPBO2 and ISOPDO2 chemistry.
The simulated diurnal cycles for the rem_1_s scenario are
similar for all mechanisms (Fig. 2c), but URMELL produces
higher concentrations. For reduced photolysis and lower
temperatures (Fig. S2-5d and S2-7d†) the impact of the ISOPOO
pool composition manifest in even higher HCHO concentra-
tions. CH3COCH2OH is on the other hand mainly produced
from LISOPACO2. Therefore, due to the much lower LISOPACO2

production yield in URMELL lower CH3COCH2OH concentra-
tions compared to JAMv2b are simulated.

Peroxy radical concentrations of CH3O2 and especially of
CH3C(O)O2 are lower for all mechanisms compared to the
MCM3.3.1 (Fig. 2q/r and S2-5q/r–S2-7q/r†). Important sources
for both radicals are e.g. photolysis processes, ozonolysis reac-
tions and for CH3O2 also CH3C(O)O2 reaction pathways. The
CH3C(O)O2 offset between the MCM3.3.1 and the other mech-
anisms increases for the rem_05_s and the winter scenarios and
is caused by changes to ozonolysis processes and the ISOPOO
pool. This reduction in CH3C(O)O2 also lowers PAN (Fig. 2g and
S2-5g–S2-7g†) and CH3COOOH (Fig. 2s and S2-5s–S2-7s†) but
compared to JAMv2b PAN is slightly reduced due to slower kNO2

and CH3COOOH enhanced due to faster kHO2
reaction rate

coefficient. With reduced photolysis and CH3C(O)O2 avail-
ability, day-time CH3O2 production shrinks. Night-time CH3O2

production is governed by ozonolysis processes. The higher
CH3O2 yield from C5H8 + O3 oxidation and fast reaction rate
coefficient generates a still partly increasing night-time trend
for URMELL while the MCM3.3.1 predicts a fast increase (also
see Sect. 4.1, 4.3) followed by a continuous decrease. This is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Pearson correlation coefficients (R) and COD values between
MCM3.3.1 and URMELL, JAMv2b and RACM for the urban summer case
with clear sky conditions. Bold numbers highlight highest R values
indicating best representation of MCM3.3.1 concentration trends and
lowest COD for closest MCM3.3.1 approximation

Scenario Compound

URMELL JAMv2b RACM

R COD R COD R COD

urb_s_1 O3 0.999 0.012 0.987 0.064 0.994 0.014
NO 0.998 0.076 0.958 0.169 0.999 0.080
NO2 0.999 0.067 0.916 0.126 0.975 0.058
OH 0.998 0.290 0.953 0.148 0.995 0.200
HO2 0.999 0.235 0.944 0.407 0.996 0.324
H2O2 1.000 0.105 0.989 0.235 0.998 0.063
NO3 0.996 0.055 0.959 0.175 0.968 0.179
HNO3 0.725 0.063 0.190 0.104 0.488 0.037
HCHO 0.999 0.024 0.956 0.150 0.987 0.193
PAN 1.000 0.065 0.999 0.085 1.000 0.122
GLY 0.965 0.082 −0.517 0.642 0.229 0.134
MGLY 0.982 0.131 0.796 0.212 0.945 0.517
C5H8 0.964 0.104 0.924 0.107 0.871 0.179
MACR 0.911 0.090 0.929 0.189 0.919 0.088
MVK 0.890 0.121 0.411 0.309 0.899 0.232
HCOOH 0.925 0.476 1.000 0.118 0.995 0.285
CH3O2 0.833 0.304 0.809 0.480 0.864 0.158
CH3C(O)O2 0.999 0.070 0.972 0.257 0.986 0.231
CH3COOOH 0.999 0.317 0.994 0.325 0.994 0.101
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producing opposing trends and results in low or even negative R
values (Table S2-1†).

For GLY (Fig. 2k), the deviation from the diurnal cycle
proposed by MCM3.3.1 is of specic interest and reveals low
correlation values. URMELL simulates a minimum at 6:00,
a maximum at 15:00, followed by a decrease until 19:00, aer
which somehow stable concentrations are reached (slightly
increasing) until 5:00. The rather low GLY + NO3 reaction
constant of URMELL hinders night-time GLY degradation
(Fig. 2k). But compared to the MCM3.3.1, night-time URMELL
GLY production from isoprene channels are much lower (Sect.
S2.3.4†). The MCM3.3.1 simulates maximum GLY concentra-
tion around 6:00. URMELL shows a stronger day-time produc-
tionmainly linked to newly implemented C5H8 chemistry (MVK,
ISOPOO pool) with a strong photolysis component. Whereas the
MCM3.3.1 simulates only minor day-time GLY production
resulting in a saddle point instead of a maximum followed by
a minimum at 19:00. Maximum concentrations of GLY coincide
with minimum C5H8 concentrations conrming a link to C5H8

daytime chemistry, which is dominated by OH chemistry. In the
cases of reduced actinic radiation (Fig. S2-5k†), GLY is nega-
tively correlated. Now, the day-time GLY production of the
MCM3.3.1 cannot outcompete the consumption, while
URMELL still predicts a small increase. These opposing trends
invoke a slightly negative R = −0.051 value. For the winter
scenarios (Fig. S2-6k and S2-7k†), ozonolysis dominates for both
scenarios, but with much higher production for the MCM3.3.1
(R = 0.9).

The increase in OH also boost day-time HNO3 formation via
NO2 reaction (Fig. 2n) resulting in a clear diurnal cycle for the
rem_1_s case. But with attenuating OH concentrations for the
other scenarios this HNO3 day-time production diminishes. For
HCOOH (Fig. 2p and S2-5p–S2-7p†), URMELL has a stronger
day-time component and shows a clear diurnal cycle for the
summer cases. Changes to HCOOH are mainly caused by the
different treatment of the stabilized Criegee intermediate
CH2OO (see Sect. 2.2.1) and changes to ozonolysis reactions
especially for the reaction of MVK + O3. Measurements from
remote high HOx and isoprene rich locations would support
stronger day-time production strength of GLY, HCOOH, and
HNO3 resulting in distinguishable diurnal cycles as simulated
with URMELL.81,82,118,121 Changes to the abundance of these
compounds alters the atmospheric oxidant budget mainly
through their strong linkages to OH, HO2, RO2 and O3. GLY and
HNO3 are additionally.

In conclusion, URMELL simulates concentration time series
of various species in remote environments for different radia-
tion and temperature regimes in the same manner as the
benchmark MCM3.3.1 (R > 0.9 for most substances, but with
partly higher COD values, Table 4). Overall, URMELL predicts
a much higher remote tropospheric oxidative capacity. When
resetting all mentioned updates (Table 3, case 5), O3, NO, NO2,
NO3, OH, HO2 concentration time series are, of course in better
accordance with JAMv2b, in most cases even closer to the
MCM3.3.1 with excellent correlation (R > 0.98) and low COD
values (Table 4). Moreover, for compounds (e.g. H2O2, NO3,
© 2024 The Author(s). Published by the Royal Society of Chemistry
HNO3) directly linked to the oxidants a close match to the
MCM3.3.1 is reached.

The MCM3.3.1 contains more than 5500 species and OH is
the dominant oxidizing agent for most non-radical species.
Therefore, the MCM3.3.1 provides numerous additional OH
sinks, not included in URMELL. Hence, further extension for
example of the monoterpene chemistry might reduce the higher
predicted concentration of OH and O3 in remote areas. Still,
measurements in rural regions of the tropical forest support
higher O3 and OH concentrations in isoprene-dominated
regimes, even though this is currently a controversy and
subject of recent scientic discussion.9,117,120 Therefore, CTMs
that do not take these updates into account might not be able to
predict concentrations comparable to ambient values in
isoprene-dominated environments, such as the Amazonian rain
forest.

4.3 Urban case

Fig. 3 illustrates the modeled concentrations of key gas-phase
compounds for the urb_s_1 scenario (no attenuated actinic
radiation) for all mechanisms. In addition, Table 5 shows all
Pearson correlation coefficients (R) and COD values calculated
between MCM3.3.1 and the other non-explicit mechanisms for
the urb_s_1 scenario. The plots and tables for the other
scenarios are provided in the ESI (Fig. S2-2 till S2-4 and Table
S2-1).†

The correlation values improved for nearly all species for the
summer cases when comparing JAMv2b and URMELL with the
MCM3.3.1 (Table 5 and S2-1†). In comparison with the
MCMv3.3.1, all reduced mechanisms are able to reproduce the
CH3COCH2OH 0.991 0.175 0.996 0.099 0.994 0.215
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modeled cycle of the most frequently measured air quality
components such as O3, NO and NO2 for clear sky conditions
(Fig. 3) as well as OH, H2O2, NO3, HCHO, PAN, HCOOH,
CH3C(O)O2, CH3COOOH and CH3COCH2OH with correlation
values above 0.9. However, RACM and JAMv2b show decits for
HNO3 and GLY leading to lower or even negative correlation
values. Even though, correlation values are high for most
species, the magnitudes of certain species differ between the
mechanisms. URMELL provides up to 50% higher peak HOy

(H2O2, OH, HO2) concentrations than all other mechanisms.
Based on performed sensitivity studies presented before (Sect.
4.1 and S2.2†), this difference is mainly linked to changes in
RC(O)O2, isoprene chemistry and photolysis processes (same
reactions as indicated for the sensitivity studies in Sect. 4.1 and
listed in Tables S1-2 and S1-3† apply, therefore similar results
occur). All reducedmechanisms tend to overestimate night time
NO3 but URMELL shows the largest similarity to the MCM3.3.1
with R being greater than 0.99 for all summer scenarios (Tables
5 and S2-1†). Importantly, the diurnal cycle of GLY and HNO3

modeled by the MCM3.3.1 is reproduced by URMELL, only. For
HCHO and MGLY, very similar concentrations are modeled
with URMELL together with high R and low COD values. The
highest deviation from the MCM3.3.1 is evident for HCOOH
which is primarily caused by the changed Criegee intermediate
treatment of the CH2OO biradical (see Sect. 2.2.1 for further
details). As the only CH3COOOH source is the reaction of
CH3C(O)O2 with HO2, the higher CH3COOOH with URMELL are
caused by the faster production and the much slower degra-
dation by OH. Higher night-time CH3O2 concentrations
modeled with the MCM3.3.1 are due to ozonolysis reactions.

This becomes evenmore evident for the winter scenarios (Fig
S2-3q and S2-4q†), when photolysis processes are insignicant
loss processes and ozonolysis reactions gain in importance.
Further investigation of the modeled CH3O2 concentration by
the MCM3.3.1 revealed additional sources (e.g. CH3CHOOA,
CH3CHOOB, CH3CHOOC) from alkene ozonolysis. But based on
Cox et al.73 the degradation channels of Criegee intermediates
have much lower CH3O2 production rates. As for the ozonolysis
of C3H6 which does not include a direct CH3O2 pathway (see
Sect. 2.2) but in the MCM3.3.1 would initiate the production of
CH3CHOOA. Furthermore, in JAMv2b most alkenes are lumped
into BIGENE, for which no reaction with O3 is implemented and
therefore, no CH3CHOOB and CH3CHOOC formation is
considered. Here, more knowledge is needed to adjust the
representation of alkenes in URMELL, including the lumping
and adequate reaction equations. However, this is out of scope
of this study, it will be the focus of further mechanism devel-
opment. Ozonolysis reactions are also a major night-time HO2

source. While during summer, HO2 would peak around noon,
in winter the night-time HO2 ozonolysis peak exceeds the day-
time peak for the MCM3.3.1 (Fig. S2-3i and S2-4i†). For
URMELL, the night-time peak is much lower compared to the
MCM3.3.1 and for the urb_w_05 scenario even lower than the
day-time peak.

The high NOx concentrations of the urban scenarios result in
HOx limit regimes, which makes the winter scenarios highly
sensitive to any kind of HOx changes. As the HOx and NOx
178 | Environ. Sci.: Atmos., 2024, 4, 164–189
cycling is linked to O3, it is impacted, too. Furthermore, the
reduction in CH3O2 and HO2 boost O3 (Fig. S2-3a and S2-4a†)
and NO3 (Fig. S2-3j and S2-4j†) night-time oxidation which
decrease their concentrations and in turn enhances NOx

(Fig. S2-3b/f, S2-4b/f†). The stronger O3 depletion especially for
the urb_w_05 scenario also causes a shi towards CH3C(O)O2

degradation channels resulting into reduced CH3C(O)O2

concentrations (Fig. S2-3r and S2-4r†). Nevertheless, compared
to JAMv2b URMELL still provides better R and COD values for
both winter scenarios (Table S2-1†).

The intensied NO3 oxidation for the urb_05_w scenario also
highlights the importance of the NO3 reaction with mono-
hydroxy phenols. This reaction produces ring-opening products
with an ON(]O)]O group (NPHENOLO2, NCRESO2) for which
various approximations are available and a sensitivity study
testing the different approaches is presented in the ESI (S2.2†).

5 CTM results

For the CTM simulation, similar results as with the well-
established mechanism RACM are desired, when comparing
with NO, NO2 and O3 measurements. To analyze the model data
of these three compounds, 62 measurement sites are selected
throughout Germany comprising a variety of different VOC and
NOx regimes. Due to data gaps or episodes of constant values
when the detection limit of the measurement device is reached,
only 57 stations are considered for the comparisons. These
include 24 remote background (BR), 14 urban background (BU),
8 traffic (T) and 11 industrial/traffic and industrial (IR/IU/TI)
sites. While for nearly all stations O3 data is available, NO2

and NO data is limited to 40 and 14 stations, respectively. An
overview of the sites is provided in Table S3-1† and a map
containing all measurement sites is given in Fig. S3-1b.†

Note, that the accuracy of the different simulated time series
depend on multiple factors, such as quality of anthropogenic
and biogenic emission elds, orographic effects, deposition
processes, meteorological parameters which inuence the
dispersion and boundary layer height, and not primarily on the
applied chemical mechanism. Another very important aspect is
the model resolution, as a grid cell typically comprises multiple
land use categories and/or structures. Especially in cities,
buildings or other obstacles inuence the transport of airborne
substances such as air pollutants resulting in accumulation and
removal areas. Also transition areas between, for example, cities
and natural vegetation holds some uncertainties with regard to
exactly predicting concentrations at a specic point. Addition-
ally, local deviation from the standard emission prole used to
calculate the emissions are hard to capture. Furthermore, the
highly temporal uctuation of measurements is oen more
pronounced compared to model predictions. Therefore,
multiple aspects have to be considered when analyzing time
series of modeled and measured data. To reduce measurement
noise and to compensate outliers (extreme events, special
events etc.) also the average diurnal concentration cycles for
May 2014 are calculated. Please also note, that the obtained
mechanistic differences presented in Sect. 4.1 cannot be directly
transferred to the CTM simulations as emissions and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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meteorological conditions change with space and time. There-
fore, the high increases in OH and ozone as seen from the
remote case studies above are not presumed.

Table S3-2† summarizes the minimum, mean, maximum
and standard deviation for all measurements and model
simulation time series of O3, NO2 and NO, as well as the asso-
ciated correlation and COD values between the measurement
and model simulations for the selected stations. Both RACM
and URMELL predict quite similar concentration time series
with correlation and COD values in the range of 0.1 of each
other for most stations. In the case of O3, correlation values are
above 0.5 for all stations. When looking at the entire time series,
RACM provides more oen slightly higher correlation (25 out of
56 for O3, 20 out of 40 for NO2, 11 out of 14 for NO) and almost
always slightly lower COD values. Note that for RRACM–
RURMELL<0.01 both time series are considered too similar to
count for either mechanism (RRACM–RURMELL<0.01 16, 9 and 2
times, respectively) and are indicated by yellow coloring in Fig
S3-1b.† However, average diurnal concentration cycles provide
more oen (21, 18, 0 and RRACM–RURMELL <0.01 25, 9 and 6
times, respectively) closer agreement to the measurements with
correlation values for O3 of 0.8 or higher (Table S3-3†) for
URMELL. In Fig. S3-1b,† the color indicates if RACM (red) or
URMELL (green) provides higher correlation values with O3

measurements. This will be further elaborated within in the
next subsection.
5.1 Remote sites

For the remote sites, only O3 is further evaluated, because of the
lack of NOx data. In the north east of the domain, a cluster
where RACM gives better O3 correlation values for remote sites
(Fig. S3-1b†) is evident. Further investigations indicate a link
between the O3 cycles and the land use type, e.g. different tree
species. Therefore, measurement sites within or close to forests
of the four most common German tree species are investigated
further: Spreewald (pine; Fig. S3.2-1 and S3.2-5†), Kellerwald
(beech; Fig. S3.2-2 and S3.2-6†), Simmerath (oak; Fig. S3.2-3 and
S3.2-7†) and Schmuecke (spruce; Fig. S3-4 and S3-8†). A brief
description of the BVOC emissions is given in the ESI S.3.2.1† (a
more detailed description of the implemented BVOC emission
Fig. 4 Time series of O3 in (a)–(c) for Witzenhausen (mixed forest);
concentrations using RACM (red line) and URMELL (yellow line).

© 2024 The Author(s). Published by the Royal Society of Chemistry
algorithm can be found in Luttkus et al.4). Especially in the east,
continuous pine induced monoterpene and the lack of pine
isoprene emissions invoke e.g. slightly lower correlation values
for URMELL. This also holds for urban stations within mono-
terpene dominated areas. Whereas in isoprene, OVOC and
synthesis monoterpene emission dominated regions (oak,
beech, spruce, mixed forest) similar or higher correlation values
occur (Fig. S3-1b†).

The time series (Fig. 4, 5 and S3.2-1–S3.2-4†) indicate an
intense O3 episode from the 19th until the 23rd of May 2014.
During this episode calm winds, high solar radiation and warm
temperatures boost BVOC emissions and facilitate local degra-
dation processes. Both RACM and URMELL underestimate this
O3 episode for all stations. Possible reasons for the under-
estimated ozone concentration are: (i) under predicted BVOC
emissions, (ii) location at higher altitude (which is the case for
all spruce forest within the lower mountain range) which
impacts several terrain related factors, e.g., stratospheric ozone
intrusion, meteorological parameters (wind speed, wind direc-
tion, atmospheric stability, planetary boundary layer height).
Especially during this episode, large deviation between RACM
and URMELL are modeled for spruce, beech and mixed forests.
Here URMELL predicts higher night-time O3 concentrations
which are in better agreement with the measurements (Fig. 4,
S3.2-2 and S3.2-4†) and result in higher correlation values (all
green dots in Fig. S3-1b†). The O3 increase for spruce is so high
(Fig. S3.2-4†), that a complete offset between measured and
modeled O3 concentration is observed, which needs to be
further investigated.
5.2 Urban sites

For the urban stations (squares and triangles), 13 (7) out of 32
stations show better correlations for the mean diurnal O3 cycle
with URMELL and 16 (11) with similar values (entire time
series). All three stations with worse correlations are within the
north east of Germany again. In general, URMELL produces
a slower O3 decay aer approximately 18 UTC until midnight
resulting in higher O3 concentrations during the rst half of the
night (exemplary see Fig. 5). However, minimum O3 concen-
tration between 4 and 6 UTC is oen lower in the model due to
measurements in grey for (a), black line for (c) as well as modeled
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Fig. 5 Time series of O3 in (a)–(c); of NO2 in (d)–(f); of NO in (g)–(i) for Halle/Nordmeasurements in grey for (a), (d) and (g) black line otherwise as
well as modeled concentrations using RACM (red line) and URMELL (yellow line).
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faster and/or prolonged decay due to enhanced NO concentra-
tions. Maximum concentrations are similar. The diurnal NO2

cycle shows two peaks one around 5 UTC and a second one
around 20 UTC. For the rst peak, similar or slightly increased
concentration are reached for URMELL, while for the second
NO2 peak URMELL generally produces lower concentrations.
These changes can be mainly attributed to RC(O)O2 changes.
For most sites, this change in NO2 peak concentrations better
reproduce the measured data. But in cases where measure-
ments have a higher second peak, RACM has higher correlation
values (see Table S3-2†). For NO, there is no clear differentiation
between RACM and URMELL possible. All stations show a clear
peak around 6 UTC, but depending on the sites, sometimes
RACM and sometimes URMELL shows higher/lower concen-
trations and may produce a second smaller NO peak in the
aernoon. Additionally, due to the limited amount of data, no
denite trend can be derived.
5.3 Spatial (O3) concentration distribution on May 20th

To further elaborate the deviation during the O3 episode, O3

map plots for 3 UTC, 13 UTC and 19 UTC of the 20th of May are
180 | Environ. Sci.: Atmos., 2024, 4, 164–189
presented. This allows insights into the spatial distribution of
the identied simulated O3 deviation. Due to the interwoven
links between HOx, NOx, O3, isoprene and monoterpenes, an
assessment of purely individual impacts is not feasible.

At 3 UTC, highest O3 concentrations are reached for beech-
and spruce-dominated areas independent of the chemical
mechanism. However, URMELL simulates higher O3 concen-
trations (Fig. 6) for most of the domain compared to RACM. In
lower NOx environments (Fig. S4-1†), highest OH and mono-
terpene concentrations are reached with URMELL for pine
(Fig. S4-2 and S4-3†).

At 13 UTC, URMELL mainly predicts lower OH concentra-
tion, but in pine dominated areas a certain fraction of higher
OH concentration occurs. Monoterpene concentrations are
highest for beech followed by pine with URMELL. Here, pine
emit high quantities of APIN while beech emit BPIN with indi-
vidual degradation pathways, whereas in RACM both are treated
as API. Furthermore, the strong OVOC emissions of beech
support the changes to the OVOC emission split including the
treatment of various individual species and their chemistry. The
new OVOC as well as monoterpene treatment is essentially
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Ozone concentration for the 20th of May 2014 at 3 UTC (a–c)), 13 UTC (d–f) and 19 UTC (g–i) for RACM (a, d and g), URMELL (b, e and h)
and the difference between RACM and URMEL (c, f and i).
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involved in OH and O3 concentration degradation processes.
Isoprene emission is rather low for most parts, but gain in
importance for oaks (Fig. S3.2-3 and S3.2-7†). Unfortunately,
oaks oen coincide with high NOx andmonoterpene emissions,
which limits the localization of isoprene dominated regimes
where changes described in Sect. 4.1 could be identied. One
area of isoprene-dominated chemistry could be clearly identi-
ed (red circled area in Fig. 3a). Here, the differential plot of
isoprene (Fig. S4-4f†) indicates lower concentrations with
URMELL while at the same time OH (Fig. S4-2f†) and O3 (Fig. 6f)
values are higher. The enhanced oxidant concentrations also
boost monoterpene degradation resulting in lower concentra-
tion values with URMELL (Fig. S4-3f†). For higher NOx

concentrations, higher NO and NO2 (Fig. S4-1f†) values result in
lower O3 concentration and vice versa, independent of the
higher isoprene concentrations simulated with URMELL (see
blue areas in the Netherlands and north of Berlin of Fig. S4-4f†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
At 19 UTC, pine forests become discernible in the O3 plot
(Fig. 6), but again with higher values for URMELL due to
a slower O3 decay. Monoterpene concentrations remain higher
for beech, while much lower concentrations are reached for
pine in combination with lower OH values than for beech-
dominated areas. For further investigation of the
monoterpene-related impacts, more knowledge about the
individual monoterpenes is required.
6 Summary and outlook

In this study, we presented the new chemical mechanism
URMELL, which was developed for better representation of the
atmospheric chemistry of anthropogenic as well as biogenic
VOCs in atmospheric models aiming at advanced air quality
assessments and direct and explicit SOA modelling. The focus
of the URMELL development was on isoprene and aromatics, as
Environ. Sci.: Atmos., 2024, 4, 164–189 | 181
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they are strongly linked to the budget of key pollutants and
oxidants, such as O3, NOx and HOx.

Originating from JAMv2b e.g., photolysis rates, certain reac-
tion rate constants, the ozonolysis of ethene and propene, the
treatment of RC(O)O2, aromatics, sesquiterpenes and isoprene
were updated and extended. The impact of these changes was
analyzed for specic gas-phase compounds under various
meteorological conditions in urban and remote environments
using the box model SPACCIM. In the analyses, compound
concentrations predicted by the reduced gas-phase mecha-
nisms JAMv2b, RACM or the near explicit mechanism
MCM3.3.1 were compared with URMELL. For all urban
scenarios, URMELL produces high correlation values above (or
close to) 0.8 for most compounds compared to the MCM3.3.1.
For the remote scenarios, URMELL simulates much higher
oxidant concentrations than all other mechanisms. Based on
performed sensitivity studies, approximately half of the
increase can be addressed to non-isoprene (mainly photolysis
and RC(O)O2) and the other half to isoprene-related mechanism
changes. These adjustments in URMELL may help to overcome
the recent shortage in the modeled HOx budget compared to
measurements. Furthermore, the model performance is also
improved for not so commonly studied compounds, such as
glyoxal or methylglyoxal, due to better depiction of their diurnal
cycles. From these box model analyses, it was possible to
identify several aspects that require further investigation and
more knowledge. The most relevant non-isoprene related
aspects are: (i) formic acid gas-phase formation pathways,
(ii) stable Criegee intermediate chemistry, (iii) verication of
the degradation of aromatic ring-opening radicals with an
ON(]O)]O group, (iv) alkene ozonolysis and (v) monoterpene
treatment.

Even though a lot of research has been done on isoprene
during the last decade, there are still uncertainties. For
example, no explicit recommendation exists for ISOPOO pool
composition. So far there is a multitude of varying yields for the
complex C5H8 + OH chemistry applied in reduced chemical
mechanisms. But, these ratios are crucial as they control the
production of the most important reaction products MACR,
MVK and HPALDs. Furthermore, the ISOPOO pool also deter-
mines the HOx recycling ability through H-shi reactions and,
as the implementation of these H-shi reactions signicantly
increases the HOx concentration, but the rate constants need to
be further determined.

URMELL has further been successfully applied in the
chemical transport model COSMO-MUSCAT with good results
in both urban and rural environments. Time series compari-
sons for O3 and NO2 conrm a good agreement between RACM
and URMELL with correlation and COD values in close
approximation (0.1 of each other). While RACM predicts slightly
better correlation values for pine, URMELL better predicts O3

concentration during intense O3 episodes for OVOC, light-
dependent monoterpene and isoprene emission dominated
regions. A slower O3 decay and a lower NO2 peak are identied
post meridiem for remote low NOx environments. This
improves the model performance for most remote non-pine
stations compared to RACM. A complete offset between
182 | Environ. Sci.: Atmos., 2024, 4, 164–189
measured and modeled O3 concentration is observed in spruce-
dominated areas, which certainly requires further investigation.
No improvement has been achieved for low isoprene emitting
environments, such as pine forests. This also transfers to urban
environments in isoprene-limited regions. The updates to
anthropogenic chemistry improved the correlation values of the
mean daily concentration cycles for urban and traffic sites not
just for O3 but also for NO2. Therefore, URMELL is capable of
predicting gas-phase concentrations of the air pollutants in
urban and remote environments for different temperature and
radiation regimes. As URMELL is designed to also enable direct
and explicit SOA formation, it can be considered a suitable tool
for simulating regional air quality in a changing atmosphere,
because of the more sophisticated description of NMVOC
oxidation compared to RACM.

Especially during stable, warm and sunny conditions,
URMELL simulates higher O3 night-time concentrations than
RACM, which reduces the offset between measured and
modeled values. However, O3 maximum concentrations are still
not reached mainly in monoterpene-dominated regimes, which
could be related to the incomplete monoterpene oxidation
schemes. The analyses allow to suggest a tree species dependent
O3 cycle, but to verify this hypothesis additional research is
needed. This includes the continuing development of more
detailed chemical mechanisms capable of treating a variety of
BVOCs including diverse monoterpenes, which are dominating
the BVOC composition in coniferous forests.

Overall, it has to be noted that URMELL provides similar NOx

and O3 concentration time series for all urban box model
simulations compared to the MCM3.3.1 and RACM. However,
the better agreement of frequently produced organic reaction
products such as HCHO, GLY and MGLY of URMELL with the
MCM3.3.1 indicates improved chemical degradation schemes.
The improved isoprene HOx recycling in remote environments
raise OH concentrations to the range of measured values (∼106

molecules per cm3). Furthermore, in CTM simulations URMELL
produces similar O3 and NOx concentrations to RACM with
slightly higher correlation values for urban and non-
monoterpene-dominated areas. In addition, the integration of
highly oxidized reaction products produces a much higher
variety of species in URMELL and suggest a direct and explicit
SOA formation potential. This will be addressed further in
a follow-up study. Next to the anthropogenic and isoprene
adjustments we want to emphasis the changes to RC(O)O2,
especially the reaction rate constant kNO2

.
A better understanding of the impact of specic character-

istics of individual tree species on atmospheric chemistry is key
for a livable future as many trees have been and are being
planted in both urban and rural areas as part of re- and affor-
estation programs for climate adaptation and mitigation
measures. As a warming climate is likely to increase BVOC
emissions, their importance on atmospheric chemistry
advances. Therefore, there is an urgent need to expand the
knowledge on BVOC chemical degradation such as: (i) the
identication of signicant deviations between the reaction
pathways of individual BVOCs within OVOCs and monoterpene
clusters, (ii) the differentiation of the BVOC diversity in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemistry mechanisms and (iii) the formation of stable accre-
tion products (ROOR) from the reaction between two peroxy
radicals for varying BVOCs, as they are important SOA sources.

Despite mechanism development, there is also an essential
demand for comprehensive and time-resolved measurements,
particularly of VOCs and OVOCs, over long-time periods and
vast spatial coverage to further evaluate model results. This is
especially true for yet not so frequently measured substances
such as formaldehyde, glyoxal, methylglyoxal and formic acid.
Measurements of their main BVOC precursors, isoprene and
the most common monoterpenes, would additionally help to
constrain BVOC emission parameterizations in models and
possibly help to identify stress induced BVOC emissions, such
as under heat and drought conditions which alters the BVOC
emission strength and composition. As heat and drought are
predicted to increase in frequency and intensity with pro-
gressing climate warming in many regions such as Central
Europe, possible feedback mechanisms can only be evaluated
with a comprehensive chemical mechanism still applicable in
chemical transport and climate models.
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S. Häkkinen, M. Ehn, H. Junninen, K. Lehtipalo,
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