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Abstract

Over the last decade, the French ATR-42 research aircraft explored contrasting polluted
plumes in the Paris megacity, the North-West Mediterranean Basin (WMB) and South West
Africa (SWA) in the framework of the MEGAPOLI, ChArMEX/SAFMED and DACCIWA
international projects, respectively. Major VOCs were measured by a high-sensitivity airborne
Quadrupole Proton Transfer Reaction Mass Spectrometer (Q-PTR-MS), showing a robust and

consistent response.

Regardless of the location, the air mass composition is dominated by oxygenated VOC
(OVOC: methanol, formaldehyde, acetaldehyde, acetone and isoprene oxidation products),
which explain 70% of the total VOC burden measured by the Q-PTR-MS. The distribution
between OVOC, anthropogenic AVOC and biogenic BVOC is consistent between the three
regions. The calculated OH loss rates (12 s™) and ozone-forming potential (1200 OFP-relative

ppb) are three times higher in the SWA plumes. These values are consistent with the
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calculated and measured reactivities at the ground. The reactivity of the plumes is by far

dominated by biogenic BVOC.

The chemical processing of VOC was examined by establishing various metrics linking
A[O/VOC] (VOC or oxygenated VOC), plume dilution and the time processing of the plume
(cumulative OH exposure At[OH] and the linear decay of primary AVOC and the
production/decay of secondary OVOC). As expected, A[Ox]/A[CO] increases with At[OH],
with significant R? (0.58 to 0.93). AVOC (aromatics) usually show a decay rate between -0.5
and -3.2 pptavoc ppbco” per hour, while OVOC either show an increase (secondary
production) or a decrease. The production rate is by far the strongest, up to 18 pptovoc ppbco’”
per hour (acetaldehyde) during the eastern flight 33 in Paris. Our results set a benchmark for
future photochemical studies to compare with. While the anthropogenic origin of some BVOC
(terpenoids) and interferences are not excluded, it also emphasizes the importance of the VOC
biogenic fraction in anthropogenically influenced environments, which is expected to increase

in a warming climate.

Keywords: MEGAPOLIL; CHARMEX; DACCIWA; Air pollution; oxidative capacity; VOC

1. Introduction

Atmospheric pollution is the largest environmental risk for health, causing about 7 million
human deaths per year (WHO, 2018). On a global scale, large urban centers are major
contributors to air pollution and present a major challenge for the environment and public
health (La Colla et al., 2021; Molina, 2021; Vohra et al., 2022). The population growth in
those areas affects the energy demand, transportation and industrial activities, which in turn
lead to poor air quality. More than 40% of the global population resides in tropical
megacities, which are expected to surpass 50% by 2050 mainly in the Africa and Asia regions
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(Hoornweg and Pope, 2017). This has the potential for severe impacts on air quality and
climate, as megacities represent an overwhelming contribution to air pollutant emissions
(Duren and Miller, 2012; VVohra et al., 2022). The increasing urbanization not only affects air
quality, regional climate and ecosystems within urban areas but also downwind of these
regions (Kanakidou et al., 2011). This phenomenon arises from both locally produced
atmospheric pollutants and from those transported in various space-time scales, mainly
associated to the transformation of primary emissions. The primary pollutants emitted from
urban areas are influenced by solar radiation and atmospheric transport, which leads to their

transformation into secondary pollutants.

Despite the efforts in the last years to improve air quality in urban areas, the enlargement of
the megacities and their population growth have not eliminated the air pollution problem but

in some megacities, it has strengthened (Varotsos et al., 2021).

Among atmospheric pollutants, volatile organic compounds (VOCs) are among the principal
trace constituents in the atmosphere and include non-methane hydrocarbons (NHMHCs),
oxygenated VOC (OVOC), and other organic compounds (Watson et al., 2001). VOCs have
impacts on the formation of secondary pollutants, such as tropospheric ozone and secondary
organic aerosol (SOA). They have both natural and anthropogenic primary sources. Natural
emissions, mainly released by terrestrial vegetation, are the largest source of biogenic VOC
(BVOC) emissions on a global scale, accounting for 90% of the total VOCs (Finlayson-Pitts
& Pitts, 2000; Guenther, 2000). However, in urban areas, anthropogenic VOCs (AVOC)
represent the main fraction of these compounds, emitted by combustion-related sources
(vehicular and biomass burning), volatile chemical products like personal care products, fuel
production and transport. While traffic has been recognized as the traditional dominant source
of VOC:s, the activities related to the use of volatile chemical products like domestic ones are

emerging as a largely underestimated new source (McDonald et al., 2018).



It is, therefore, important to quantify their atmospheric abundance and to understand the
dynamics of their sources and sinks. Several studies have been conducted to analyze the
burden and reactivity of VOC species in urban areas to evaluate their effects on the formation
of secondary pollutants (Kansal, 2009; Ma et al., 2019; Tan et al., 2018) (Li et al., 2017).
Furthermore, there has been a significant increase in the number of aircraft campaigns over
the last years, performed to analyze the composition and the reactivity of the VOC burden
inside urban plumes (Apel et al., 2010; Borbon et al., 2013; Crawford et al., 2021; Hopkins et
al., 2009; Pfister et al., 2017; Ryerson et al., 2013; Simpson et al., 2020; Warneke et al., 2016;
Wilde et al., 2021). However, most of these studies were conducted at mid-northern latitudes,
focusing on biogenic and urban emissions, fires and gas and oil emissions. There is still a lack
of knowledge about the burden and reactivity of VOCs in areas at lower latitudes and under

high anthropogenic pressures, such as the Mediterranean Basin and South West Africa.

Here, we report airborne measurements from three international field studies MEGAPOLI
(http://megapoli.info), ChArMEX/SAFMED (http://charmex.lsce.ipsl.fr) and DACCIWA
(https://www.imKk-tro.kit.edu/10052.php), conducted in July 2010, 2013 and 2016. Those
three regions encompass a diversity of environments in terms of ozone precursor emissions,
emission regulations, urbanization and photochemical conditions (Flamant et al., 2018;
Freney et al., 2018; Lelieveld et al., 2012; Monks et al., 2009). Measurements of VOC and
other reactive trace gases were performed by the French ATR-42 research aircraft of Safire
during all campaigns. In a previous paper, Thera et al. (2023) analyzed the oxidative
photochemistry in an ozone-NOy perspective within those plumes. The positive dependence
of Ox (o0zone+NO,) to NO indicated a VOC-sensitive regime inside the plumes excepted a
rural-like chemistry behaviour at moderate NOx levels (NOx-sensitive). In the present paper,
we investigate the atmospheric composition and the chemistry of the VOC burden as long as

the plume is moving away from emissions. We apply various reactivity metrics to assess the



potential effects of primary and secondary VOCs on the processing of the plumes and ozone
formation. Various VOCs were measured by a common high-sensitivity airborne Quadrupole
Proton Transfer Mass Spectrometer (Q-PTR-MS) (Borbon et al., 2013). Those measurements

provide a unique and comparable VOC dataset in the three contrasting regions.

2. Materials and methods

2.1.  Field campaigns

The MEGAPOLI, ChArMEX/SAFMED, and DACCIWA airborne campaigns took place in
the summertime during July 2009, 2013, and 2016, respectively. During MEGAPOLI, the
Safire ATR-42 was based on the airport of Cergy Pontoise (49.1° N, 2.0° E), and the
campaign was developed over the Paris region. During the ChArMEX/SAFMED campaign,
the Safire ATR-42 was based at the airport of Genoa (44.4°N, 8.8° E), and research flights
were performed in the North-West Mediterranean region (WMB). The DACCIWA aircraft
campaign encompassed the Gulf of Guinea and many South West African (SWA) regions,
including Ivory Coast, Ghana, Togo, and Benin. Detailed information about MEGAPOLI,
ChArMEX/SAFMED and DACCIWA aircraft campaigns can be found in Thera et al. (2022)
and references therein. Flights were performed from the ground to an altitude higher than
3000 m with an exploration at various altitude levels. During each flight, at least one vertical
sounding was performed to describe the vertical structure of the troposphere and the

distribution of the various physicochemical components.

2.2.  Instrumentation and VOC:s of interest

2.2.1. Proton Transfer Reaction Mass Spectrometer (Q-PTR-MS)
Apart from formaldehyde (see next section), all the VOC species were measured by a high-
sensitivity Quadrupole Proton Transfer Reaction Mass Spectrometer (Q-PTR-MS) from

lonicon Analytik (Innsbruck, Austria). This latter was redesigned to fit in the Safire ATR-42.



Details about the Q-PTR-MS configuration and performances during the MEGAPOLI and
SAFMED (ChArMEX) campaigns can be found elsewhere (Borbon et al., 2013; Freney et al.,
2018). The same instrument was deployed during the three airborne campaigns to measure the
concentration of twelve VOC protonated masses during the flights. More details about the m/z
and VOCs can be found in the supplement information. In the following, we will preferably
use the name of the corresponding VOC rather than the mass m/z. However, as discussed in
the supplement information, interferences cannot be excluded and will be discussed. We have
separated the species into three groups of VOCs, namely, BVOCS (Biogenic VOCs) of
primary and secondary origins, AVOCS (Anthropogenic VOCs), and OVOCs (Oxygenated

VOCs), as follows:

BVOC: m/z 69 (isoprene), m/z 71 (MVK+MACR), m/z 73 (MEK) m/z 137 (monoterpenes),
AVOC: m/z 79 (benzene), m/z 93 (toluene), m/z 107 (Cg aromatics), m/z 121 (Cg aromatics),
OVOC: m/z 33 (methanol), m/z 42 (acetonitrile), m/z 45 (acetaldehyde), and m/z 59

(acetone).

The instrumental setup developed during DACCIWA is quite similar to the previous ones.
VOCs were measured at a time resolution of 20 s, and the Q-PTR-MS drift tube was operated
at 2.2 mbar and 60°C with a drift field of 600 VV cm™. Ambient air was directly pumped by the
Q-PTR-MS at a constant flow rate of 75 mL min™ through an inlet directly connected to the
instrument. A 4-way valve is installed upstream to sample ambient air, air from the cabin
during take-off /landing, or external gases. The background signal was determined through
periodic air sampling of ambient air scrubbed through a custom-built catalyst converter
(platinum-coated steel wool) heated to 250 °C. Typical background counts for aromatics were
between 1.69 and 8.14 counts sec™, with maximum values observed for oxygenated

compounds between 1.96 to 210 counts sec™.



Detection limits, defined as 3o of background mixing ratios, ranged from 0.02 to 0.34 ppby
over a 1s dwell time. Two complete calibrations over a 0.5-8 ppb, range were performed
during each aircraft field campaign at the ground. The standard gas used was provided by
lonimed (Innsbruck, Austria) and contained several VOCs, including benzene, toluene, o-
xylene, a-pinene and isoprene at 1 ppmy certified at £ 5 %. The sensitivity for all major
VOCs (the slope of the mixing ratio concerning production signal normalized to H3O") ranged
from 3.57 (m/z 137) to 18.8 (m/z 59) counts s™ ppb, ™. A second 4ppb, gaseous standard from
NPL (UK, University of York) was used to cross-check the quality of the calibration and to
perform a calibration control for isoprene and Cs—Cg aromatics. A relative difference of 10%
for isoprene and 16% for aromatics was measured.

The sensitivities of the instrument on the field for eleven masses over the last decade are
compared in Figure 1, including the three aircraft campaigns of interest. The sensitivities are
consistent between the various ground-based and aircraft campaigns. After 2012, the
instrument was optimized, and the sensitivity was improved by almost a factor of 2 for most

target protonated masses.

Interferences cannot be excluded in urban environments like recently Coggon et al. (2023)
reported for isoprene and urban VOCs in urban environments. During the TRANSEMED
campaigns (2011 and 2014 — Figure 1), the aircraft Q-PTR-MS was deployed at ground sites
in urban areas of the East Mediterranean and the VOCs were intercompared with co-located
GC-FID. Aromatic measurements were consistent at +20% with an R? higher than 0.85 (Thera
et al., 2019). The presence of furans in biomass-burning plumes was reported in previous
studies (Hornbrook et al., 2011; Warneke et al., 2011). In Paris, furans were measured during
the wintertime campaign of the MEGAPOLI experiment by an online GC-FID (Roukos et al.,
2009). The levels do not exceed 45+44 ppt, and represent less than 10% of m/z 69 levels at

431+192 ppt,. For this study, m/z 69 will be referred to as isoprene.



2.2.2. Formaldehyde measurements
Formaldehyde (HCHO) measurements during DACCIWA and ChArMEX/SAFMED were
performed by the Aerolaser AL 4021 instrument. The detection principle is based on the
Hantzsch reaction. This technique, often used onboard research aircraft, has already been
described in previous studies. The Hantzsch reaction is a specific reaction between an
aldehyde, here formaldehyde, and a B-diketone (acetylacetone) in the presence of a nitrogen
donor (ammonium acetate in our case) to obtain a fluorescent product, the 3,5-diacetyl-1,4-
dihydrolutidine (DDL). The latter is excited at 400 nm by a mercury lamp and emits
fluorescent radiation at 510 nm. The quantification of formaldehyde is thus carried out
directly by measuring the fluorescence of DDL or its phenyl derivatives at 510 nm (Nash,
1953). In the past, the performance of the instrument was evaluated against other instruments,
such as Differential Optical Absorption Spectrometry (DOAS) and Fourier Transfer Infra-Red
(FTIR) Interferometry and showed acceptable differences not exceeding 11% (Hak et al.,
2005). The resolution of the instrument is 10 s, whereas the detection limit is on the order of
43-50 ppt (Colomb et al., 2006). The precision and accuracy of the instrument are estimated
to be on the order of 10% and 20%, respectively (Borbon et al., 2012). It allows measurement
of HCHO every 10 s, with a detection limit of 50 ppt,. No formaldehyde measurements were

performed during the MEGAPOLI campaign.

2.2.3. Other instruments onboard the ATR-42
Ozone and carbon monoxide (CO) were sampled through a rear-facing 1/4-inch Teflon tube.
During MEGAPOLI and SAFMED, ozone and CO were measured using ultraviolet and
infrared analyzers (Thermo Fisher environmental instruments) with the MOZART instrument
(Nedelec et al., 2003). During DACCIWA, ozone was measured with a commercial analyzer
(Thermo Environmental Instrument TEI49i UV photometric), and CO was measured with an

analyzer based on cavity ring-down spectroscopy (CRDS) technology developed by



PICARRO Inc. (Filges et al., 2015). During MEGAPOLI and ChArMEX/SAFMED, nitrogen
oxides (NO and NO,) were sampled through a separate rear-facing pressure-controlled inlet at
a 30s-time resolution and measured using the MONA (Measurement of Nitrogen on Aircraft)
instrument developed by the Laboratoire interuniversitaire des Systémes Atmosphériques
(LISA). MONA consists of three NO commercial analyzers (Ecophysics CLD-780 TR). It
measures NOx (NO+NO,) and NOy (sum of NOx and its oxidation products) concentrations
by ozone chemiluminescence. NO is directly detected, and NO, is converted into NO by a
photolytic converter. NOy is converted in NO by a gold converter heated at 200°C with Ha.
NOy measurements were performed using a separate heated (60°C) sampling line to avoid
any loss of nitric acid. Additional details of the MONA are supplied in the Supplement
Material of Freney et al. (2014). During the DACCIWA campaign, nitrogen oxides (NOXx)
were measured by a TEI42 iTL chemiluminescence detector with a blue light photolytic
converter instrument, which converts only NO, into NO. The performances are reported by

Thera et al. (2022).

2.2.4. Quality control procedures

The quality control procedure included detecting missing and negative values and
observations below the method detection limit (MDL). However, it should be noted that the
data used in this study was collected from open databases: ETHER for MEGAPOLI
(http://cds-espri.ipsl.upmc.fr/megapoli/index.jsp), SEDOO for SAFMED (ChArMEX)

(https://mistrals.sedoo.fr/ChArMEx) and DACCIWA (https://baobab.sedoo.fr/DACCIWA)

where all the data are validated using a harmonized quality/control procedure such as the one
used within the ACTRIS program (Aerosol, Clouds and Trace gases Research Infrastructure,
(Hoerger et al., 2015)). Since the data are collected for many species with different resolution

times, mean values were calculated for CO, O3, NOy, HCHO, and meteorological parameters


https://baobab.sedoo.fr/DACCIWA

to harmonize them with the Q-PTR-MS data. After filtering data, we had to invalidate m/z 69
(isoprene) concentrations from SAFMED (ChArMEX) dataset since it did not meet the

quality control procedure.

2.3. Data selection

Figure 2 shows the plot trajectories colour-coded by the mixing ratio of an AVOC (toluene)
for the selected flights of this study for each aircraft campaign within the boundary layer. The
data selection criteria in this study are the same applied by Thera et al. (2022). The
identification of (i) the boundary layer height was performed by the vertical profile of ozone
mixing ratios and the relative humidity, and (ii) urban (polluted) plumes in that boundary
layer were performed by using NOy and wind direction to make sure that sampled air masses
are located downwind urban areas. In SWA, the type of plume (urban or biomass burning) has
also been identified using the ratio of NO4 to CO, according to Denjean et al. (2020). The

urban plumes identified in this study were those presenting a ratio greater than 1.

The average height of the boundary layer found in Thera et al. (2022) is used in this study,
which is, on average, 2000 m of altitude for Paris, 1000 m for the WMB and 2000 m for
SWA. Table 1 shows the summary of the selected flights, the period of flights, the ozone
pollution level, the sectors flown, and the average total VOC found inside and outside

(background) the plume.

2.4.  Metrics

To evaluate and compare the reactivity potential of the plumes between the three aircraft
campaigns, we use different metrics based on airborne observations. Those metrics include
the -OH loss rate (kiVOCi), the ozone formation potential (OFP), the primary decay of

O/VOC and the secondary production of OVOC and oxidants in the plume. Those metrics
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have been temporally constrained by the photochemical age of the air masses, either
expressed as the -OH time exposure (At-OH) or the time processing. In the following section,

we describe the different metrics.

2.4.1. VOC reactivity
24.1.1. The OH loss rate (k;VOC;)

During the day, VOCs react mainly with the hydroxyl radical (-OH). The OH loss rate
(kiVOC;) describes the capacity of the OH consumption by each VOC species (Yu et al.,
2020). It is the product of each VOC mixing ratio ([VOC];) and its OH reaction rate

coefficient k?# (Wu et al., 2017) according to equation (1):
k;voc; = [Voc]; x kP (1)
where kiVOC; is expressed in st [VOC]; in molecule.cm™ and kio H in em® molecule™'s™

For an air mass, the total OH loss rate is expressed as the sum of individual kjVOC; calculated
from the measured VOC. In this study, the values of k¥ have been extracted from Seinfeld
and Pandis (2006) and reported in Table S1 of the supplement material. The rate constants of
the VOC toward -OH radicals have been calculated (following the formulas in Table S2) for
the three contrasting regions given the contrasting climatic conditions and are similar, with

some slight discrepancies.

2.4.1.2. The Ozone Formation Potential of VOCs (OFP)
Once VOC oxidation is initiated by the reaction with -OH in the presence of NOy it leads to
the photochemical formation of Oz. The Ozone Formation Potential (OFP) represents the

ability of each VOC to produce tropospheric ozone and is calculated as follows:

OFP (VOC); = [VOC]; x POCP; (2)
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where [VOC]; is the mixing ratio of one VOC and POCP; is the photochemical ozone creation
potential developed by Derwent et al. (2010) and Jenkin et al. (2017). POCP values are
usually relative values where the amount of ozone produced from a given VOC is divided by
the amount of ozone produced from an equally large emission of ethene (Herndon et al., 2008;
Wood et al., 2009) (Table S1). For an air mass, the total OFP is the sum of each OFP (VOC)
and is usually used to represent the maximum contribution of VOC species to ozone

formation under optimal conditions (Hui et al., 2018; Niu et al., 2016).

2.4.2. The chemical processing of the plume
While the plume ages, one can observe the dilution of atmospheric species and the
consumption of primary O/VOC (representing any VOC or oxygenated VOC species) mainly
by oxidation with the OH radical during the day or/and secondary production of OVOC
(Borbon et al., 2013; Warneke et al., 2007). The oxidation by OH has been previously
highlighted in Paris and New York plumes by the decrease of the ratio m+p-xylenes-to-
acetylene and, in parallel, the increase of acetaldehyde-to-acetylene as a function of the
photochemical age of the plume (Borbon et al., 2013; Warneke et al., 2007). Acetylene is
used as a conservative tracer to take into account the dilution effect. m+p-xylenes and
acetaldehyde are used as primary and secondary VOC, respectively, consumed or produced
during plume ageing. The production of oxidants known as Oy (sum of ozone and NO,) also
expresses the secondary production: it quantifies the net photochemical formation of Ogs
beyond its rapid daytime interconversion with NO,. NO; is included because it acts as a
reservoir of Ogz. Therefore, Oy tends to be a more conservative quantity than Og, not affected

by the titration reaction by NOy (Thera et al., 2022).

The primary O/VOC (representing any VOC or oxygenated VOC species) decay and the

secondary production of OVOC and Ox is quantified by % constrained by the processing
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time of the plume. A is the difference between the mixing ratios of the target species (X) and
CO inside the plume and the background values of X and CO (outside the plume). A[X] is
divided by CO mixing ratios because the latter is a relatively unreactive tracer of dilution, like
acetylene (see above). Dividing by [CO] provides a dilution adjustment similar to the ratio of

organic aerosol to CO used in previous studies (Herndon et al., 2008; Kleinman et al., 2008).

v" Calculation of Alx] :
AlcO]

The calculation of % follows equation (3):

AlX]  [X]inside the plume — [X]background

A[CO]  [COlinside the plume — [CO)background (3)

where [X] represents the mixing ratios of OVOC or Ox obtained between inside and outside

the plume (background).

v" Constraining the chemical processing of the plume :
The primary O/VOC decay and secondary OVOC production rates from Equation 3 are

constrained by the chemical processing of the plume.

The processing time is a first proxy of the plume chemical processing (or ageing), defined by
Brito et al. (2018) and adapted by Thera et al. (2022), which is the ratio between the distance
from the source area (Paris, Abidjan, Accra and Lomé for this study) by the integrated wind
speed along the flight. The processing time does not exceed 10 hours and is usually around

3 hours on average.

Another metric measuring the extent of the chemical processing is the -OH exposure. The
cumulative -OH exposure, also known as At[OH], measures the extent of the atmospheric
oxidation of emitted VOC (Roberts et al., 1984). It was quantified in previous studies by

using the ratios of hydrocarbon species with dissimilar reactivities towards-OH (Herndon et
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al., 2008; Roberts et al., 1984; Wood et al., 2009). Usually, Cq-aromatics and benzene species
are used to calculate the OH exposure. This is an effective method since Cy aromatics have
relatively short atmospheric lifetimes (3 to 12 hours) in urban areas (Dusanter et al., 2009)
compared to that of benzene (9.5 days) (Delmas et al., 2005). Our study observed no
progressive decay of the urban peak for aromatics compounds. As an alternative, NOx and CO
have been used according to equation 4 due to the relatively short atmospheric lifetime of

NOx (a few hours, Liu et al., 2016) compared to that of CO (about one or two months) :

iom o L[ (INOI\ (NG \
4 ]_kNOx—kcoxln<[CO]>to_n<[CO]>I @

where the brackets denote the concentrations of the species and k, is the rate coefficient of

the hydroxyl radical reaction with the corresponding species.

kyo = 3.3 X 10"11(3%)‘0'30m3 molecule™1s™1 (Fulle et al., 1998)

knoz = 7.5 X 107 1em3 molecule™1s~1 (Fulle et al., 1998)

kco = 1.57 X 10713¢cm3 molecule s~ (McCabe et al., 2001)

k _ knotkno2
NOx — 2

to is the time of the first interception of the plumes.

The single use of NO, to estimate knox is an alternative and was tested on flight 36. The
difference inside the plume is lower than 5% and the OH exposure follows the same evolution

as long as the plume travels away from Paris centre.

3. Results and discussion

3.1 Meteorological conditions
The meteorological conditions encountered during the MEGAPOLI, SAFMED and

DACCIWA aircraft campaigns are described in Thera et al. (2022) and references therein.
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The observed spatial gradient in air temperature, humidity and NO, photolysis frequencies
towards lower latitudes is consistent with the climatic latitudinal gradient. Indeed, the
temperature in Paris varies between 11.7 and 22.2 °C and rarely exceeds 20 °C on average,
while it varies between 23 to 28 °C in the WMB and from 20 to 24 °C in SWA.. Average wind
speed ranges between 4.3 and 9.1 m s™ in Paris, while a larger range is observed in SWA
(from 3.9 to 11.4 m s™), and a lower range is observed in the WMB with an average value of
45 m s, Average relative humidity was the lowest during the MEGAPOLI campaign (54%

at maximum) and got higher in the WMB (up to 62 %) and SWA (up to 87 %).

3.2.  Overview of VOC and trace gas mixing ratios

Figure 3 reports the average mixing ratio values of each VOC measured inside and outside the
plumes and the average total VOC inside the plumes. These values are compared to the ones
measured at ground sites. Table 2 summarises the statistical values of the twelve VOC
measured by the airborne Q-PTR-MS in the three contrasting regions during the MEGAPOLLI,

SAFMED and DACCIWA campaigns.

The average total VOC (TVOC) are in the same order in the plumes of the three compared
regions. An average TVOC mixing ratio of 11.8 £ 8.5 ppb, was observed inside the Paris
plume, 16.8 + 13.6 ppb, were observed inside the plumes in SWA and lower average values,
9.6 £ 5.2 ppby, were measured in the WMB area. Regardless of the region, oxygenated VOCs
represented the dominant fraction and accounted for at least 64% of TVOC, followed by
BVOC (23-26 % of the TVOC) (Figure 3). Aromatic compounds (AVOC) only account for 7-
10% of the TVOC inside the plumes of the three regions. Even though isoprene data was
invalidated during the SAFMED campaign and formaldehyde was not measured during
MEGAPOLI, the same proportion of VOC groups, namely BVOC, AVOC and OVOC, is

observed inside the three contrasting areas and is discussed in the next sections.
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In addition to the VOC measured by the Q-PTR-MS, formaldehyde has also been measured
during DACCIWA and SAFMED campaigns and will be counted among the OVOCs. The
TVOC mixing ratio gets higher in SWA with an average of 16.8 ppby, only considering Q-

PTR-MS measurements and goes up to 20.3 ppb, on average when formaldehyde is added.

BVOC (isoprene, MACR+MVK, MEK and monoterpenes) mixing ratios present the same
range in Paris and WMB plumes with average values of 2.74 + 3.05 and 2.51 +1.5 ppb,,
respectively (Table 2). Conversely, higher average mixing ratios were observed in SWA
plumes (4.21 £ 3.5 ppb,), which could be related to the overflown surface condition with
biogenic emission sources related to forests in SWA areas. Differences in concentrations were
also found inside and outside the plumes. BVOC mixing ratios are 1.2 to 1.5 higher outside
the Paris plume, where there are more isoprene emitters like tempered forest than inside the
plume. Contrarily, except for the total monoterpenes, BVOC mixing ratios are 1.2 to 1.5
higher inside the SWA plume than outside (Figure 3). Dominultti et al. (2019) have detected a
significant amount of terpenoids in the exhaust of various combustion sources in Abidjan,
including fossil fuels, waste and domestic burning. Therefore, besides the biogenic one, an
additional fraction of anthropogenic isoprene and monoterpenes in SWA plumes cannot be

excluded.

The mixing ratios of AVOC (sum of benzene, toluene, Cg and Cy aromatics) are in the same
range in the three contrasting regions with a value of 0.82 + 0.66 ppb, inside Paris plume,
1.20 + 1.10 ppby in SWA plume and an average of 1.0 = 0.8 ppb, in WMB. Aromatic
compounds are in the same range (benzene and Cg aromatics) or 1.3 times higher inside the
Paris plume than outside (toluene and Cg aromatics). Similarly, they are either in the same
range (Cg and Cy aromatics) or 1.2 higher (toluene) and lower (benzene) inside the plumes

than outside the plumes in SWA (Figure 3).
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The sum of average mixing ratios of OVOC (methanol, acetaldehyde, and acetone) was the
lowest during SAFMED (6.1 = 3.0 ppb,), and they get higher towards lower latitudes inside
Paris plumes (8.3 + 5.7 ppb,) and SWA urban plumes (14.9 £ 13.8 ppb,). Additionally,
similar mixing ratios of formaldehyde were observed during DACCIWA and SAFMED

campaigns, with average values of 3.52 £ 1.97 and 3.60 £ 0.80, respectively (Table 2).

The average mixing of OVOC is 1.3 to 1.7 times higher outside the Paris plume than inside
(Figures 3 and 4). This can be due to the production of secondary VOC favoured by the
processing time and the primary sources of OVOC (mainly from biogenic sources) favoured
by environmental conditions such as temperature and humidity (moisture). The opposite
pattern is observed in SWA, where apart from methanol, for which the same mixing ratio is
observed inside and outside the plume, there is 1.6 and 1.8 more OVOC inside than outside
the plumes. One possible explanation can be the anthropogenic sources of OVOC from urban
areas in SWA. The high contribution of OVOCs in urban areas has already been reported in
previous studies. Langford et al., have found that OVOCs were the most abundant compounds
in London, indicating the importance of primary emissions and photochemistry taking place
in this region (Langford et al., 2010). Similarly, Rantala et al., measured VOC fluxes in
Finland. They have found a high contribution of methanol regardless of the season and other
OVOCs (ethanol, acetone and acetaldehyde), suggesting the contribution from biogenic and
anthropogenic sources (Rantala et al., 2016). From measurements performed in Innsbruck and
compared with other European sites, Karl and co-authors have shown that urban OVOCs
would be at least about a factor of 2.1 higher than projections used in these emission
inventories, and they suggest it cannot be explained by photochemical processing alone (Karl

etal., 2018).

Average VOC mixing ratios have also been compared to ground-based campaigns in the

studied regions. It is found that the average mixing ratios of the VOC measured from two
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ground sites (SIRTA and LHVP) in Paris during the MEGAPOLI campaign (Ait-Helal et al.,
2014) are in the same range as those found in this study (Figure 3). The average mixing ratios
of VOC found in Lagos (Murphy et al., 2010) in the framework of the AMMA aircraft
campaign, as well as those found from ground-based measurements in Abidjan during the
DACCIWA campaign (Dominutti et al., 2019), were within the same range as those found in
SWA in this study. The average mixing ratios of VOC measured in the Ersa site (Cape
Corsica) in the WMB (Debevec et al., 2021) are also in the same range as those measured

during the SAFMED aircraft campaign.

Higher mixing ratios of toluene and Cg-aromatics were observed in ground-based
measurements in Abidjan and LHPV, Paris, than those from airborne measurements. This
difference could be related to the distance to emission sources, the dilution and the reactivity

of both aromatic compounds, affecting their lifetime and atmospheric concentrations.

Globally, a good consistency between airborne and ground-based measurements is observed,
which enables the evaluation of the chemical processing of VOC in the atmosphere and the

assessment of emission sources in these three contrasted regions.

3.3.  Photochemistry of VOCs

3.3.1. Atmospheric reactivities of measured VOC

Figure 4 depicts mean concentrations and the standard deviations, of the OFP and kiVOCi
reactivity for BVOC, AVOC and OVOC inside and outside the plumes. The kiVOCi
reactivity and ozone formation potential (OFP) have been computed following equations (1)

and (2).

As previously mentioned, the total concentrations of studied VOC are in the same order of
magnitude in the three contrasting regions. However, kiVOCi and OFP values differ from one

area to another. For instance, similar OFP estimated values are observed in Paris (462 OFP-

18



relative ppb) and WMB regions (450 OFP-relative ppb and 526 OFP-relative ppb including
HCHO), while the OFP is three times higher in SWA (1228 OFP-relative ppb and 1406
including HCHO). This difference is mainly associated with the higher concentrations of
acetaldehyde and isoprene observed in the SWA region. BVOC are found to be the highest
contributors to OFP in Paris, WMB, and SWA, between 50% and up to 60% in Paris, usually
followed by OVOC (30%-44%) and AVOC (4-28%) both inside and outside the urban
plumes. The high contribution of OVOC observed in SWA is due to flight 18 during
DACCIWA, which flew over forested areas, indicating that there should be primary or

secondary production of OVOC from biogenic sources.

The averaged OH loss rate, calculated by the (kjVOC;), equals 4.03 s in Paris, 3.2 s in
WMB and 11.4 s in SWA. The airborne total OH loss rate is first compared to the one
measured at ground level at an urban Paris site during the wintertime MEGAPOLI campaign
(Dolgorouky et al., 2012) and at a remote site in Cape Corsica during the summertime
SAFMED campaign (Zannoni et al., 2017); those values equal 33 s-1 (median) down to (limit
of detection) in Paris and 3 (limit of detection) and 17 s in Cape Corsica. Our values are
similar to those reported in previous studies, given that the total measured OH loss rate in
Paris represents an upper limit compared with summertime. One should also keep in mind that
the Q-PTR-MS only measured some of the major O/VOC but not all of the wide VOC
spectrum. As a consequence, we have calculated and reported in Figure 4 the average OH loss
rate from ground-based VOC observations performed during the aircraft campaign by only
selecting the same compounds. The calculated ground-based values of OH loss rate equal to
1.48 + 0.89 s in Paris in summertime (Baudic et al., 2016), 0.99 + 0.91 s in Cape Corsica
(Ersa, Michoud et al., 2017) and 2.63 + 1.97 s in Abidjan, Cote d'Ivoire (Dominutti et al.,

2019). The calculated OH loss rates are in the same order of magnitude, except in SWA,
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where the differences between airborne and ground-based platforms can be explained by the

lack of OVOCs measurements at the ground.

The contribution of the three VOC groups studied in this article to the total -OH loss rate is in
good agreement with the results obtained for the OFP. BVOCs have the largest average
contribution to the -OH loss rate, with a total contribution of 80.5 % in Paris (52.4 % on the
ground), 52.1 % in WMB (76.9% on the ground), and 68.3 % in SWA (60 % on the ground).
Regarding the potential interferences for isoprene (see section 2.2.1), Coggon and co-workers
evaluated a 50% maximum interference in urban environments. Assuming a 50% contribution
of anthropogenic interferences to isoprene (an upper limit), the BVOC still dominate the OH

loss rate in the explored plumes.

OVOC dominate the -OH loss rate after BVOC in Paris (14 %, 37% on the ground) and SWA
(28.9 %, no data available on the ground). Nevertheless, in WMB, OVOC has the minimum
contribution to the OH loss rate (17 % and 21% on the ground). On the other hand, AVOCs
contribute only 5.8 % to the -OH loss rate in Paris (10% on the ground) and 3 % in SWA

(40% on the ground), while it is as high as 31.2 % in the WMB (2% at the ground).

The differences in the OH loss rate between airborne and ground measurements are mainly
related to the chemical processing of the air masses observed, with a higher contribution of
OVOCs and BVOCs (and their oxidation products) in the airborne studies and a higher
contribution of primary emissions (like AVOCs) in ground-based measurements. This is
different in WMB since ground-based measurements were performed at a remote site under
the influence of processed air masses (Zanonni et al., 2017). Finally, the differences in the
mixing ratios observed inside vs. outside the plume are not detected in the photochemistry
indicators evaluated except for Paris, which presents a slightly higher OH loss rate outside

than inside the plumes (Figure 4).
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Given the limited number of O/VOC detected by the Q-PTR-MS, the representativeness of
the observed contributions of the AVOC, BVOC and OVOC families to the OH loss rates
within the plumes is now discussed. For that purpose, we rely on the paper by Zannoni et al.
(2017) at the remote site of Cape Corsica, where a wider range of VOC was measured
compared with the one detected by the airborne Q-PTR-MS. In Paris, Dolgorouky et al.
(2012) also reported the contributions of various inorganic (NOx and CO) and VOC families
to the OH loss rate from megacities worldwide, like Mexico and Tokyo. NOx usually explains
around half of the OH loss rate, while BVOC are close to 1% at ground-based sites. Given the
urban nature of those sites, which are freshly impacted by NOx emitters (traffic) and are
surrounded by few green areas, the BVOC are not expected to make a significant contribution
to the OH loss rate. Compared to the remote site of Cape Corsica, the comparison with near-
source sites is not relevant here. Despite the wider range of measured VOC among AVOC,
BVOC and OVOC, the contribution of BVOC at Cape Corsica is still significant, explaining
at least 45% of the measured OH loss rate during the daytime. The contribution of AVOC and
BVOC is lower, explaining at least 12% and 19% of the OH loss rate, respectively. Despite
the limited number of the measured species, the airborne Q-PTR-MS provides a relevant

fingerprint of the biogenic, anthropogenic and oxygenated contributions to the OH loss rate.

Figure 5 shows OPF and kiVOCi reactivity for each VOC species in descending order in
Paris, WMB, and SWA. Similar species presented a different order of the OFP-relative ppb
and kiVOCi reactivity contributions in each area. In some previous studies, aromatic
compounds were the most dominant species in terms of reactivity and contribution to ozone
formation in the urban area of Shanghai (Cai et al., 2010), in rural and remote areas of
Guangzhou (Tang et al., 2007) and an industrial site in Southern Taiwan (Chang et al., 2005)

and from an aircraft observation in Seoul (Simpson et al., 2020). However, isoprene was
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found to have the most significant OFP, and aromatics compounds represent the least

significant ones in the studies of Yan et al. (2017), Na et al. (2005) and Zheng et al. (2009).

In Paris, the major VOC species contributing to OFP are isoprene (39.2 %), acetaldehyde
(20.9 %), MACR+MVK (14.5 %), methanol (6.9 %) and monoterpenes (4.2 %). These top
five species account for 85.7 % of the total OFP contribution. Similarly, the top five VOC
species contributing to the total -OH loss rate are isoprene (65.3 %), acetaldehyde (11.3 %),
MACR+MVK (7.4 %), monoterpenes (7.4 %) and Cgq aromatics (2.6 %). They account for 94

% of the total kiVVOCi contribution (Figure 7).

In WMB, the top 5 VOC species for OFP are MACR+MVK (40.6 %), Cq aromatics (22.2 %),
acetaldehyde (12.8 %), methanol (7.8%) and monoterpenes (6.6 %), accounting for 90 % of
the total OFP. The most photochemically relevant species towards -OH are MACR+MVK
(31.6 %), Cq aromatics (26.9 %), monoterpenes (17 %), acetaldehyde (15.1 %) and methanol

(4.2 %), attributing 94.8 % of the total -OH loss rate.

In SWA, the most photochemically relevant species are acetaldehyde (36.2 % for OFP and
26.5 % kiVOCi), isoprene (36 % for OFP and 57.7 % for kiVOCi), HCHO (12.6 % for OFP
and 6.3 % for kiVOCi), MACR+MVK (6.8 % for OFP and 3.7 % for kiVOCi) and
monoterpenes (1.7 % for OFP and 2.5 % for kiVOCi). These species explain 93.3% and 96.7

% of the total OFP and kiVVOCiI, respectively.

3.3.2 Spatial and temporal distribution of oxidants during the flights

The time series and the spatial distribution of major trace gases provide a first insight into the
oxidative processing of the plumes. An illustration is provided with the northern flight 36
during Paris-MEGAPOLLI in Figures 6 and 7 and flight 19 during SWA-DACCIWA (Figures
S1 and S2 in the Supplement Material). Figures 6 and S2 report the 2D flight trajectory color-

coded by the NOx, Ox and selected VOC mixing ratios. Figure 7 shows the time series of
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NOx or CO along with AVOC species (toluene, Cg and Cy aromatics), BVOC and OVOC

(acetone and acetaldehyde).

Despite their significant regional background levels, the 2D trajectories (Figure 6) reveal the
well-defined edges of the Paris plume for anthropogenic compounds and even OVOC (Figure
6). The distribution of BVOC shows a different feature: while the distribution of isoprene
(m/z 69) seems independent of the Paris plume's position, this of its oxidation products
(MACR+MVK, m/z 71) is impacted. One should note that isoprene and its oxidation products
show their highest levels in the sector of the Rambouillet forest in southwestern Paris.
Interestingly, the location of the Ox plume is slightly shifted to the west at the edges of the
plume (Figure 6). Due to different flight trajectory, the spatial feature of the DACCIWA flight
19 is less explicit. As expected, NOx and AVOC show their highest levels downwind the
ACCRA's plume. BVOC show their highest levels when the aircraft flies over the forested
areas in the western part of Lome. OVOC show their highest levels downwind of the

ACCRA's plume and in the Northern part of the DACCIWA domain.

As noted in Figure 7, NOx peaks mark the crossing of the Paris plume by the ATR-42 aircraft,
as already discussed in Thera et al. (2022). A simultaneous increase in AVOC and OVOC
mixing ratios, well above their background levels, is observed for each plume transect (and
CO — not shown here). However, the mixing ratios of these compounds decrease with time as
long as the aircraft travels away from the Paris centre. Indeed, Cg-aromatics decrease more
rapidly than benzene and toluene due to their higher coefficient rates towards the -OH radical
(1.45x10™ versus 1.20x10™*2 cm™ molecules™ s™) by being consumed faster in the plume. For
the DACCIWA flight 19, there is no clear indication of oxidative processing with time; this is
probably due to the exploration of different urban plumes, which differ from the pseudo-

lagrangian exploration of one single plume in Paris during MEGAPOLI.
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The spatial distribution and time series provide a first qualitative insights into the chemical
processing occurring inside the urban plumes. The decay rate of O/VOC and the secondary
production of OVOC and Ox are going to be quantified in the following section in order to

evaluate the magnitude of the chemical processing.
3.3.3 Cumulative oxidant production vs. -OH exposure

To compute oxidant production vs. -OH exposure, a decrease in NOx and CO levels has to be
observed inside the plume. While this decrease was observed in three of the four selected
flights of MEGAPOLI, none was observed inside SWA plumes. Consequently, oxidants'
production could only be computed for MEGAPOLI-selected flights. Figure 8 depicts the
correlation between A[Ox]/A[CO], which is plotted against the cumulative -OH exposure
(At[OH]) for flights 32, 33, and 36 of the MEGAPOLI campaign. The scatterplots represent
the average oxidant production of each plume intercepted during each flight. As expected,
A[Ox]/A[CO] increases with At[OH], and they all present significant determination
coefficients (R® ranges between 0.58 and 0.93). Wood et al. (2009) also obtained an increase
in oxidant production with -OH exposure with a correlation > 0.90 in Mexico City from an
Aerodyne mobile laboratory. The slopes of the linear fit are 3.3 x 10" and 3.1 x 10" ppb,
Ox /ppby CO (molecules s cm™)" for flights 32 and 36, respectively, at +55%. That value gets
higher for flight 33 : it equal 3.4 x 10" ppb, Ox /ppb, CO (molecules s cm™)". Surprisingly
these values are 10 to 100 times higher than those reported in Wood et al. (2009) (for flights
32-36 and 33, respectively), whose slopes ranged between 3.6 and 5.6 x 10 ppb, Ox/ppb,
CO (molecules s cm™) " in Mexico City. Note that the slope from Mexico City was derived
from the full-day values, which are expected to be higher during the afternoon. The reasons
for such discrepancies could be the differences in VOC reactivity loadings, the NOx levels,

and more favorable photochemical conditions.
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3.3.4 The decay and production of O/VOC
Figure 9 displays the scatterplot of the AVOC-to-ACO against the processing time inside the
plumes and the mean and standard deviations of AVOC-to-ACO calculated for each plume
transect. A decay of the averaged AVOC-t0o-ACO (illustrated by Cg-aromatics) is observed for
flights 25, 27, 33 and 36 of MEGAPOLLI, fitting a linear least-square regression slope with an
R? higher than 0.80 except for flight 33 (0.54). Primary decays observed for Cg-aromatics
range from 0.87 to 3.19 ppt, VOC ppb,* CO per hour on average. The highest decay is
observed during flight 36, with a total of 3.19 ppt, ppb,™ CO per hour, depicting a faster
reaction and consumption of the Cg-aromatics. Linear fits are reported in Table 3 for all
AVOC during the four MEGAPOLI flights. Aromatic AVOC usually show a linear decay
with the processing time of the plume, but the significance of the fit is not always met. During
flight #36, the R? of the benzene and toluene’s fit is weak (< 0.30), and the standard error of
the slope is high (115% of the slope for toluene), moderating the observed averaged decay
rate. The examination of the time series for flight 36 (not shown here) already suggested that
toluene mixing ratios stayed proportional to the ones of benzene during the plume intercept.
The same behaviour was previously observed in the Los Angeles plume, where, despite a 3 to
5 hour-transport time, the proportion between toluene and benzene did not change between
the source and the receptor (Borbon et al., 2013). It suggests that the reactivity towards the
OH of benzene and toluene is not high enough to be captured during this transport time. The
differences observed between the plumes could be related to the concentrations of oxidants
inside the plumes and the atmospheric conditions favouring the decay of these compounds.
The Cg-aromatics usually show the greatest decay rate inside the urban plume compared to
benzene and toluene, which is explained by their higher rate constants with OH (by an order

of magnitude).
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Figure 10 displays the scatter plot of the AOVOC/ACO ratios versus the processing time of
the plume for flights 33 and 36 of MEGAPOLI. Depending on the flight, either a production
or a decay is depicted for the different OVOC species. During flight 33, OVOC enhancement
ratios show a strong production fitting a linear least square regression slope (r* > 0.85, except
for MACR + MVK and methanol, Table 3). There is 17.9+2 ppt, of acetaldehyde produced
per ppb, of CO per hour in the plume, presenting the highest OVOC production inside the
plume. The production rate ranges between 4.37 and 18 ppt, VOC ppb,™* CO per hour on
average. Production is also depicted during flight #27 but at a lower production rate (by one
order of magnitude lower) and with a lower R? (around 0.50), and the absence of production
of methanol during this flight is observed (R?= 0.01). The OVOC production during flight 33

is the strongest of the whole campaign.

The primary biogenic nature of OVOC and its potential bias to the observed OVOC
production are discussed here by taking the MEGAPOLI flight 33 as an example. Figure S3
shows the time series of trace gases of interest as well as the colour-coded plot trajectories for
flight 33 of MEGAPOLLI. This flight was performed in the eastern sector of Paris, downwind
of the Paris plume. Contrary to AVOC, figure S3 displays that the mixing ratios of OVOC
(illustrated by acetone and methanol) increase as long as the ATR-42 moves away from the
urban area (Paris, France) but independently of the urban plume intercept. Moreover,
isoprene, a biogenic marker, shows higher mixing ratios outside the urban plume. The
increase of OVOC and isoprene mixing ratios indicate the potential biogenic contribution of
the regional background as long as the aircraft flies over the rural and forested areas
surrounding Paris. The potential contribution of a biogenic regional background is subtracted
through the AJOVOC] term, as described in Equation 3. Consequently, the primary biogenic
contribution of OVOC does not bias the calculation of their production rates inside the plume.

The intensity of the production rates of OVOC inside the urban plumes is also modulated by
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their sink terms (mainly oxidation by the OH radical and, for some of them, by photolysis like

acetone).

Apart from flights 27 and 33 and methanol and acetone during flight 25, OVOC either show a
clear decay as a function of the plume processing time (MACR+MVK and MEK during flight
25) or no clear production associated with low R? (flight 36) as well as any plume in SWA
(Table 3). However, the decay rates of OVOCs are lower than the production ones observed
during flight 33. In addition, except for flight 33 where acetaldehyde depicted a clear

production, no clear production or decay is observed for this compound in other flights.
4. Conclusions

This study aimed to evaluate the composition, primary and secondary sources, and the
reactivity (production and decay rates) of the O/VOC burden in polluted plumes in three
contrasting regions: Paris, North West Mediterranean Basin (WMB) and South West Africa
(SWA). The polluted plumes were explored by the French research aircraft ATR-42 during
the intensive campaigns of the international MEGAPOLI, SAFMED/ChArMEx and
DACCIWA projects. For our purpose, various reactivity metrics have been applied to the
trace gases collected onboard the ATR-42. O/VOC species were measured by a Q-PTR-MS,

which showed a robust and consistent response over the last decade.

Our study is constrained primarily by the restricted number of measured VOC species across
various study areas. This limitation may result in potential overestimation or underestimation
when compared to prior studies. Nonetheless, the robust aspect of our research lies in the
incorporation of a unique and distinctive dataset, offering valuable insights into VOC levels

and reactivity in regions that are both contrasting and less explored.

Oxygenated VOCs dominate the air mass composition in the three contrasting regions,

explaining 70 % of the total VOC mixing ratios. Even if a small number of OVOCs were
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measured in the different areas of our studies, a higher contribution of these species was also
observed in previous studies in urban areas, suggesting the contribution from primary and
secondary sources. While the total VOC burden is higher in SWA plumes compared to Paris

and the WMB ones, the distribution between BVOC, AVOC, and OVOC is still consistent.

Regarding the reactivity of the plume, biogenic VOCs (BVOC) are the greatest contributors
both inside and outside the polluted plumes in the three regions. While an anthropogenic
origin of some BVOC, such as terpenoids (isoprene and monoterpenes), is not excluded, our
results strengthen the importance of taking into account the biogenic fraction of gaseous

precursors in urban areas to address atmospheric chemistry issues.

The total OH loss rate obtained was 4.03 and 3.2 s™* in Paris and WMB, respectively, while it
is 3 times higher in SWA (12.1 s™*) on average. Moreover, the ozone formation potential
varies between 400 and 1200 OFP-relative ppb in the three contrasting areas. These values are
within the same range or in the lower limit of the ones measured at ground-based sites in Ersa
(Mediterranean) and Paris, respectively. Despite the limited number of the measured species,
the airborne Q-PTR-MS provides a relevant fingerprint of the biogenic, anthropogenic and
oxygenated contributions to the OH loss rate through the comparison with the ground-based
larger dataset. They also confirm the recent studies in contrasted environment from northern
latitudes (see for instance Pfannerstill et al.,(2023) in Los Angeles to lower latitudes like
Borbon et al. (2024) in Beiru,Lebanon) and Sarkar et al. (2017) in the Katmandu Valley,

Nepal.

The chemical processing is examined and quantified in the Paris plumes by linking the.
A[X]/A[CO] and the processing of the plume through At[OH] exposure and the time
processing. AVOC (aromatics) show a decay rate between -0.5 and -3.2 pptavoc ppbco ' per

hour, while OVOC either show an increase (secondary production) or a decrease. The
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production rate is by far the strongest, up to 18 pptovoc ppbco’ per hour (acetaldehyde)

during the eastern flight 33 in Paris.

This study presents an unprecedented ensemble of airborne campaigns over contrasting areas
of the developed and developing world to assess the chemical and spatial O/VOC
distributions, their reactivity and implications in atmospheric chemistry, emphasizing the
importance of oxygenated and biogenic VOC in urban plumes. For future studies, the
implementation of a photochemistry model along the flight paths could bring new insights
into the data and the chemical processing of the plumes. This could also provide a better
understanding of VOC reactivity and the main processes impacting their lifetime in these

contrasting regions.
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Table 1: Flights selected for this study. The mean of ozone and the total of measured VOC
(TVOC) mixing ratios are also reported. For TVOC calculation, HCHO was not considered,

and isoprene was not included during the SAFMED campaign flights.

TVOC bv
. Flight . Ozone  Sector/Flight (PpbV)
Region NP Date Time (LT) (opbv)  type
PP yp Plume  Background
. . . 317+
25 1/7/2009 11:39-15:27 73.6 South-West Paris 40 19.3+6.7
< :
(5]
< , 8.8+
w 27 10/7/2009  11:08-14:58 39.3 East Paris 0.9 7.8+1.0
= :
[aX . 6.1+
33 07/25/2009 11:02-16:47 31.1 East Paris 0.9 6.2+0.9
. . . 152+
36 07/29/2009 11:40-15:23 525 North Paris 27 143+1.6
46 07/24/2013 12:49-1458 637  Ccnovato 105+
c Cagliari 5.9
[18]
< _ , 95+
s 47 07/24/2013 16:46-18:14 63.7 Tyreman sea 13
= :
[}
S 48 o7eseo13 R0 639 Guifofgenoa  131F
§ :56 3.4
% 49 7/27/2013 11.08-13.07 578  |@yinlandto - 20+
2 Olbia 1.6
< 9.0+
5 9l 7/30/2013  13:05-15:50 50.6 Gulf of Genoa 0.7
S :
14 :48- . 8.7+
52 8/1/2013 1718 58.3 Genoa to Olbia 0.7
City of Lomé,
. . . . 325+
18 6/30/2016  12:36-16:10 30.4 Biogenic surface 73 41.7+84
I and cloudy '
(&)
= . ] Cloud, Accra 12.6
b 19 1/7/2016 10:22-13:49 34.4 city, Biogenic +40 12.7+4.1
[72] - ,
S 23 752016 08021050 324 GO OLOME ISAE 5564109
= oudy 3.1
‘é Cities of Accra,
9] Abidjan, 124+
24 7/6/2016 07:08-10:50 30.5 Biogenic, o 10.3+3.1
. 3.4
Cloudy, Biomass
Burning
Cloud, Accra
32 7/12/2016  13:38-16:59 37.4 city, Biogenic, 59+48 3414

Biomass Burning

Table 2: Statistical values of the average VOC mixing ratios (in ppb,) inside the plumes
during the MEGAPOLI, ChArMEX/SAFMED and DACCIWA campaigns.
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Paris (MEGAPOLI)

North-West
Mediterranean Basin

South West Africa

SAPMED) (DACCIWA)

voc M M M
Mi Ma M o St Mi Ma M o St Mi Ma M st
n X ed d n X ed d n X ed d

n n n
0. 0. 0. O 0. 0. 0. O 0. 0. O
benzene %‘2 %3 11 13 09 00 %'g 11 12 08 01 %g’ 24 43 48
o 0 0 1 0 0 0 0 0 0 0
0. 0. 0 0 0. 0. 0 0 0. 0. O
toluene %‘? ég 28 35 25 00 %‘8‘ 10 12 08 01 123 32 41 32
o 0 0 2 0 0 0 0 0 0 0
Ce 0. 0. 0 0 0. 0. 0. O 0. 0. O
aromati %‘8 %’ 20 22 15 00 gg 11 15 13 01 % 13 19 16
cs 0O 0 0 0 0 0 0 0 0 0 0
C 0. 0. 0 0 0. 0. 0 0 0. 0. O
aromati %'g %g 10 11 08 00 %‘8 54 61 46 01 03'3 14 18 15
cs o 0 0 1 0 0 0 0 0 0 0
0. 1. 2. n. n. nn 0. 1. 2. 1.
isoprene %g 793 97 55 14 m. mn m. m. m. 08 %8 73 36 83
0 0 0 ' 0 0 0 0
0. 0. 0 0 1. 1. 0 o 0. 0. O
Y@\?E %‘8 gg’ 32 45 38 00 1‘3 16 48 93 01 733 64 89 95
o 0 0 3 0 0 0 0 0 0 0
0. 0. 0 0 0. 0. 0 0 0. 0. O
MEK g'g }33 46 54 39 02 gg 61 73 36 01 235 57 72 53
O 0 0 0 0 0 0 0 0 0 0
0. 0. 0. O 0. 0. 0. O 0. 0. O
me?]r;‘;ter 2‘8 %g 17 20 15 00 %‘8 25 30 18 01 118 15 23 19
P 0 0 0 1 0 0 0 0 0 0 0
3 3 1 0 2. 2. 0 o0 1. 1 1
E}Etha” %g ég 2% 97 90 01 358 07 01 88 04 763 A4 82 43
O 0 0 0 0 0 0 0 0 0 0
o 1. 1 o 0. 1. 0 0 33 2 6 T
ﬁcfjt;’"de 2‘8 %g 54 49 85 01 %‘5 74 04 75 01 70 82 77 50
y 0 0 0 0 0 0 0 0 0 0 0 0
o4 79 2 2 L0 14 3 3 1L 0 1L 1 2 2
acetone 0 7 50 81 93 21 32 04 08 35 02 03 70 80 84
o 0 0 0 0 0 0 0 0 0 0 0 0
e n n ononon 2 sg 33 0 0 1L 3 3 L
formald - n.ono N g S0 30 60 80 65 70 49 52 97
y - Mmoo meomom. 0 0 0 0 0O 0 0 0 0

n.m. : non measured
concentrations
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Table 3: Production or decay rates in ppt, VOC.ppby* CO per hour of AVOC and OVOC in
the Paris plumes during MEGAPOLI. Rates are the slope of a least-square linear fit. Grey
values highlight the production of VOC (positive slope), and black values highlight the decay
of VOC (negative slope). Italics indicate R* coefficients < 0.50.

Flight Flight Flight Flight
#25 #27 #33 #36
VOC slope + R? slope + R? slope + R? slope + R?
(o) (o) (o] (e}
-1.05+ R2= -349+ R2=
Benzene 0.59 0.76 nd nd nd nd 1.42 0.21
-0.71+ R2= -0.57 + R2 = -0.81 + R2 = -1.80+ R2=
Toluene 0.70 0.51 0.15 0.93 0.33 0.85 2.07 0.27
C8- -137+ R2= -1.62 + R2 = -0.87 + R2 = -3.19 + R2=
aromatics 0.66 0.81 0.42 0.94 0.57 0.54 0.89 0.86
Co9- -0.31+ R2 =
aromatics nd nd nd nd nd nd 0.18 0.60
119+ R2 = 0.26 + R2 = 17.9 + R2 = nd
Methanol 3.25 0.93 2.12 0.01 6.14 0.19 nd
3.50 + R2 = 1.21+ R2 = 11.8 + R2 = -1.85+ R2=
acetone 0.44 0.98 1.02 0.41 471 0.75 3.25 0.13
acetalden -131+ R2= 201+ R2 = 18.02+ R2= -7.76 + R2 =
yde 4.26 0.08 2.64 0.22 2.13 0.97 5.31 0.52
MACR+ 437+ R2= 0.87 + R2 = 0.94 + R2 = -2.80 + R2=
MVK 1.65 0.87 0.52 0.58 0.85 0.38 1.53 0.62
-1.38+ R2= 1.04 + R2 = 437 + R2 = -3.89+ R2=
MEK 0.21 0.97 0.76 0.4 0.79 0.93 3.19 0.42
20 | | | - 1 |
i I m im _ m mz33
- M M M m mz45
‘§ 15 F | m mz59
% 0 mz 69
g B mz71
< 104 | — L | m mz73
£ ‘ M = mz 137
:;% » ol m mz79
U L O m AELND AN Al | ==
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() ) *) 3 )

Figure 1. Comparison of the Q-PTR-MS normalised sensitivities during aircraft and ground-
based campaigns between 2009 and 2016. The values are from various publications indicated
by the numbers on parenthesis on the x-axis: (1) Borbon et al. (2013); (2) Borbon et al.
(2023); (3) Freney et al. ( 2014); (4) Thera et al. ( 2019); (*) unpublished results from our
group during the TRAQA aircraft campaign (Di Biagio et al., 2015).

46



SAFMED-to
T

- ;
¥ Grenoble. dilprae

luene

S3F7°  Milan "% {cha  Venice
) 0"y 5 O

Padua

MEGAPOLI-toluene

Mons
ons Be

ppbv

Bologna
,og

50

s

0.5 L 2
Marseille
(] (]
T
3 49 3
— =
E s 42- ppbv
0.4
E 0.3
48- — =~ héans 0.2 Tyrrhenian Sea
4 o yrrheni:
=L e 40
Blois 01 ¥
e %]urs o c‘
 A85 | 3 o Parc naturel %
2arc naturel régional : régional : : : :
0 1 2 3 4 6 8 10 12
longitude longitude
DACCIWA-toluene
10-
(orlgogo
8-
+ d'lvoire Ibagan
8 'amougsoukro
;-?: T Lagos
©
i K
Al
2 Takgradi
4- 1
Gulf of Guinea
0
-5.0 25 0.0 25 5.0

longitude

Figure 2: Trajectories of selected flights for MEGAPOLI, ChArMExX/SAFMED and
DACCIWA aircraft campaigns colour-coded by toluene mixing ratios (in ppb,) within the

boundary layer.

47



. 10

> 5 = plume

Q0 E ;F !l!E fI 1 outside the plume

% 1.5 -+ @ SIRTA groundsite (Ait-Helal et al., 2014)

~ LHVP groundsite (Ait-Helal et al., 2014)

&

@)

> 1.0+

—

g

< 0.5-

<

= LAl i 15 2 48 b
8 + ]

@ airborne

6 + B ERSA groundsite (Debevec et al., 2020)

SAFMED VOC (ppbv)
N

é é'@'ﬁ'ﬁ'ﬁ'@

o
l
u|

DACCIWA VOC (ppbv)
N o (0]
acetald | ————————— =

= plume

1 outside the plume

B Lagos plume (Murphy et al., 2010)

[ Abidjan groundsite (Dominutti et al., 2019)

i

formald | T ———————— ¢

o) a s ¥ o
c o s [ o O

9 (2} 2 — (D (D ust =
5 N =] @© ®©
8 S S @ o
®© 0 = O O

2“i
O-J
©
Ez
©
S
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