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Investigating the role of anthropogenic terpenoids
in urban secondary pollution under summer
conditions by a box modeling approach+
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Terpenoids, including isoprene and monoterpenes, are highly reactive volatile organic compounds
(VOCs) that play an essential role in atmospheric chemistry, contributing to the formation of ozone
and secondary organic aerosols (SOAs). While known for decades for their biogenic origin, their
anthropogenic origin is now well established in urban areas worldwide. Nevertheless, there is still
a lack of clarity regarding the relative significance of these emissions and their impact on secondary
pollution at the urban scale where biogenic and anthropogenic emissions coexist. The objective of
this study is to evaluate the role of anthropogenic terpenoids in secondary pollution over the
megacity of Paris, a typical northern mid-latitude urban area, using a box model. The model employs
the Master Chemical Mechanism (MCM v3.3.1) to describe the gaseous reactivity. A physico-chemical
scenario was developed to reproduce a typical summertime environment built upon in situ
observations collected during the EU-MEGAPOLI campaign in Paris. Emission ratios of anthropogenic
VOCs over carbon monoxide were used to parametrize the primary emissions of more than 60
species (including anthropogenic terpenoids). The comparison between in situ observations and
modelled trace gas concentrations demonstrated the model's capacity to reproduce the levels and
their temporal variability. Two sensitivity tests were conducted to quantify the impact of terpenoid
emissions on ozone formation and their potential to form SOA mass concentration according to two
simulations modulating anthropogenic and biogenic emissions of terpenoids based on the
uncertainties associated with their estimation. Ozone concentration slightly increases by 1 (£0.5)%
when increasing anthropogenic terpenoid emissions and by 3 (+£2)% when increasing biogenic
terpenoid emissions; the increase of Oz with increasing VOCs is consistent with the high-NO,
chemical regime. Looking at the potential terpenoid derived SOA production, isoprene and
limonene dominate. The estimated total mass concentration of SOAs produced over a 24 h period is
0.53 ug m~3, with a maximum hourly produced mass concentration of 0.045 ug m~> observed in the
morning. This modelling study suggests that the production of SOAs through the oxidation of
terpenoids emitted from anthropogenic sources is competitive with that derived from their biogenic
sources and remains significant at night.
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Terpenoids are crucial in atmospheric chemistry, given their high reactivity and involvement in the production of secondary pollutants. Recent studies have
demonstrated their anthropogenic origin but have given little consideration to their contribution to secondary pollution in urban environments where
anthropogenic and biogenic emissions coexist. Using a modelling approach, we aim to evaluate the role of anthropogenic terpenoids in secondary pollution at

the urban scale. We simulate an urban scenario representative of a northern mid-latitude megalopolis: Paris. We used emission ratios of anthropogenic VOCs

over CO to parametrize the primary emissions of 60 species, including anthropogenic terpenoids. This study suggests that the SOA production through the
oxidation of terpenoids from anthropogenic sources is competitive with that derived from biogenic sources.

1. Introduction

Among Volatile Organic Compounds (VOCs), terpenoids,
including isoprene and monoterpenes with the (CsHy),, formula,
have at least one double bond, making them extremely reactive.
Thus, they play a key role in atmospheric chemistry by being
involved in the ozone cycle and in the formation of a range of
organic compounds contributing to the complex composition of
secondary organic aerosols (SOAs)."? SOAs and O; are key
compounds in the evaluation of air quality* and belong to short-
lived climate forcers. Given the important role of terpenoids in
secondary air pollution, several studies have focused on their
quantification and their source identification. Terpenoids have
been known for a long time to be emitted from biogenic sources;
their biogenic emissions are estimated to be 347.7 Tg year * for
isoprene and 184.4 Tg year ' for monoterpenes on a global scale.”

However, few studies have also focused on the anthropo-
genic origin of terpenoids from multiple sources. Since the
work of Rouviere et al.® in the Alpine valleys, several studies have
shown that wood heating is one of the anthropogenic sources of
terpenoids.” Recently, studies in North American cities have
highlighted terpenoid emissions from Volatile Chemical
Product (VCP) use; they demonstrated that 50% of mono-
terpenes result from VCP volatilization.*° Since terpenoids are
associated with the use of solvents, several industrial activities
have been identified as emitters of these compounds. For
example, they account for 8.2 tons per year of monoterpenes in
the Dunkirk urban area, North of France.' It is in the same
order of magnitude as the non-industrial anthropogenic emis-
sions of monoterpenes determined in Paris by Borbon et al.,**
which were estimated to be 11.8 tons per year. Moreover,
Dominutti et al.*® demonstrated that traffic could be a source of
terpenoid emissions, where up to 40% of monoterpenes were
attributed to road transport in cities around the world,
extending the seminal work by Borbon et al.'* on isoprene.
Nevertheless, there is still uncertainty on the relative impor-
tance of these emissions and their effect on secondary pollu-
tion. Global modeling studies have estimated that SOA
production from isoprene oxidation ranges from 6 to 20 Tg
year %77 and that from monoterpene oxidation accounts for
13 to 40 Tg year™ '.*®!* While the role of anthropogenic VOCs as
precursors in SOA formation has been extensively studied, the
impact of anthropogenic terpenoids on air pollution remains an
area of active investigation in cities worldwide.

The objective of this study is to evaluate the impact of
anthropogenic terpenoids on secondary pollution at the urban
scale under summer conditions. To do so, we optimized an

© 2025 The Author(s). Published by the Royal Society of Chemistry

explicit gas phase box model to assess how terpenoids from
biogenic and anthropogenic origins participate in the
secondary production of oxidants such as ozone and to the VOC
multiphasic chemistry over a northern mid-latitude urban area.
This model considers the gas-phase Master Chemical Mecha-
nism (MCM v3.3.1) and has been developed to enhance its
capability to capture both local-scale dynamics and biogenic
and anthropogenic sources to simulate the atmospheric
processes governing terpenoid concentrations and their effect
on atmospheric chemistry. To simulate realistic concentrations,
we constrained and evaluated the model with in situ observa-
tions that were collected over the Paris metropolitan area
during the EU-MEGAPOLI field campaign (megacities: emis-
sions, urban, regional, and global atmospheric pollution and
climate effects, and integrated tools for assessment and miti-
gation) conducted in July 2009.2°

We first present the developments performed on the model
to reproduce the chemical environment over the Paris area. Diel
emissions of NO,, SO,, and CO follow the emission database of
the “association for Air Quality Monitoring Network in the Paris
region” (AIRPARIF), and emission ratios of anthropogenic VOCs
over carbon monoxide were used to parametrize their primary
emissions. Biogenic emissions were also considered in the
model based on recent modeling work over the Paris region
during the STREET project (impact of STress on uRban trEEs on
ciTy air quality). The temporal variation of the boundary layer
height is also considered to modulate the intensity of
emissions/depositions and the concentration of chemical
compounds through dilution/entrainment. Dilution and
advection by the wind have also been implemented in the
model to represent sources/sinks induced by atmospheric
transport. These developments were evaluated by comparing
the concentrations of the reference simulation to the observa-
tions from the MEGAPOLI campaign. Then, the second part of
this work is devoted to sensitivity studies to quantify the effect
of terpenoid emissions on atmospheric chemistry (i.e., the
secondary production of ozone and SOAs). In this framework,
we also performed sensitivity analysis by modulating the rela-
tive proportion of their anthropogenic and biogenic emissions
based on the uncertainties associated with their quantification.

2. Methodology

2.1 In situ measurements during the summer MEGAPOLI
campaign

The EU-MEGAPOLI project included two one-month field
campaigns in Paris and its surrounding areas. The first one took
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place in July 2009, while the second began on January 15, 2010,
and finished in February 15, 2010. This project aimed to provide
a comprehensive, coherent, and more quantitative description of
the impact of megacities on air quality, tropospheric chemistry,
and climate. To this purpose, the objective was to document and
analyze primary and secondary gases and particulates in the
Paris area, including their concentrations, their spatial and
temporal variations, their emission sources, and origins (local or
long-range advected).>*** In this study, the summertime field
campaign was privileged to leverage the increased photochem-
ical activity that occurs due to high temperatures and long
daylight hours. It relies on the measurements performed at the
urban background site of the Laboratoire d’Hygiene de la Ville de
Paris (LHVP) (i.e., meteorological parameters, VOCs, oxygenated
VOCs, peroxy acyl nitrates, CO, NO, NO,, and Oj3). The site is
representative of Paris background pollution for its location on
the southern outskirts of Paris in a large public garden 150 m
away from a major street.>*** Measurements performed at the
Site Instrumental de Recherche par Télédétection Atmos-
phérique (SIRTA) (i.e., OH and O;) are also used to support the
analysis featured in this paper. The SIRTA site is qualified as
suburban for its location 14 km southwest of Paris, surrounded
by wooded areas, fields, houses, and industries.”>*® During this
campaign, a wide variety of measurement instruments were used
and are listed in Table S1.f All measurements were subject to
strict QA/QC protocols (e.g., calibration against certified stan-
dards and regular cross-validation with reference methods); the
uncertainties were evaluated at +5-20%. All the above-
mentioned observations will be used in the model assessment
for its capacity to simulate the urban environment.

2.2 Box model description and developments

The 0D box model CLEPS (Cloud Explicit Physico-Chemical
Scheme) has been used in this study to numerically describe
the chemical and physical atmospheric processes as a function
of time.””** In the following sections, the main developments of
the model to reproduce an adequate urban environment are
presented. This model is based on the Dynamically Simple
Model for Atmospheric Chemical Complexity (DSMACC),*
using the Kinetic Pre-Processor (KPP).** This box model was
developed to cover the full range of chemical reactions in both
the gaseous phase and aqueous phase.”” The box model CLEPS
previously considered a reduced version of the gaseous MCM
(Master Chemical Mechanism) v3.3.1 (i.e., 2049 reactions
including 678 species) adapted to reproduce remote environ-
ments influenced by biogenic emissions.** In this work, the
entire MCM was implemented in the model (i.e., 16 707 reac-
tions and 5837 species). The actinic flux and the subsequent
photolysis rates are calculated using the radiative transfer
model TUV version 4.5, while only the gaseous phase chemistry
is activated in the model. In this section, we will present the
physical and chemical scenario that we worked on, and then the
development of the model adapted to the urban area in Paris.
The model allows performing a chemical budget to quantify the
sources and sinks of a chemical compound over the duration of
the simulation.
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2.2.1 Physical and chemical scenario. A physical and
chemical scenario has been constructed in part using data from
the MEGAPOLI campaign. A 7-day long simulation was carried
out to reach a daily photo-stationary state. Regarding the
photolytic conditions, the simulation is performed during the
summer of 2009 considering the latitude and longitude of Paris
(48.9°, 2.33°) and the 9th of July at 00:00 UTC as the start date.
Temperature, wind speed, and relative humidity were defined
based on the mean diel profiles extracted from the summer
MEGAPOLI campaign conducted in July 2009 (Fig. 1®). The
temperature evolves from 25 °C during the day to 17 °C at night,
and the relative humidity reaches a maximum value at night
(73%) and a minimal value during the day (43%). The diel
variability of the boundary layer height (BLH) quantified during
the MEGAPOLI campaign is also considered in the model
(Fig. 1®), with a minimal value of around 500 m at night,
a significant increase during the day reaching 1750 m, followed
by a strong drop in the late afternoon. These ranges of meteo-
rological parameters are representative of urban environments
during the summer in Europe and North America.’** All the
different temporal profiles are presented in Fig. S1(a) and (b).T
The concentrations simulated on the last day of the simulation
are then compared to MEGAPOLI measurements to evaluate the
model performance.

2.2.2 Emission & deposition processes. The consideration
of an anthropogenic-influenced chemical environment in the
CLEPS model required a detailed description of the anthropo-
genic and biogenic emissions of inorganic and organic gaseous
precursors emitted by the urban area. For anthropogenic
emissions, three diel emission profiles were defined for CO,
NO,, and SO, (Fig. 1@ and S3t) based on the AIRPARIF
inventory.* July 2010 emissions (tons per month) were used to
calculate the mean quantity of compounds emitted during
a summer day. Then, daily emissions are distributed over the
day to create a diel profile. A detailed description of the profile
design is provided in the ESI (Section 2.a.ii.). The diel profiles of
emission are almost similar for NO, and CO emissions, while
they are different for SO, based on the AIRPARIF emission
database. NO, emissions are distributed between NO and NO,
according to a 93/7 molecular ratio.*® The representation of
speciated VOC emissions and their temporal variability in
models is complex, given the diversity of VOC emission sources
and the diversity of VOC species. It usually relies on the emis-
sion inventory in which VOCs are partitioned into source cate-
gories and their aggregation into model species compatible
with the photochemical mechanism used by the model.*
Moreover, the current VOC speciation is outdated or poorly
representative of regional practices. The way the emissions are
represented has a strong impact on simulated concentrations.
Many studies using in situ observations showed significant
inventory-measurement discrepancies from local to global
scales.****3¢ These studies compared the atmospheric measured
enhancement emission ratios of individual VOCs relative to CO
(ER) to parallel ratios in the inventory. CO is considered
a conservative tracer of anthropogenic emissions. To counter-
balance VOC emission uncertainties and to include the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Description of the scenario implemented in the box model to reproduce the urban environment: emissions, deposition, boundary layer
height, advection/dilution, and meteorological parameters (T, P, RH, and wind speed).

anthropogenic emissions of terpenoids, we propose here
a compromise by multiplying the hourly CO emissions from the
AIRPARIF inventory by the measured VOC-to-CO emission
ratios to derive speciated VOC emissions for the modelling
study (Fig. 1®).">**3*53® The emissions of VOCs therefore follow
the same diel emission profile as CO, assuming that the emis-
sion ratio is constant over the course of the day. Among the 67
species measured during the MEGAPOLI campaign, the emis-
sion ratios of 27 VOCs relative to CO were previously estimated
in Paris using the linear regression fit method described in
Borbon et al.** This method considers the effect of chemistry for
both primary and secondary VOCs. Twenty-two more species
were considered here using the emission ratios determined by
de Gouw et al.*”*® in Los Angeles. Indeed, the ERs determined in
Los Angeles and Paris are comparable in terms of orders of
magnitude.*® These compounds including alkanes, alkenes,
aromatics, and some OVOCs are presented in Table S2f with
their emission ratios. A similar methodology detailed in the
ESIT (Section 2.a.i.) was applied in this study to calculate the
emission ratios of 11 additional gases, including four terpe-
noids (Table S37), using measured concentrations during
MEGAPOLI. For B-pinene and limonene, emission ratios were
calculated using Los Angeles measurements since these two
compounds were not measured during the MEGAPOLI
campaign. Paris and Los Angeles are two megacities of the
northern mid-latitudes; as for other hydrocarbons, the simi-
larity of terpenoid ER can be assumed. Borbon et al'? also
compared the ER of isoprene, a-pinene and limonene relative to
CO between contrasting cities worldwide: the ones in Los

© 2025 The Author(s). Published by the Royal Society of Chemistry

Angeles fall within the average value of emissions ratios. As
discussed by Borbon et al.,** the nighttime chemistry of terpe-
noids with the nitrate radical and the biogenic emissions of
monoterpenes at night cannot be excluded and could affect the
value of the quantification of the ER in an opposite way. This
will be taken into account in the discussion.

For biogenic emissions, VOCs from biogenic origin were also
described in the model. Biogenic emissions in urban environ-
ments are usually poorly or incompletely entered in inventories
despite their presence in urban atmospheres and their potential
reactivity.” A recent modeling study focused on the description of
biogenic emissions in Paris in the framework of the STREET
(impact of STress on uRban trEEs on ciTy air quality) project.*
This work described the development of an emission inventory to
model biogenic emissions in Paris during the months of June and
July 2022 using the tree database called “ARBRE” from Paris city,
allometric relations to determine tree characteristics and mete-
orological parameters estimated using the WRF model. Biogenic
emissions were computed for each tree based on their leaf dry
biomass, tree-species dependent emission factors and activity
factors representing the effects of light and temperature. Here,
gaseous emissions of 8 chemical compounds were estimated
using the mean hourly emissions from the study of Maison et al.*
Three emission profiles were implemented in the model based on
the mean diel profile of the eight compounds: the first one for
isoprene and CO, the second one for a-pinene, limonene, and
methanol, and the third one for B-pinene, acetone, and NO
(Fig. 1®). All details and profiles are available in the ESI (Section
2.b.T).

Environ. Sci.. Atmos., 2025, 5, 574-590 | 577
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All deposition rates were adapted from Michoud et al.*® and
are reported in Table S6.f As explained above, a variable
temporal BLH profile was also implemented in the model
(Fig. 1® and S1(d)7). Thus, deposition and emission rates are
a function of the BLH variation according to the equations

below:
dc F emission
bl = 1
( de )emission BLH ( )
dC eposition C
(3) = };LHX 2)
deposition

where C is the concentration of the species concerned in molec
cm ™, BLH is the boundary layer height in cm, Fepission iS the
emission flux in molec cm™? ™" and Vgeposition is the deposition
velocity in cm s

2.2.3 Dynamical frame. The CLEPS model evolves to
include a simplified representation of atmospheric dilution and
advection induced by the horizontal wind. The dilution/
advection terms account for the loss/gain in concentrations of
chemical compounds caused by the transport. Dilution/
advection effects were introduced through an additional sink/
source in the differential equations calculated using the
model following eqn (3):

() - s,
dt Ax
where WS stands for the wind speed (cm s~ ') represented by
a temporal profile (Fig. S1(c)t); Ax is the box model length
which represents the diameter of Paris Intramuros (1.5 10° cm);
C stands for the calculated concentration of the concerned
compound (molec cm™>); Cy is the concentration of the con-
cerned species outside the area of the simulation (here it is
outside of Paris Intramuros) and ¢ is time (s). This function can
be used in the model to account for the dilution of all species
(Fig. 1®).

In this study, all compounds are subject to dilution, and only
ozone is advected. No dominant wind direction was observed
during the campaign. The ozone concentration outside Paris
Intramuros was defined as a mean diel profile based on
measurement from the peri-urban SIRTA site (Fig. 1®). The
profile was determined from data obtained during the MEGA-
POLI summer campaign (Fig. S1(e)f).

Vertical dilution and entrainment were also implemented in
the model. This defines the dilution of all compounds and the
exchange between the residual layer and the boundary layer

(Cext - C) (3)

ABLH
when the BLH is increasing (Fig. 1®) ( > O>. The
following equation describes these processes:
dc 1 ABLH
(E) - m X At X (Cresiduzll - C) (4)

where C is the concentration (molec cm ), Cresiqual iS the
ABLH

At
the BLH variation (m s™'). In this study, all compounds are

concentration in the residual layer (molec cm ™) and is
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diluted vertically (Cresiaual = 0); only ozone entrainment is
considered (Cresiqual = 40 ppb).*®

3. Results and discussion

3.1 Evaluation of the reference simulation towards in situ
observations

Fig. 2 shows the temporal variability of the modeled concen-
trations (continuous curve) obtained on the last simulation day
(i.e., at a daily stationary state) that was compared to the diel
variability of measurements over one month (July 2009). This
comparison is conducted for all compounds measured in this
study, except for those having more than 75% of the measured
values below the detection limit (see Section 3 in the ESI{).

In practice, we confronted the hourly modeled concentra-
tions for the last day with the 5th, 25th, 50th, 75th, and 95th
percentiles of concentration measured during the MEGAPOLI
campaign. This comparison is reported in the {SI (Compar-
ison_Obs_Model.xls file).t

3.2 The O3/NO, chemical sub-system

Generally, the model appears to perform properly with regard to
the temporal trend of NO concentrations emitted throughout
the day (Fig. 2). As expected, at night, NO levels are low (below 1
ppb), since the traffic sources are reduced. However, the model
overestimates the morning concentrations by a factor of 2.5
with a maximum value of 16.5 ppb at 8 AM (vs. observation at
6.3 ppb - median value). Fig. 2 also shows the considerable
variability of NO, observations, suggesting that at different
times, the NO, levels fluctuate significantly, which is common
in urban areas due to varying traffic patterns and industrial
activities.** Nevertheless, the observed NO, data show consid-
erable variability and sharper peaks than the modeled NO,
concentration during the morning hours, but the simulated
concentration is within the right order of magnitude. NO,
simulated concentration is in line with observations demon-
strating that the conversion of NO into NO, may not be efficient
enough in our simulation. This latter reaction represents the
essential source of NO, and sink for NO according to the
chemical budget, while the key source of NO is the photolysis
reaction of NO,, and the sink of NO, is the reaction triggered by
photolysis.

The O; diel pattern is well represented by the model. The
analysis of the chemical budget of ozone shows that the O; sink
is controlled by its reaction with NO (titration) to give NO, and
by its photolysis. These two sinks are almost completely coun-
terbalanced by the reaction of monoatomic O with O, leading to
0O;. The additional source represented by the advection process
together with the dilution allows the reproduction of a realistic
O; concentration. In the simulation, the contribution of hori-
zontal advection of O; by the wind is dominant in comparison
to the advection of O; by entrainment. With low levels of VOCs,
the generated peroxyl radical (RO,) through VOC oxidation is
probably not enough to contribute to the ozone production
explaining the need of implementing ozone advection in the
model (Fig. S47).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Comparison of a selection of simulated concentration (continuous line) vs. observations (box plots) during the MEGAPOLI field campaign.
Measurements performed during the month of July 2009 are presented as hourly boxplots showing the average (markers “+"), the median, and
the inter-quartile range in addition to the range of in situ data from the minimum to the maximum values highlighting outliers that could
represent “unusual” events (* on figure legend: measured by PTR-MS).

Regarding OH, the simulated data are realistic in compar-
ison with the observations, even if some discrepancies can be
highlighted, particularly when photolysis conditions are at their

© 2025 The Author(s). Published by the Royal Society of Chemistry

maximum (Fig. 2) with a significant production of OH through
O; photolysis (20% of produced OH). The simulated OH
concentrations are slightly higher (+25% for the maximal
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values) during these hours with respect to the measurements,
with a slight time shift to the right (approx. 1 h), which is
explained by the temporal profile of O;.

3.3 VOC chemical sub-system

3.3.1 Anthropogenic compounds. Anthropogenic aromatic
diel profiles (Fig. 2) are characterized by elevated concentrations
during traffic rush hours in the morning and a lower increase in
the evening.?” Their atmospheric concentrations are controlled
by their primary emissions, modulated by their ER and the
boundary layer height time evolution and by dilution. The
strong decrease of their concentrations in the afternoon in the
simulation results from the increase of the BLH combined with
potential oxidation processes; the peak at the end of the after-
noon is less important because the BLH remains highly elevated
until 6:00 PM. The impact of the photochemical reactions is
expected to be low even at a relatively high OH concentration of
5 x 10° molec cm ™ in the middle of the day. The low impact of
photochemical reactions during the day was already demon-
strated by Borbon et al.** The model underestimates the late
afternoon concentrations probably due to potential missing
emissions such as non-combustion related emissions (solvent
use and gasoline evaporation). Salameh et al** showed the
seasonal temperature dependence of aromatics-to-benzene
monthly emission ratios in Paris and their multiyear increase
until 2012 due to gasoline evaporation from two-wheelers. The
calculated emission ratios in this study may not reflect those
additional emissions.

Alkanes up to C12 (dodecane) follow the same temporal
pattern as butane (Fig. 2). Similar to aromatics, the modelled
concentrations of alkanes are mainly driven by the emission
and dilution processes, with a slight underestimation between 5
PM and 5 AM, most probably due to low emissions in the model.
For alkenes, the model simulates concentrations comparable to
observations.

However, the most significant biases in aromatic, alkene,
and alkane concentrations are observed for compounds pre-
senting ERs calculated from Los Angeles,*”** namely 2-methyl
propene, 3-methyl-hexane, and o-ethyltoluene, demonstrating
the possible specificity of Paris emissions and the need to
reconsider these ratios for these species.

3.3.2 Terpenoids. Isoprene and monoterpenes result from
both biogenic and anthropogenic sources in urban areas** and
are more reactive than anthropogenic VOCs.

Modelled isoprene showed morning and evening peaks with
a decrease between 9 AM and 2 PM. A delay in the morning peak
exists between isoprene and the anthropogenic compounds.
Indeed, the isoprene concentration is mainly governed by the
biogenic emissions that are 4.5 times more important than
anthropogenic emissions during daytime. The isoprene
morning peak is the result of biogenic emission controlled by
the BLH with higher concentrations in the model (maximum
concentration of 0.54 ppb for modelled concentration vs.
0.25 ppb for the observed value). This urban cycle of isoprene is
governed by traffic-related emissions, temperature, and light
dependent biogenic emissions during the day, which

580 | Environ. Sci.: Atmos., 2025, 5, 574-590

View Article Online

Paper

counterbalance its consumption by the OH radical.** In our
simulation, this trend is not properly reproduced due to
underestimation of biogenic emissions and the additional
effect of local biogenic emissions from the trees of the nearby
public garden affecting the observed concentrations.

In comparison with the study conducted by Guo et al.,* the
diel variability of a-pinene concentrations does not show
a typical biogenic diel cycle (Fig. 2) as already shown in other
urban areas such as Beirut;** it appears to be similar to the
urban anthropogenic diel cycle demonstrating the significant
anthropogenic sources contributing to o-pinene concentrations
in Paris.* Indeed, the anthropogenic emission intensity is
greater than the biogenic emissions by a factor of 1.3 on
average. The model seems to capture the overall evolution of the
observations but fails to reproduce the mean concentration
with a significant underestimation, probably due to the
modelled emissions.

3.3.3 Oxygenated compounds. Oxygenated VOCs (OVOCs)
have multiple primary and secondary sources in urban areas:**
anthropogenic emissions combined with biogenic emissions
for some species (i.e., methanol and acetone) and secondary
production from gaseous precursors. Thus, these are the
chemical species for which observation/model biases are the
most significant. Additionally, some observation vs. model
comparison should be considered with caution since
measurements of some of these compounds were performed by
PTR-MS and present certain limitations because isomeric
chemical species respond to the same mass-to-charge ratio.
Looking at the simulation, the model presents different
behaviors with chemical species showing either a daytime
maximum due to their secondary production (i.e., glyoxal, MVK,
MACR, formaldehyde and methylglyoxal) or a temporal profile
driven by primary emission and comparable to anthropogenic
compounds (ie., acetaldehyde, acetone, butanal, propanal,
methanol, and MEK). This is confirmed by the analysis of the
chemical budget, where emission and dilution are the two main
parameters controlling the concentration levels of the second
group of molecules, namely acetaldehyde, acetone, butanal,
propanal, methanol, and MEK.

Observations of certain compounds such as acetaldehyde
and methanol show a pronounced cycle similar to the model
but with generally higher values probably due to emissions or
advection issues. This seems to indicate that the model is not
correctly considering emissions of these compounds and/or
that they need to be advected in the box model. These
compounds could be transported at a regional/continental scale
as underlined in a previous study analyzing VOC data measured
in Paris.”

The PTR-MS sum of MEK + butanal + methylglyoxal (m/z 73)
shows acceptable concentrations from 8 AM to 8 PM when
compared to observations. In the model, MEK and butanal are
primarily emitted in the morning and in the afternoon, and
methylglyoxal is efficiently produced, which explains why
concentration levels remained stable during the afternoon.
However, the model simulates a lower concentration during
nighttime, which is also potentially explained by the lack of
advection of MEK and butanal, for example.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4 Sensitivity tests on terpenoid emissions

Looking at the emissions of terpenoids in the model, Fig. 3
presents the temporal variability of anthropogenic and biogenic
emissions in terms of injected concentrations in the model
(molec em™® s™"). These values result from multiplying the
prescribed emissions by the BLH temporal variability. For
isoprene, as underlined before, the biogenic sources dominate
the diel emissions with maximum intensity a factor of 8.7
higher than its anthropogenic emissions; the opposite is
observed for B-pinene and limonene, where anthropogenic
emissions can be up to an order of magnitude higher than the
biogenic emissions on an hourly basis. For a-pinene, diel
emissions are comparable, with slightly higher anthropogenic
emissions (maximum hourly factor of 1.7) for maximum emis-
sion values.

Evaluating the role of anthropogenic terpenoid emissions in
secondary pollution relies on sensitivity tests by varying both
anthropogenic and biogenic emissions of terpenoids. As for
other VOCs (see the previous section), the emission ratio of
anthropogenic isoprene, o-pinene, -pinene, and limonene to
CO during nighttime was quantified by implementing the
regression fit method on the observed data. The scatterplots of
a-pinene, B-pinene, and limonene to CO are illustrated in
Fig. 4(a). The mean emission ratio is derived from the value of
the linear fit (Table S37).
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The scatterplots of isoprene, B-pinene and limonene are
dispersed with an R* between 0.1 and 0.4 but still show a linear
relationship with CO. a-Pinene shows a much-scattered plot (R>
= 0.1) partly explained by the high amount of data below the
detection limit (58%). This dispersed data behavior suggests
either the presence of potent non-combustion and biogenic
terpenoid sources or the nighttime reactivity with ozone and the
nitrate radical. These might include terpenoid emissions from
VCPs as demonstrated in some recent studies in North Amer-
ican urban cities where it was revealed that more than 50% of
urban monoterpene loads are explained by VCP-dominated
emissions.®*'** To consider the additional contribution of
non-combustion emissions in the simulation, we derived
a linear fit along the data point delimiting the upper part of the
scatterplot (in dark blue). This value represents an estimate of
the maximum emission ratio of terpenoids from anthropogenic
origin. Fig. 4(b) shows the increase in terpenoid emissions
considered in the model for this sensitivity test (“Anthro_-
high”). Emission ratios of isoprene, a-pinene, B-pinene and
limonene to CO have increased by a factor of 4, 15, 2, and 3,
respectively. The “Anthro_high” scenario for a-pinene shows
the largest difference from the reference one because of the
high dispersion of the scatterplot.

We also varied the biogenic emissions of terpenoids by
relying on the work by Maison et al.*> over the Paris region. For
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Fig. 3 Comparison of anthropogenic and biogenic emissions of terpenoids implemented in the model for the reference simulation. Emissions

are presented in terms of injected concentration (molec cm~3 s~?
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) controlled by the boundary layer height that evolves during the day.
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(a) Terpenoid scatter plots as a function of CO at nighttime, (b) and (c) comparison between the reference simulation and the

“Anthro_high” test simulation on the one hand, and the "Bio_high” test simulation on the other hand.

this, we used this work where the effect of abiotic parameters on
biogenic emissions was evaluated. In particular, they simulated
the effect of micrometeorology at the street level with reflection
and shading effects on the leaf temperature of trees, which is
a more relevant variable of biogenic emissions compared to
ambient temperature. They showed that the leaf temperature
was on average +1.2 °C higher than the air temperature,
resulting in an increase in isoprene and monoterpene emis-
sions. Based on these results, we performed “Bio_high” sensi-
tivity test where the biogenic emissions of isoprene and
monoterpenes have been increased by a percentage of 36% and
25%, respectively, with respect to the reference simulation

582 | Environ. Sci.: Atmos., 2025, 5, 574-590

(Fig. 4(c)). This 1.2 °C temperature modulation is consistent
with the temperature variability measured during the MEGA-
POLI campaign, with standard deviations between 2 and 4 °C.

As expected, since concentrations of terpenoids are mostly
controlled by the emission rates, modulating biogenic or
anthropogenic emissions induces a change in their concentra-
tions. We decided to present only in Table 1 the two tests where
the biogenic and anthropogenic emissions of terpenoids have
been increased. Under the “Anthro_high” scenario, the
biogenic emissions of isoprene still dominate, while the
anthropogenic ones of «- and B-pinenes and limonene prevail
even more. With increasing anthropogenic emissions, the effect

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Relative increase in concentrations of terpenoids and their
oxidation products of the two sensitivity tests "Anthro_high” and
“Bio_high” with respect to the reference simulation

Min-max Mean (+SD)
Sensitivity tests  Anthro_high Bio_high Anthro_high Bio_high
Terpenoids
Isoprene 22-282 5-125 103 (+87) 87 (£42)
a-Pinene 35-59 37-58 47 (£7) 45 (£5)
B-Pinene 71-91 9-32 80 (+7) 19 (£8)
Limonene 106-138 12-34 123 (+10) 19 (45)
Oxidation products
MVK 7-35 4-112 20 (£7) 61 (+39)
MACR 18-47 12-123 30 (+6) 81 (+£39)
Methylglyoxal ~ 11-33 11-58 18 (+7) 43 (+16)
Glyoxal 7-23 5-31 12 (45) 24 (+9)
Glycolaldehyde — 22-42 24-107 29 (+6) 88 (+26)
Hydroxyacetone 30-77 88-156 44 (£13) 141 (£20)
Nopinone 71-98 17-30 83 (+9) 24 (£4)
Pinonaldehyde  37-60 44-54 46 (+6) 50 (£3)
Pinonic acid 38-58 41-53 48 (£5) 48 (+3)
Limonaldehyde  108-142 17-24 121 (£9) 22 (+2)
Oxidants
OH 3-8 3-21 4 (£1) 10 (45)
Ozone 0.3-2 0.3-6 1 (£0.5) 3 (£2)

on concentrations is highest for limonene (123% of increase),
and this leads to a significant rise for the 3 other targeted
terpenoids (47% for a-pinene, 80% for B-pinene, and 103% for
isoprene in average). The increase in biogenic emissions leads
to a much more limited rise in concentrations, with the highest
value observed for isoprene (87%).

Hence, as anticipated, these sensitivity tests not only impact
the concentrations of the precursors but also those of their
oxidation products. The latter, which are produced by chemical
reactivity, are modified in almost the same order of magnitude
as their emitted precursors (Table 1). MVK and MACR, the two
main first generation oxidation products of isoprene, present
concentrations affected by the increase in anthropogenic
isoprene emissions by almost half of those affected by the
increase in biogenic isoprene emissions. This is related to the
fact that increasing biogenic emissions results in isoprene
concentration almost double the isoprene concentration level
reached by increasing anthropogenic emissions. The same
conclusions can be drawn for other first- and second-generation
products of isoprene such as methylglyoxal, glyoxal, glyco-
laldehyde and hydroxyacetone. However, nopinone and limo-
naldehyde produced through the oxidation of B-pinene and
limonene show the highest concentrations for the “Anthro_-
high” scenario. Nevertheless, the relative increase in concen-
tration of pinonaldehyde and pinonic acid produced by the
oxidation of a-pinene is similar for both anthropogenic and
biogenic sensitivity tests.

Concerning oxidants, increasing anthropogenic terpenoid
emissions over 24 hours results in OH and ozone concentration
changes of 4 (+1)% and 1 (+0.5)%, respectively, while

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increasing the biogenic terpenoid emissions impacts the two
species by 10 (£5)% and 3 (+2)%, respectively. The increase in
ozone with increasing VOC is consistent with the high-NO,
chemical regimes.

In addition, the scenarios for varying terpenoid emissions
have no significant effect on the concentrations of alkanes,
aromatics or alkenes.

3.5 Secondary organic aerosols (SOAs) estimated from
modeled terpenoid levels

The reactivity of terpenoids can contribute to the generation of
SOAs, a key process in the evaluation of air quality. This last
section evaluates the ability of terpenoids to form SOAs under
the Paris summertime conditions and the respective role of
their biogenic and anthropogenic emissions. SOAs are formed
by the condensation or reactive uptake of oxidation products of
VOC; the SOA formation potential (i.e., yield) through VOC
oxidation depends mainly on their structures (carbon chain
length, number and type of functional groups, etc.) and envi-
ronmental conditions such as temperature, relative humidity,
oxidant, organic aerosol, and NO, concentrations.*”

Formation yield “Y” expresses the capacity of a precursor to
form SOAs. Defined by Pandis et al,* Y corresponds to the
quantity of a precursor gaseous organic compound that is
converted into a SOA, i.e. (eqn (5)):

M,
Y= AVOC (5)

where M, is the total mass concentration of produced aerosol
(ug m™®) and AVOC is the mass concentration of reacted
terpenoids, expressed as a mass ratio in ppm. Y is then
expressed in pug m® ppm '. The mass of SOAs formed by
a precursor can thus be estimated by multiplying Y by the
quantity of the reacted precursor.

These yields are determined in simulation chambers and/or
in field experiments. These yields are usually quantified under
different conditions such as high or low NO, concentrations.*
All these yield estimates were performed on a selection of
precursor gases for specific oxidants (OH, Os, and NO3). In the
work of Ait-Helal et al.,** the potential SOA mass production was
estimated from the measured concentrations of its anthropo-
genic gaseous precursors. They used a time resolved approach
adapted from a previous study from Sjostedt et al.*>® to quantify
the relative contribution of measured anthropogenic gaseous
precursors to SOA formation, namely aromatics and long-chain
alkanes. In this work, we followed this approach to evaluate SOA
production from simulated concentrations of terpenoids.

By assuming that these VOC precursors only form SOAs
through their oxidation and SOAs are not subject to loss by
deposition,® we can estimate the potential SOA mass concen-
tration C(SOA) produced on an hourly basis At by each terpe-
noid oxidized by a specific oxidant.

The potential produced SOA mass concentrations for
a compound 7 C(SOA)estimated()(t) have been calculated with the
model over the simulation time (¢). For this, we are using the
outputs of the model krerp (£), [OX(£)], and krerp (t) as follows:
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A[Terp](t) = kremp (1) x [Terp(0)] x [Ox(@)] x At (6)

where:

- krerp(t) is the rate constant of terpenoid 7 with an oxidant
(Ox) (em® molec™" s~') during the simulation time (£);

- [0x(#)] is the concentration of the oxidant (molecule cm ™)
(Ox = OH, 03, NO3) during the simulation time (¢);

- [Terp,(t)] is the concentration of a given terpenoid
(isoprene, o-pinene, B-pinene, or limonene) during the simu-
lation time (¢);

- At corresponds to the time step of the model (3600 seconds
in our case).

Each hour, we can estimate the produced SOA concentration
for each terpenoid i:

C(SOA)cstimated(i(f) = ATrep?) X Ysoa,i (7)

The 24 h SOA concentration produced for one specific
terpenoid is therefore:

C(SOA)estimaled(i) = Z C(SOA)eslimaled(z‘) (Z) (8)
t

Finally, the total concentration of SOAs for all terpenoids
over 24 h of simulation is then calculated as follows:

C(SOA)estimaled(tolal) = ZC(SOA)eslimaled(i) (9)

Table 2 lists the SOA yields used in this work from
chamber experiments; the conditions of the chamber experi-
ments are highly variable. We selected SOA yields with the 3
oxidants that were evaluated under conditions representative
of those encountered during the MEGAPOLI field campaign
(NO,, RH, T, ...).

We used the model-simulated concentration data and model
kinetic constants from the MCM mechanism to calculate over
the last day of the simulation the potential daily total mass
concentration of SOAs produced by the 4 studied terpenoids
(isoprene, o- and B-pinene and limonene), for the reference case
and the sensitivity scenarios “Anthro_high” and “Bio_high”
(Fig. 5). SOA mass concentration was also analyzed by dis-
tinguishing the contribution of the oxidation by OH, O; and
NO; for the 4 studied compounds (Fig. S6-S8+).

For the reference case, the total estimated produced
SOA mass concentration over 24 h is equal to 0.4 ug m~> with
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a maximum hourly produced mass concentration of
0.032 pug m>. When anthropogenic and biogenic terpenoid
emissions are maximized, the SOA mass concentration level
increases by a factor of 1.7 for both to reach 0.7 pg m° each,
over 24 h (Fig. 5(d)). Regarding the reference case, the two main
contributors to SOA mass formation are isoprene and limonene,
representing 46% and 38% of the potential daily SOA mass
production, respectively. During the day, the higher reactivity of
isoprene and limonene compared to that of a and B-pinenes
explains this statement; the contribution of O3 to SOA produc-
tion is much lower than OH since it represents 28% of the
diurnal SOA production (Fig. S6 and S77). Moreover, limonene
has the highest SOA formation yield compared to the other
three terpenoids (Table 2) by one order of magnitude, explain-
ing its major contribution even when its concentration is the
lowest. At night, isoprene and limonene still contribute to the
SOA production through their reactivity with NO; (Fig. S8t). The
nighttime production is significant since it represents 27% of
the total SOA potential production through the reactivity of
terpenoids with OH, O3, and NOs.

For the “Bio_high” scenario, isoprene and limonene are
responsible for 90% of the SOA total mass production during
one day. For isoprene, its relative contribution reached 65% on
average, knowing that its emission intensity has been increased
by 252% compared to a 195% increase for other terpenes. This
increase is observed during daytime (Fig. 5(c)), resulting in
a lower contribution of the nighttime production of SOAs (18%).
For the “Anthro_high” case, the two main contributors to SOA
mass formation are isoprene and limonene, representing 43%
and 45% of the SOA production, respectively. The SOA
production is enhanced during the 24 h of simulation; the
nighttime production is, therefore, still important around 24%
of the SOA production.

Among VOCs, BTEX (benzene, toluene, ethylbenzene, and
xylenes) are also well-known SOA precursors.”® To answer the
question of how terpenoids can compete with other anthropo-
genic compounds in SOA formation, we applied the same
methodology using model outputs (see Fig. S9 and Table S87).
In the reference case, the estimated total concentration of SOAs
produced over 24 h from BTEX is comparable to that from
terpenoids. It is estimated to be 0.68 ug m > (vs. 0.4 ug m > for
terpenoids). The maximum concentration at midday reaches
a value of 0.094 pg m™—? for BTEX, which is significantly higher
than the maximal SOA production from terpenoids. Daily
production levels of SOAs from BTEX and terpenoids are

Table 2 SOA formation yields of some terpenoid precursors and rate constants with OH, O3z, and NOsz in the model

Oxidant Terpenoids Isoprene a-Pinene B-Pinene Limonene
OH SOA yield (ug m ™~ ppm™) 857 1927 881° 1186°
k(OH) (cm® molec™" s7) 1.0 x 107*° 5.3 x 107" 7.9 x 107" 1.7 x 107*°
0; SOA yield (ug m~ ppm™) 204 1298° 452/ 1807%
k(03) (cm® molec™ s7%) 1.2 x 107 9.3 x 107" 1.9 x 107" 2.1 x 107
NO; SOA yield (ug m~ ppm™) 395" 339° 1863' 1468°
k(NO3) (cm® molec™" s77) 6.9 x 107" 6.3 x 107 2.5 x 107" 1.2 x 107"

@ Ref. 51. ? Ref. 52. © Ref. 53. ¢ Ref. 54. ° Ref. 55./ Ref. 56. ¢ Ref. 56. " Ref. 57. | Ref. 58.
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comparable; as in the case of terpenoids, we were able to assess
SOA production through their reactivity with other oxidants
such as Oz or NO3, leading to significant SOA production at
night. More specifically, toluene accounts for 91% of the SOA
total mass production from BTEX over one day, despite the
higher yield of benzene. This is attributed to the significantly
higher simulated concentration of toluene compared to that of
benzene.

This study is the first one attempting to estimate the
contribution of anthropogenic and biogenic terpenoids to SOA
production. While the terpenoid-derived SOA potential
production cannot be directly compared to previous SOA
estimations, our estimations bring new insights into the

© 2025 The Author(s). Published by the Royal Society of Chemistry

MEGAPOLI hypothesis. By combining two approaches derived
from in situ observations, Ait-Helal et al.** estimated that
aromatics and intermediate VOC precursors (alkanes from C10
to C16) explained 11-36% and 2-7% of the measured SOA,
respectively. However, 62 to 78% of the SOA remained unex-
plained. One reason was the exclusion of biogenic precursors,
which was supported by the regional modelling®® that attrib-
uted 40% of SOAs to biogenic VOCs and long-range transport.
By assimilating SOA mass concentration to its PMF-OOA factor
derived from aerosol mass spectrometer measurements,* the
hourly mean mass concentration of SOAs is approximately 1 pug
m ™ over the month of July and is consistent between the three
Paris stationary sites, including LHVP and SIRTA. By applying
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the percentage contribution of aromatics and IVOCs to SOAs
from Ait-Helal et al.,** the anthropogenic SOA mass concen-
trations lie between 0.13 and 0.43 pg m™>. The terpenoid-
derived SOA mass concentrations estimated here lie between
0.01 and 0.07 ug m® (Fig. 5): it is in the same order of
magnitude as the IVOC-derived SOA mass concentrations (0.02
and 0.07 ug m?), giving confidence to our estimations.
However, almost half of the measured SOAs is not explained,
and the contribution of terpenoids is not sufficient to fill the
gap. While it is out of the scope of the paper, other hypotheses
still need to be investigated including the ones already raised
by Ait-Helal et al.>* and Zhang et al.®’: the role of long range
transport given the regional feature of SOAs in the Paris area,
the underestimation of IVOC emissions for which the range of
volatility was limited, the underestimation of the biogenic
emissions of terpenoids, the non-representation of sesquiter-
pene biogenic emissions, the non-representation of VCP
anthropogenic emissions in the model including terpenoids
and other compounds,® and the non-representation of the
autooxidation processes of terpenes leading to highly oxygen-
ated molecules (HOMs).

To go further, Fig. 6 represents the relative contribution of
terpenoids to the SOA production by distinguishing their
biogenic vs. anthropogenic origins for the reference and the two
sensitivity tests. For the reference case, terpenoids from
anthropogenic sources could exhibit 50% of the potential SOA
formation during the 24 h of the simulation; their relative
contribution can reach 80% at night and be as low as 28%
during the day. For the “Anthro_high” case, this relative
contribution reaches 71% over 24 h, whereas for the “Bio_high”
case, the terpenoids from biogenic origin induce 70% of the
SOA formation over 24 h. Therefore, the production of SOAs
through the oxidation of terpenoids emitted from anthropo-
genic sources has been shown by this modeling study to be
competitive with that derived from their biogenic sources.

I Anthro_Terpenoids

0.5 . z
B Bio_Terpenoids

© o o
N w »

Estimated SOA during 24h (ug m~3)

°©
i

0.0

Ref
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Fig. 6 SOA mass concentration predicted over one day by separating
the contribution of biogenic and anthropogenic sources of terpenoids.
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4. Conclusions

This study evaluated the role of anthropogenic and biogenic
terpenoids in secondary pollution in the Paris megacity as
representative of northern mid-latitude cities by a box model-
ling approach. A physico-chemical scenario typical of
summertime conditions was defined based on the Paris
MEGAPOLI-EU campaign of July 2009.

First, the model was designed to reproduce the summer-
time physico-chemical environment by including the
complete version of the Master Chemical Mechanism,
anthropogenic VOC emissions by the application of VOC-to-
CO emission ratios, and a new biogenic VOC emission
inventory recently developed for Paris. The model demon-
strated its ability to reproduce major oxidants and trace gas
concentrations.

The increase in ozone does not exceed 3% =+ 2% in all the
simulations (reference case and sensitivity tests modulating
anthropogenic and biogenic emissions of terpenoids). However,
terpenoid emissions result in a significant increase in total
potential SOA mass concentration over a 24 h period, with
isoprene and limonene identified as the primary contributors
accounting for 42 and 41% of total SOA mass production
(0.53 pg m™*). Moreover, terpenoids from anthropogenic sour-
ces induce 57% of the SOA formation during the 24 h of
simulation; their relative contribution can be up to 86% at night
and down to 34% during the day.

This work is the first modelling work evaluating the respec-
tive role of anthropogenic and biogenic terpenoids in secondary
pollution at the urban scale. First, it suggests that the anthro-
pogenic emissions of terpenoids are competitive with their
biogenic emissions regarding SOA production. The systematic
presence of anthropogenic emissions of terpenoids is now well
established in contrasting cities worldwide,> and therefore,
there is an urgent need to accurately quantify those emissions
in emission inventories. Hence, source apportionment studies
of organic aerosol relying on the chemical tracer approach must
incorporate the new findings. Second, implementing the box
model to other contrasting urban environments in terms of
climatic conditions and emissions would be useful to complete
this work. Third, our study raises the role of terpenoids in
nighttime chemistry and secondary pollutant production. It
may therefore be useful for simulating concentrations during
other field campaigns to use emission ratios determined with in
situ measurements when emission inventories do not detail all
the emissions of VOCs.

Data availability

The model used in this study is based on the DSMACC model
available at https://github.com/barronh/DSMACC. The gaseous
chemical mechanism is the Master Chemical Mechanism
(v3.3.1) available at https://mem.york.ac.uk/MCM/. VOC and
trace gas concentrations measured at LHVP during the
MEGAPOLI experiment can be retrieved from https://cds-
espri.ipsl.upmec.fr/etherTypo/index.php?id=1450&L=1.
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