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emistry in boundary layer
polluted plumes: insights from the MEGAPOLI
(Paris), ChArMEx/SAFMED (North West
Mediterranean) and DACCIWA (southern West
Africa) aircraft campaigns†

B. Thera,a P. Dominutti,ab A. Colomb,a V. Michoud,c J.-F. Doussin,d M. Beekmann,c

F. Dulac,e K. Sartelet f and A. Borbon *a

The ozone–NOy photochemistry is explored in contrasting polluted plumes sampled with the Safire ATR 42

research aircraft during three summer field international campaigns in the megacity Paris, the North West

Mediterranean basin (WMB) and southern West Africa (SWA). Various metrics derived from the

photostationary steady state (PSS) and the ozone production efficiency (OPE) are calculated from

airborne observations. A new metric, the oxidant production rate normalized to carbon monoxide

(PROx), is introduced and quantified as a function of the processing time of the plume. In most of the

polluted plumes, it is found that the Leighton ratio (F) characterizing the equilibrium between O3 and

NOx is, on average, within the PSS range ([1 � 0.32]) or greater. The positive dependence of Ox to NO

usually indicates a VOC-sensitive regime inside the plumes with some exceptions. In Paris, under

oceanic westerly winds, and during DACCIWA, the plumes show a rural-like chemistry behaviour at

moderate NOx levels (NOx-sensitive). Intense and frequent rapid changes in J(NO2), NO and NO2 explain

the deviations from the PSS. The OPE for Paris plume suggests that the VOC-sensitive regime extends

far beyond the urban plume. The mean ozone production is higher downwind of Paris (30 ppb h�1 on

average) compared to SWA (20 ppb h�1) and WMB (6 ppb h�1). PROx values vary between 0 (no oxidant

production) and 0.27 ppb[Ox] ppb[CO]
�1 h�1. The determined uncertainty on the Leighton ratio value

could affect the differences in the estimation of the photochemical oxidant production by PO3 and

PROx. The emissions of CO along the flight path and the presence of vegetation and high humidity

levels might shape the oxidant production depending on the explored environment. While limited in

number, PROx values set a benchmark for future photochemical studies to compare with: Paris as

representative of an anthropogenic urban plume and WMB as representative of a biogenic continental

plume.
Environmental signicance

Tropospheric ozone is a secondary pollutant playing a key role in the oxidizing capacity of the atmosphere. While studied since the 80's, there are still pending
questions on its budget given the heterogeneous distribution of its gaseous precursor emissions worldwide and the non-linearity processes involved in its
production as recently recalled by the COVID-19 pandemic lockdown. Here we investigate the ozone–NOy photochemistry in contrasting polluted plumes
sampled by the Sare ATR-42 research aircra over the last decade in the megacity Paris, North-West Mediterranean and southern West Africa urban areas. We
use and discuss various metrics derived from the photostationary steady state and a newmetric, PROx, a CO-adjusted oxidant production rate. We show that the
VOC-sensitive regime usually dominates inside the plumes and far beyond but with some exceptions regarding the environmental conditions. PROx varies
between 0 (no oxidant production) and 0.27 ppb[Ox] ppb[CO]

�1 h�1 inside the plumes. PROx values set a benchmark for future photochemical studies to compare
with.
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1. Introduction

Apart from being a greenhouse gas, tropospheric ozone (O3)
plays a central role in the oxidizing capacity of the atmosphere.
In the remote atmosphere, ozone is the dominant indirect
precursor of the hydroxyl (OH) radical through its photolysis
leading to electronically excited O(1D), followed by its reaction
with water vapor. Ozone also reacts with nitrogen dioxide (NO2)
to form the nitrate radical (NO3), an important intermediate in
nighttime chemistry. Finally, ozone is an oxidant by itself
involved in the oxidation of double-bound alkenes.1 Because
ozone is an oxidant, it has an impact on human health and
vegetation at elevated concentrations. Surface ozone induces
respiratory problems and is associated with premature death.2,3

Surface ozone also causes tree damage,4 reduces photosynthesis
and growth5 and, therefore, crop yields.6,7

The surface ozone levels depend on (i) natural and anthro-
pogenic ozone precursor emissions, (ii) the photochemical
reactions that lead to ozone formation and destruction and the
actinic ux that drives this chemistry (iii) the transport of ozone
and its precursors away from the source by advection, convec-
tion and mixing, and (iv) the loss of chemical species via wet
and dry deposition.8

In most studies, it has been shown that elevated concentra-
tions of tropospheric ozone are due to the increase of its
precursor emissions9 (and references therein). As a conse-
quence, many actions have been taken worldwide in order to
reduce these emissions. Those precursors mainly originate
from anthropogenic sources,10–13 especially in urban areas.14–17

The relationship between ozone and its precursor concentra-
tions is usually represented by an ozone isopleth diagram,
which plots the maximum O3 concentrations as a function of
the initial VOC and NOx concentrations.18 This diagram enables
three chemical regimes to be distinguished:

A standard regime: ozone production depends on both NOx

and VOCmixing ratios. The decrease in NOx and/or VOCmixing
ratios cause the decreases in ozone mixing ratios.

A NOx-limited (or NOx-sensitive) regime: NOx mixing ratios
are low and VOC/NOx ratio is high (>15). Such a regime is
usually found in rural areas. Ozone levels increase with NOx

levels and are little sensitive to VOC variations.
A VOC-limited (or VOC sensitive) regime: NOx mixing ratios

are high and VOC/NOx ratio is low (<4). Such a regime is usually
found in urban and suburban areas. Ozone levels decrease with
or are insensitive to NOx levels and increase simultaneously
with VOC levels.

Policy to reduce urban air pollution has been typically
developed by assuming that the chemistry is controlled by the
VOC-limited regime. However, a recent study in Beijing by
Newland et al.19 shows that this simplistic separation of regimes
is awed. Indeed the authors observed that the NOx-sensitive
chemistry could even play a key role in central Beijing. More-
over, VOCs have both biogenic and anthropogenic origins, and
the role of biogenic VOC (BVOC) emissions was demonstrated at
the urban scale in Atlanta thanks to the seminal work of Cha-
meides20 followed by many others (see the review by Calfapietra
660 | Environ. Sci.: Atmos., 2022, 2, 659–686
et al.).21 The authors showed that the reduction of ozone
pollution is inefficient without considering the role of BVOC
emissions in cities known to be high-NOx chemical
environments.

In response to the decrease in emissions of ozone precur-
sors, several studies have shown that the surface ozone levels in
summer are decreasing in the eastern United States22–26 as well
as in western Europe.27,28 However, they may increase in the
near future in urban areas because of a decrease in NOx emis-
sions due to traffic eet renewal.29 In contrast, in East Asia,
several studies have reported either a decrease30,31 or an increase
in ozone levels32–35 depending on the location. The wide range of
trend values across urban and rural areas, especially for Europe,
makes it difficult to describe an overall regional trend.36

The aforementioned observations highlight the non-linearity
and the complexity of the relationship between ozone and the
initial amounts of its precursors.37 The reason for the decrease
in ozone level in the post-industrialized world due to the
reduction of its precursor emissions and its increase in the
developing world are one of the main unanswered questions
despite many years of research and substantial monitoring of
the surface ozone at regional and global scales.26 The Tropo-
spheric Ozone Assessment Report (TOAR) https://
igacproject.org/activities/TOAR (last access August 2021) has
been addressing this question in North America, Europe, and
East Asia8,9,26,36,38–42 by rst facilitating access to standardized
ozone metrics for the determination of ozone production.
However, this assessment is limited because of the
heterogeneity of the data coverage. In the developing world
like Africa, there is still a severe lack of observations.
Therefore, a better understanding of ozone formation in
contrasting regions of the world by applying a common
approach is still needed.

In this study, we consider three international aircra
campaigns in contrasting regions in which the French atmo-
spheric chemistry community has been involved during the last
decade. These campaigns are relevant for the evaluation of
photo-oxidizing capacity of the atmosphere: MEGAPOLI
(Megacities: Emissions, urban, regional and Global Atmo-
spheric Pollution and climate effects, and Integrated tools for
assessment and mitigation; 2009; http://megapoli.info, last
access August 2021),43 ChArMEx/SAFMED (Chemistry-Aerosol
Mediterranean Experiment/Secondary Aerosol Formation in
the Mediterranean, in 2013)44 and DACCIWA (Dynamics-
Aerosol-Chemistry-Cloud Interactions in West Africa, in
2016)45 in the Paris, North West Mediterranean, and southern
West Africa regions, respectively. Those three regions encom-
pass a diversity of environments in terms of ozone precursor
emissions, emission regulation, urbanization, and photo-
chemical conditions.46–49

Fig. 1 shows the multiyear evolution of ozone precursor's
emissions since 2000 in those three contrasting regions. The
annual emissions of NOx and ethylene as representative of VOC
precursors due to its elevated ozone-forming potential have
been extracted from the global CAMS emission inventory
(https://permalink.aeris-data.fr/CAMS-GLOB-TEMPO, last
access August 2021). The following countries have been
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Annual emissions of ozone precursors (upper panel: NOx; lower
panel: ethylene) from 2000 to 2020 in Europe (France), in the Medi-
terranean (Italy, Turkey) and in South Western Africa (Côte d’Ivoire).
Emission data have been extracted from the CAMS emission
inventory.152
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View Article Online
selected: France for Western Europe, Italy and Turkey for the
West and East Mediterranean, and Côte d'Ivoire and Ghana
for southern West Africa. While there is a is a clear increase
in anthropogenic emissions in SWA, the trends in Western
Europe and in the Mediterranean are more contrasting
depending on the species and on the country. On average
a decreasing trend is observed.

The objective of this study is to provide an overview of the
ozone chemistry in the polluted plumes transported in those
three contrasting regions. There are numerous ways of studying
the ozone photochemistry. The use of chemistry-transport
models is one of them. However, modelling implies a good
representation of the complex chemical and physical processes
affecting the ozone distribution as well as the state of the
atmosphere which varies from one location to another. As an
alternative, metrics derived from observations have been widely
used such as: the rate of ozone production,50–54 quantication of
the dynamic equilibrium between ozone and NOx,55–58 the esti-
mation of the mixing ratios of peroxy radicals (ROx) produced
from the oxidation of VOC, CO andmethane (CH4)56,59,60 and the
efficiency of production of ozone.61–64 These metrics give a hint
© 2022 The Author(s). Published by the Royal Society of Chemistry
on how ozone is formed and enable to access its relationship
with its main precursors. They are calculated from the
measurements of key species and are complementary to
chemistry transport model outputs.

In this study, the analysis uses different metrics, focusing on
the three summertime aircra missions mentioned above,
conducted over the last decade by the French ATR 42 environ-
mental research aircra of Sare. It starts with an introduction
of the experiments (Section 2) followed by data selection and
metric description (Section 3). Results (Section 4) are used to
discuss the meteorological conditions, trace gas levels and
variability before a comparative analysis of ozone and ROx

photochemistry and oxidant production.

2. Experiments
2.1. Aircra campaigns

Fig. 2 maps the various aircra ights from the three
campaigns. The MEGAPOLI aircra campaign took place in July
2009 (from 07/01/2009 to 07/29/2009) in the Paris area. The
Sare ATR 42 was based at the airport of Cergy Pontoise North
West of Paris (49.1� N, 2.0� E). The aircra campaign was part of
the European MEGAPOLI project aimed at investigating the
interactions among megacities, air quality, and climate.65 A
total of 12 ights were performed in eight predened sectors
according to prevailing wind directions. During these ights,
a complete circle around Paris and up to four transects
perpendicular to the pollution plume at increasing distances
from Paris center were performed.66–68 The ight duration was
about 3.5 hours and the maximum distance from the Paris
center was 200 km. All the ights were performed in the aer-
noon at the maximum of photochemical reactivity and in a well-
developed boundary layer height (500–700 m). A vertical
sounding was performed at the end of the four transects.

The ChArMEx/SAFMED aircra campaign took place in late
July 2013 (from 07/24/2013 to 08/01/2013). The aircra campaign
was part of the ChArMEx program and aimed at assessing the
physico-chemical state of atmospheric pollution in the western
Mediterranean basin. The Sare ATR 42 was based at the airport
of Genova in northwestern Italy (44.4� N, 8.8� E). The aircra ew
over a domain including the Ligurian Sea with the Gulf of Gen-
ova, the Tyrrhenian Sea, and the eastern coast of Corsica and
Sardinia. A total of 6 ights (Fig. 2) including 3 vertical soundings
over Ersa in Cape Corsica were performed. The maximum alti-
tude ranged between 804 and 4207 m. As for MEGAPOLI, all the
ights were performed during the aernoon at the maximum of
photochemistry and lasted between 1 to 3.5 hours. In the
following, they will be referred as SAFMED.

The DACCIWA aircra campaign took place in June–July 2016
(from 06/29/2016 to 07/16/2016) during the monsoon season over
the Gulf of Guinea and inland (incl. African countries like Ivory
Coast, Ghana, Togo, and Benin). The DACCIWA international
program aimed at studying the inuence of anthropogenic and
natural emissions on the atmospheric composition of southern
West Africa and assessing their impact on human health,
ecosystem and agricultural yield in a region where anthropogenic
emissions are increasing.69 A total of 20 ights were performed
Environ. Sci.: Atmos., 2022, 2, 659–686 | 661
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Fig. 2 MEGAPOLI, ChArMEx/SAFMED and DACCIWA aircraft flights color-coded by ozone mixing ratios in ppbv.
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during morning and aernoon hours as plotted in Fig. 2.
Detailed information about the DACCIWA aircra campaign can
be found in Flamant et al.49 The sampling strategy generally
consisted of two parts: rst, vertical soundings were performed
from 60 m up to 8 km above the mean sea level (a.m.s.l.) to
identify relevant aerosol and trace gas layers. Subsequently, the
identied layers were probed with in situ instruments by straight
levelled runs at xed ight altitudes. Urban plumes have been
mostly sampled following the north-eastward direction which
corresponds to the monsoon ux direction70 downwind large
urban conurbations such as Abidjan, Lomé, and Accra.
2.2. Chemistry instrumentation on-board the Sare ATR 42

The characteristics and performances of the instruments are
reported in Table 1. Ozone and CO were sampled through
662 | Environ. Sci.: Atmos., 2022, 2, 659–686
a rear-facing 1/4 inch Teon tube. During MEGAPOLI and
SAFMED, ozone and CO were measured using ultraviolet and
infrared analyzers (Thermo Fisher environmental instruments)
with the MOZART instrument71 based on the procedure imple-
mented in the MOZAIC-IAGOS program.72,73 The principle is
based on the gas lter correlation of infrared absorption for CO
and UV absorption for ozone. 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.74 During MEGAPOLI
and SAFMED, nitrogen oxides (NO and NO2) were sampled
through a separate rear-facing pressure controlled inlet at a 30 s
time resolution and measured using the MONA (Measurement
of Nitrogen on Aircra) instrument developed by the Labo-
ratoire Interuniversitaire des Systèmes Atmosphériques (LISA).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physico-chemistry instrumentation deployed during the MEGAPOLI, SAFMED and DACCIWA campaigns

Species Campaign Technique
Time
resolution LOD

Accuracy
(s%) References

Ozone (O3) MEGAPOLI,
SAFMED

UV absorption (MOZART) 4 s 1 ppbv 5 Nedelec et al. (2005)71

DACCIWA UV absorption (TEI 49i) 1 s 1 ppbv 5 Brito et al. (2018)70

Carbon monoxide
(CO)

MEGAPOLI,
SAFMED

IR absorption (MOZART) 4 s 1 ppbv 5 Nedelec et al. (2005)71

DACCIWA CRDS analyzer (PICARRO Inc.) 1 s 4 ppb Filges et al. (2015)74

Nitrogen oxides
(NO, NO2, NOy)

MEGAPOLI,
SAFMED

O3 chemiluminescence photolytic
converter (MONA)

30 s 10 ppt 10 Freney et al. (2014)67

20
13

DACCIWA O3 chemiluminescence TEI 42iTL 20 s 50 ppt 20 Denjean et al. (2020)82

J(NO2) All Chemical actinometry 1 s 10 Bohn et al. (2004)75
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MONA consists of three NO commercial analyzers (Ecophysics
CLD-780 TR). It measures NOx (NO + NO2) and NOy (sum of NOx

and its oxidation products) concentrations by ozone chem-
iluminescence. NO is directly detected. NO2 is converted into
NO by a photolytic converter. NOy is converted in NO by a gold
converter heated at 200 �C with H2. NOy measurements were
performed using a separate heated (60 �C) sampling line to
avoid any loss of nitric acid. Additional details of the MONA
instrument are given in the Supplement Material of Freney
et al.67 During the DACCIWA campaign, nitrogen oxides (NOx)
were measured by a TEI42 iTL chemiluminescence analyzer
with a blue light photolytic converter which converts only NO2

into NO.
The J(NO2) lter radiometer determines the rate of the in situ

JNO2 photolysis in the atmosphere via a continuous measure-
ment of the actinic ux in the appropriate wavelength of the 4 sr
hemisphere. The lter radiometer is composed of two sensors
measuring the downward and upward uxes located above and
below the aircra's fuselage, respectively. The J(NO2) lter
radiometer was calibrated at Jülich following the standard
procedure as described in Bohn et al.75 During the SAFMED
aircra campaign, upward J(NO2) data was not available. To
deduce the total value of J(NO2) which is the sum of upward and
downward J(NO2), the photolysis frequencies from the/SAFMED
ights performed during summer 2014 (ref. 46) above the sea
has been used. A relationship between upward and downward
J(NO2) has been quantied (Fig. S1 in the ESI†). It was found
that the maximum value of upward J(NO2) equals 10% of the
value of downward J(NO2) (Fig. S1 of the ESI†). As a conse-
quence, the following relationship was used for the 2013
SAFMED dataset to calculate the total value of J(NO2): J(NO2)total
¼ 1.1 � J(NO2)downward.
3. Methods
3.1. Data selection: searching for polluted plumes

3.1.1. Boundary layer height estimation. The objective here
is to identify polluted plumes that develop in the boundary layer
which is directly impacted by the emissions of ozone precursors
at the surface. Only observations within the boundary layer will
be selected in this study. The upper limit of the boundary layer
© 2022 The Author(s). Published by the Royal Society of Chemistry
has been dened through the examination of the vertical
gradients of two physico-chemical parameters: relative
humidity (RH in %) and ozone mixing ratios (in ppb) following
Bechara et al.77 The upper limit of the boundary layer is usually
characterized by strong changes in the meteorological and
pollution gradients. Since the boundary layer is a mixing layer,
most of the photochemical reactions occur within that layer and
most of the species are concentrated in this area. It can be
visualized when there is a visible change in the RH (or humidity)
and in the ozone vertical distributions. Fig. 3 shows the vertical
distribution of RH (or humidity for MEGAPOLI campaign) and
ozone for 4 selected ights during each of the three aircra
campaigns, whose patterns are representative of all ights.

In the Paris region, the vertical distributions of ozone and
RH are quite homogeneous with a neutral vertical gradient
along the rst 2000 m indicating a well-mixed boundary layer in
the mid-aernoon. Beyond 2000 m, the ozone and RH gradient
becomes negative most of the time. This gradient shi signs the
upper limit of the BL. This value is consistent with summertime
and springtime observations inside (QUALAIR platform)78 and
outside Paris (SIRTA observatory located at 30 km in the South-
West)79,80 based on LIDARmeasurements. The negative gradient
of ozone suggests its photochemical production in the BL. In
the West Mediterranean basin, the vertical distribution of RH
and ozone reveals the presence of different layers. Di Biagio
et al.81 have already shown that the vertical distribution of
aerosols and trace gases over theWest Mediterranean presented
a complex and highly stratied structure. While the upper limit
of the marine boundary layer below 500 m is visible with
a constant RH above 80%, the determination of the upper limit
of the BL varies between 800m (ight 51) to about 1000m (other
ights). This is in agreement with the height of the BL deter-
mined by Di Biagio et al.81 In southern West Africa, the RH
distribution shows a rather neutral gradient up to 1500–2000 m
with values higher than 80%. Ozone is moderate and its
distribution is homogeneous with some exception (ight 36).
This corresponds to the wet monsoon layer characterized by
a weak to moderate wind speed and a south-western ow. Above
1.5–2 km, the wind direction changes to the eastern sector and
the wind speed increases. The atmosphere gets drier and ozone
shows a positive gradient. The proles and interpretation are
Environ. Sci.: Atmos., 2022, 2, 659–686 | 663
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Fig. 3 Vertical profile of relative humidity (RH) and ozone during 4
flights from MEGAPOLI (blue, top plots), SAFMED (grey, middle plots)
and DACCIWA (green, bottom plots) campaigns.
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consistent with the vertical layering of aerosol and other
meteorological parameters described by Denjean et al.82

To conclude, the change in the vertical distribution of RH
and ozone is observed around 2000 m of altitude in Paris, 800–
1000 m in WMB, and ranges between 1000 and 2000 m in SWA.
664 | Environ. Sci.: Atmos., 2022, 2, 659–686
In the following, only observations within the boundary layer
will be taken into account.

3.1.2. The identication of the plumes. The identication
of the polluted plume is based on the use of one short-lived
chemical tracer (here NOx) and wind direction to verify air
masses are located downwind main source areas. Any remark-
able increase of NOx above their background regional levels
consistent with wind direction is used as an indicator of plume
crossing. In addition, the nature of the polluted plume (urban or
biomass burning-type) has been identied, especially in SWA by
using the ratio NOx to CO as discussed in Denjean et al.82 All the
identied plumes for this study are urban (NOx to CO ratio >1).

The time series of NOx concentrations for each ight are
examined in order to detect signicant changes in NOx

concentrations above background levels. Fig. 4 reports the time
series of NOx (le axis) and ozone (right axis) for one repre-
sentative ight of each campaign. The signicant increase of
NOx levels above their background levels is remarkable in Paris
each time the aircra meets the urban plume. This feature is
consistent with the increase of other anthropogenic ozone
precursors like aromatic hydrocarbons as described in Borbon
et al.66 While less remarkable and frequent due to aircra
trajectory, the increase of NOx is visible during DACCIWA and
SAFMED. Regardless of the ights, the NOx peaks correspond to
a decrease of ozone within the plumes due to its titration by NO.
In Paris and SWA, the NOx increase is observed downwind the
urban area. During SAFMED, ights 51 and 48 (not shown) were
performed in the southern sector of Genoa. However, the NOx

levels during those ights did not show any consistent spatial
gradient compared to Paris. The analysis of wind direction and
the calculation of four back-trajectories for four hours using the
HYSLIPT model83 revealed a western wind regime. As an alter-
native, the round-trip ights 46 and 47 were chosen to capture
the plume travelling downwind Corsica Island. Indeed, ight 46
ew over Genoa and Cagliari along the Corsica coast while the
return ight ew over the Tyrrhenian Sea 50 km east away from
ight 46. Fig. 5 shows the trajectory of the combined ight
color-coded by the altitude and the trajectory of the air mass
computed with HYSPLIT. The ight path has been color-coded
with ozone because the NThe western origin of the winds on the
whole domain implies a dynamical connection between air
masses sampled by both ights. Only data measured between
785 and 806 m altitude corresponding to the BL region were
selected based on the vertical sounding of ight 46 (Fig. 3). We
also assume that the marine emissions of ozone precursors
when air masses travel towards the East are negligible.

Since the photolysis rate of NO2 used for the metric calcu-
lation in this study (see Section 3.2) is directly linked to solar
radiation, it can easily be altered by the presence of clouds or
aerosols. Thus, another criteria is clear sky conditions as
quantied by a value of J(NO2) greater than 0.006 s�1.84,85 We
ltered out all the data having a value of J(NO2) less than 0.006
s�1 during DACCIWA and SAFMED campaigns ights. There
were only very few values of J(NO2) < 0.006 s�1 over Paris even
though the aircra campaign took place most of the time under
cloud cover. Therefore no lter has been applied to J(NO2) for
MEGAPOLI.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Flight trajectories color-coded by NOx mixing ratios during the MEGAPOLI, SAFMED and DACCIWA aircraft campaigns (left side) and
corresponding time series of NOx and ozone mixing ratios (right side).
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During MEGAPOLI, SAFMED, and DACCIWA six, two
(combined ights 46 and 47) and three ights met the above
criteria, respectively. Table S2 in the ESI† shows the selected
ights as well as their date and time, geographical sectors, and
ozone pollution level.

During MEGAPOLI, ights sectors were South-West (SW)
(ight 25), North (N) (ights 30, 32, and 36), and East (E) (ights
27 and 33). There was an important pollution level of ozone
during these ights (52 to 73 ppbv on average) apart from the
ights in sector E for which ozone levels were quite low (31 and
39 ppbv on average). All the ights took place between 11 : 00
© 2022 The Author(s). Published by the Royal Society of Chemistry
and 17 : 00 at maximum sunlight hours favoring photochem-
istry. During SAFMED, ights 46 and 47 show an important level
of ozone pollution with a mean mixing ratio of 63.7 ppbv. All
DACCIWA ights were performed in cloudy conditions at low
ozone pollution levels (34–37 ppbv on average). Even though
J(NO2) has been ltered, these data should be used with care
because ltering J(NO2) might not be sufficient.

3.2. Metrics

3.2.1. The Leighton ratio. Together with VOC, NOx (NO2 +
NO) are the most important tropospheric ozone precursors.86
Environ. Sci.: Atmos., 2022, 2, 659–686 | 665
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Fig. 5 Flights 46 and 47 selected for SAFMED color-coded by the altitude and back-trajectories (left-hand panel) calculated with HYSPLIT in red
(Stein et al., 2015)83 and color-coded by ozone mixing ratios (right-hand panel).
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During the daytime, a molecule of NO2 is degraded photo-
chemically to form a molecule of NO and an oxygen atom (O)
(R1). The atom of oxygen then reacts quickly with one oxygen
molecule (O2) in the presence of a third body (M) to form O3

(R2). That latter ozone molecule then quickly reacts with the NO
to reform NO2 and O2 (R3).

NO2 þ hn ðl\420 nmÞ!k1 NOþO
�
3P
�

(R1)

O
�
3P
�þO2 þM!k2 O3 þM (R2)

O3 þNO!k3 NO2 þO2 (R3)

k1 corresponds to J(NO2) and comes from measurements, k2
and k3 are the kinetic constants of the reactions (R2) and (R3),
respectively.

Reactions (R1) to (R3) are really fast leading to a steady-state
within z100 seconds during daytime55 and represent a null
cycle in which no additional ozone is formed. The dynamic
equilibrium between O3–NO–NO2 is known as the photosta-
tionary steady-state (PSS) and is quantied by the Leighton ratio
F87 expressed as follows:

F ¼ JNO2
½NO2�

k3½NO�½O3� (1)

where J(NO2) (s�1) (k1) is the photolysis rate of NO2 which
depends on the solar irradiance. The brackets represent the
molecular density concentration (in molecule per cm3) of NO2,
NO and O3. k3 is the rate constant of the reaction (R3) and
666 | Environ. Sci.: Atmos., 2022, 2, 659–686
equals 3:10�12 exp
�1500

T cm3 per molecule per s.88 Since k3
depends on the temperature, it has been calculated based on
the temperature conditions encountered during the three
aircra campaigns and reported in Table S3.† When the steady
state is assumed, O3 concentrations can be predicted as
follows:88

½O3�PSS ¼
JNO2

½NO2�
k3½NO� (2)

F equals (or is similar to) unity when reaction (R3) is the only
(or the major) pathway of converting NO to NO2 (PSS condition).
Such case is usually observed in polluted urban areas under
high-NOx conditions.51,56,58–60

When the value ofF is less than unity, the PSS conditions did
not have time to be reached due to perturbations on the air
mass like a rapid change in J(NO2) and in NO concentrations.89

F deviates positively from unity when other chemical path-
ways besides reaction (R3) convert NO to NO2. Rapid changes in
J(NO2), NO and NO2 is another cause (see Section 4.3.1). The
effect of other chemical pathways is observed under clean or
moderately polluted conditions like rural and remote
regions.55,57,90–93 One major pathway is the reaction between NO
and the peroxy radical (ROx) that can be either organic (RO2) or
hydro (HO2) following the reactions (R4) to (R6).

NOþHO2 !k4 NO2 þOH (R4)

NOþ CH3O2 !k5 NO2 þ CH3O (R5)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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NOþRO2 !k6 NO2 þRO (R6)

Reactions (R4) to (R6) are followed immediately by NO2

photolysis (reaction (R1)) which will result in net O3 generation.
In the presence of an important concentration of peroxy radi-
cals the Leighton ratio formula becomes:

F ¼ 1þ ðk4½HO2� þ k5½CH3O2� þ
P

k6½RO2�Þ
k3½O3� (3)

where k4, k5, and k6 are, respectively, rate constants for reactions
(R4) between NO and HO2, (R5) between NO and CH3O3, and
(R6) between NO and RO2. k4 and k5 values are taken from
Seinfeld and Pandis (2016)94 and are equal to

3:310�12 exp
270
T cm3 per molecule per s, respectively. Values

of k3 and k4 are reported in Table S3† for the selected ights. k6
values apply for a variety of organic rests.

Since the rate constants k4, k5 and k6 are relatively similar,95

the Leighton ratio formula in remote or rural areas can be
approximated as follows:

F ¼ 1þ k6½ROx�
k3½O3� (4)

The uncertainty of the Leighton ratio, as experimentally
derived from eqn (1), can be estimated by using the formula of
the Gaussian error propagation as used in Hauglustaine et al.,91

Mannschreck et al.,57 and Trebs et al.85

sf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

si
2

q
(5)

where i is the parameter of each PSS ratio which are J(NO2), NO2,
k3, NO and O3. Each s is taken from Table 1 and the uncertainty
for k3 was estimated to be 20% according to Atkinson et al.97 An
overall uncertainty of 32 % (1s) for F was found for the MEG-
APOLI and DACCIWA campaigns and 42% (1s) for the SAFMED
campaign.

3.2.2. ROx mixing ratio derived from PSS. Peroxy radicals
can be formed as products of reactions of the hydroxyl radical
(OH) with carbon monoxide (CO), methane (CH4), and non-
methane hydrocarbons (NMHC), by reaction of O3 or the
nitrate radical (NO3) with VOC and reduced sulfur species and
by the decomposition of peroxyacetyl nitrates (PAN).98–101 The
Leighton ratio formula can be used to estimate total peroxy
radical concentrations following eqn (6):

½ROx� ¼ ðF� 1Þ k3½O3�
k6

(6)

Numerous studies have applied the PSS in order to estimate
peroxy radical mixing ratios.51,91,102,103 In those studies, authors
found disagreement between [ROx] estimated from the PSS
formula and total observed andmodelled [ROx] by up to a factor
of 2 to 3. The reasons for these disagreements are similar as
those found in the deviation from the PSS: rapid changes in
[ROx] calculation terms, cloud coverage and data uncertainties,
potentially amplied by error propagation. Despite those
© 2022 The Author(s). Published by the Royal Society of Chemistry
disagreements, this metric is useful for comparison and can
still give a hint on peroxy radical mixing ratios.

3.2.3. Ozone production rate (PO3) derived from PSS. The
ozone production rate (PO3) is one of the most commonmetrics
of atmospheric ozone-forming oxidation cycles. It is deduced
from the (R1)–(R5) equations and by assuming NO is in steady
state:

PO3 ¼ JNO2
[NO2] � k3[NO][O3] (7)

here, it can be seen that (R4), followed by (R1) and (R2), effec-
tively represents a path for producing ozone. In this treatment
we have assumed that the only “additional” species oxidizing
NO besides ozone are HO2 and RO2.

3.2.4. Ozone production efficiency (OPE). The ozone
production efficiency (OPE) is another metric of atmospheric
ozone-forming oxidation cycles. It represents the number of
molecules of ozone produced per molecule of NOx oxidized.104

NOx is a catalyst that can produce several molecules of O3 before
it is removed from the atmosphere by oxidation reactions.
Several studies have determined OPE as the slope of the corre-
lation between Ox (¼O3 + NO2) and the total reactive nitrogen
(NOz).37,105 Ox is used instead of O3 because Ox is more conser-
vative and it is not affected by the titration by NO (R3). NOz is
known as the difference between NOy (sum of all odd-nitrogen
compounds) and NOx. It includes nitric acid (HNO3), perox-
yacetylnitrate (PAN), peroxynitric acid (HNO4), and other
organic nitrates.88 This term was rst dened by Liu et al.37

which determined OPE at a rural mountain site in Colorado
(USA) by using a photochemical box model. Later, Trainer
et al.105 determined OPE as the slope of the correlation between
O3 and NOz mixing ratios from atmospheric observations. Since
then, OPE has been widely determined in low NOx areas
(e.g.105–107) and in high NOx urban plumes (e.g.61,108–110).

3.2.5. A new metric: the CO-normalized oxidant produc-
tion rate (PROx). The ratio DO3/DCO has been used to charac-
terize the photochemical production of ozone in continental
plumes during their long-range transport.111,112 The parameter
Ox (¼O3 + NO2) has oen been used to quantify the net
photochemical formation of O3 beyond its rapid daytime
interconversion with NO2.50,113NO2 is included because it acts as
a reservoir of O3, formed by (R3) or as a source of O3 (R4) and
(R6). Here, a CO-normalized oxidant production rate or PROx is
established in order to quantify the efficiency of the photo-
chemical production rate inside the plume. PROx is dened as

the ratio (D[Ox]-to-D[CO])
D½Ox�
D½CO� as a function of the processing

time. D[X] is the difference between the mixing ratios of X (Ox or
CO) inside the plume and the X (Ox or CO) background value
outside the plume. CO is a relatively unreactive tracer of dilu-
tion. The processing time does not exceed 10 hours. The resi-
dence time of CO (kOH ¼ 1.44 � 10�13 cm3 per molecule per s)
for an OH concentrations of 107 molecule per cm3 (upper limit)
roughly equal 8 days which is much higher than the average
processing time. Normalizing by CO provides a dilution-
adjusted oxidant production similar to the one of the organic
aerosol to CO used in numerous studies.114,115 It is assumed that
Environ. Sci.: Atmos., 2022, 2, 659–686 | 667
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there is no additional CO emissions or ozone and CO loss along
the plume track. This assumption will be examined on a case-
by-case basis in Section 4.3.5. The processing time (in hours),
dened in Brito et al.,70 is the distance from the upwind urban
center divided by the integrated wind speed along the ight
trajectory. It is a proxy of the plume aging. Themean ratioD[Ox]-
Fig. 6 Averages and their standard deviations of key meteorological
(temperature, pressure, relative humidity – RH –, photolysis frequency –

668 | Environ. Sci.: Atmos., 2022, 2, 659–686
to-D[CO] is calculated for each plume transect and plotted as
a function of the processing time. PROx (in ppb[Ox] ppb[CO]

�1

h�1) is derived from the slope of a piecewise linear regression t

between
D½Ox�
D½CO� and the processing time. PROx integrates the

temporal evolution of the net photochemical production. Here,
parameters during the MEGAPOLI, SAFMED and DACCIWA's flights
JNO2

– and wind speed).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the processing time does not exceed 10 hours. The residence
time of CO (kOH ¼ 1.44 � 10�13 cm3 per molecule per s) for an
OH concentrations of 107 molecule per cm3 (upper limit)
roughly equal 8 days which is much higher than the average
processing time. The loss of CO can be neglected.
4. Results
4.1. Meteorological conditions

Average meteorological parameters for all ights are reported in
Fig. 6. The mean temperature in the Paris plume rarely exceeds
20 �C on average and varies over a large range from 11.7 �C
(eastern sector) to 22.2 �C (northern sector). These values are
consistent with ground-based temperature reported by Ait-Helal
et al.80 at the SIRTA observatory during the same period in Paris.
Mean temperature gets higher towards lower latitudes from
20 �C to 25 �C on average and remains relatively constant
between ights with an average temperature of 23 to 28 �C in
the WMB and 20 to 24 �C in SWA.

Different wind regimes were encountered during MEGAPOLI
as described in detail by Zhang et al.116 Wind speed ranged
between 4.3 and 9.1 m s�1. The highest wind speeds were
associated with westerly and southwesterly winds which bring
fresher clean marine air masses to the region, mostly cloudy
with rarely rainy conditions. A large range of wind speed values
is also observed in SWA with average values ranging from 3.9 to
11.4 m s�1. Wind speed is lower in the WMB with an average
value of 4.5 m s�1.

The relative humidity is the lowest in Paris with a maximum
value of 54%. In the WMB and SWA, the relative humidity is
larger, ranging between 52 and 62% and from 82 to 87%
respectively. Higher relative humidity was found in SWA. This
was predictable since the measurements took place during the
wet monsoon season.

Average J(NO2) value ranges between 6.9 � 10�3 and 9.3 �
10�3 s�1 in Paris, 7.0 � 10�3 and 10�2 s�1 in the WMB, and 4 �
10�3 to 1.2 � 10�2 s�1 in SWA. Those values are consistent with
the ones reported in previous studies at the same latitudes and
seasons.56,85,92,117,118 Finally, most of the ights took place under
anticyclonic conditions favorable to photochemistry reactions.
The positive gradient in temperature, humidity, and J(NO2) is
consistent with the latitudinal gradient between the three regions.

Thus, these three regions are much contrasting in terms of
meteorological conditions.
4.2. Trace gas mixing ratios per campaign

Fig. 7 shows the mean values of ozone, NO and NO2 mixing
ratios during the MEGAPOLI, SAFMED, and DACCIWA
campaigns in the boundary layer. On average, the ozone levels
are the lowest in SWA compared to mid-latitudes and are
usually below 50 ppbv. The ozone levels show the highest vari-
ability in the Paris region probably due to changing meteoro-
logical conditions as discussed before. The ozone level is the
highest during ight 25 in the south-eastern sector of Paris
corresponding to stagnant and hot continental conditions: its
level exceeds 70 ppbv. While Paris northern ights show similar
© 2022 The Author(s). Published by the Royal Society of Chemistry
ozone levels like the ones in the WMB (52 to 63 ppbv on
average), the eastern ight ozone levels in Paris are in the same
range as those measured in SWA (<40 ppbv).

The average observed ozone mixing ratios in Paris are in the
same range as those measured recently in the London plume in
the framework of the STANCO campaign (37 to 43 ppbv).119

Compared to the ESQUIF aircra campaign in Paris in 1998–
2000, the observed ozone levels during MEGAPOLI are lower.
During ESQUIF, average ozone mixing ratios were 65.5 ppbv
with maxima of 109 ppbv but at that time, ights were prefer-
entially performed under continental air masses aer 2 to 3
days of stagnation in favor of the ozone accumulation.120 It
could therefore be compared to the highest ozone level we had
during ight 25 (70 ppbv).

In the Mediterranean basin, the ozone level has been
increasing in the last 20 years from 31 to 53 ppbv on a monthly
average basis between 1998 and 2009.121 The levels observed
during SAFMED are within this range. Compared to the
ESCOMPTE aircra campaign along the Marseille-Fos Berre
urbanized coast in southeastern France in 2001, ozone levels
during SAFMED are lower (52 to 63 ppb). Indeed Coll et al.122

reported that maximum mixing ratios of O3 ranged between 80
to 160 ppbv.

In the framework of the AMMA project in the same region as
DACCIWA, the ozone mixing ratio equaled 30 � 10 ppbv on
average in the lower troposphere with minimum values above
forest regions where ozone deposition is enhanced by vegeta-
tion and reached up to 70 ppbv close to urban sites.76,123 The
levels found during DACCIWA are rather closer to regional
background levels than the ones found in urban areas.

NO mixing ratios do not exceed 0.9 ppbv for all the three
studied areas. However, SWA has the highest mixing ratio of NO
(maximum value of 0.9 ppbv) followed by Paris (0.8 ppbv
maximum) and WMB (0.6 ppbv maximum). NO2 mixing ratios
measured in Paris are twice as high as those measured in the
WMB and in SWA with an average value ranging from 1.1 to 3
ppbv in Paris, from 0.6 to 1.2 inWMB, and from 0.3 to 1.7 in SWA.
4.3. Photochemistry

4.3.1. The Leighton ratio (F) and the photochemical steady
state (PSS). The Leighton ratio has been calculated using eqn (1)
for the MEGAPOLI, SAFMED and DACCIWA selected BL ights.
The four terms in eqn (1) have been synchronized and averaged
according to NOx time resolution (20 or 30 s). Data with NOx

levels lower than 50 ppt (DL) have been excluded as low NO
levels affect the calculation due to larger measurement uncer-
tainty. It is found that F is usually within the PSS range ([1 � s])
inside the urban plumes or higher. The effect of the uncertainty
range on the results is discussed at the end of the paper. When
F is within the PSS range, within the experimental uncertainty,
O3 is the only convertor of NO to NO2. Outside the plume, except
ight #25 during MEGAPOLI, F can reach values close to 10 in
rural-like areas (i.e. ight 27 during MEGAPOLI). Higher values
of the Leighton ratios outside the plumes were expected as
shown in previous studies in remote areas.58,85,92,96 In the
following, the variability of the Leighton ratio based on the
Environ. Sci.: Atmos., 2022, 2, 659–686 | 669
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Fig. 7 Mean mixing ratio of ozone, NO and NO2 during the MEGAPOLI, SAFMED and DACCIWA campaigns per flight. Red dotted lines are the
range of ozone mixing ratios found in the literature (see text).
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statistics reported in Table S4† is discussed per explored envi-
ronment. Then, the inuence of the rapid changes in the four
terms in eqn (1), chemistry, and meteorology on this variability
is examined.

Statistics on the deviations of F from unity. Various statistics
on the Leighton ratio distribution are reported in Table S4:† the
670 | Environ. Sci.: Atmos., 2022, 2, 659–686
range (min and max) and average values of F during the whole
ight and inside the plume, the percentage of data for which F

negatively deviates from PSS (<1 � s) or positively deviates from
PSS (>1 + s). The PSS is assumed to be reached within an
interval at �s. The uncertainty s is calculated following eqn (5).
We also investigated one of the reasons for those positive and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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negative deviations by looking at rapid changes in the mixing
ratios of the four terms: J(NO2), NO2, NO and O3 (see Section
3.2.1). Here, a rapid change is dened when the difference
between two consecutive data is greater than 20% as suggested
by Griffin et al.58 Several studies have shown that the deviation
from unity can be affected by rapid changes in the photo-
oxidant concentrations and NO2 photolysis rates24,58,85,92 The
rapid change in J(NO2) can be explained by the presence of
clouds (e.g. in SWA) or the heterogeneity of the cloud cover (e.g.
in Paris).

PSS during MEGAPOLI.DuringMEGAPOLI (6 ights),F values
ranged from 0.41 to 3.93 in the Paris plumes. Except for ights
27 and 33, 53% to 90% of the values of F are within the 1 � s

interval. Flights 27 and 33 towards the eastern sector are char-
acterized by much frequent and strong positive deviations of F
from unity (>85%) and less than 13% of the data are within the
PSS interval. One should note that both ights are characterized
by lower mixing ratios of NOx and O3 compared to the other
ights. This is a typical rural-like case usually encountered in
moderately polluted conditions. The PSS is not reached within
the plumes from 22% to up to half of the observations during
ights 25, 32, and 36. The negative deviations from unity are
most of the time explained by frequent and signicant rapid
changes between two successive measurements of J(NO2), NO,
NO2, and O3 (Table S4† – 5th and 6th column). The magnitude
of those changes reaches tens to several hundred percent
(ights 27 and 33). The titration of ozone by fresh NO induced
by the fast mixing of heterogeneous air masses is another
reason that can be suspected in the time series in Fig. 4: at the
maximum of NO loading in the plume, ozone dramatically
drops down.

PSS during SAFMED. During SAFMED (2 combined ights), F
ranged between 0.20 and 8.7. During ight 46, almost 90% of
the values of F are within the �s interval while a systematic
positive deviation from PSS is observed during ight 47
(between 4 and 8).
Fig. 8 Average Leighton ratio values (�standard deviation) calculated in t
red shaded area is the photostationary range calculated in this study: [0.68
studies are reported: New Delhi, India (Masiwal et al., 2019),126 Sakai, J
1983),124 Amazonas State, Brazil (Trebs et al., 2012)85 and Ontario, Canad

© 2022 The Author(s). Published by the Royal Society of Chemistry
PSS during DACCIWA-SWA. During DACCIWA (3 ights), theF
values range between 0.1 and 10.5 inside the urban plumes.
Seventeen to 45% of the F values are within the PSS range while
most of the data are higher than 1 + s (Table S4†). As for
MEGAPOLI and SAFMED, frequent and intense (several tens
percent) rapid changes in J(NO2), NO, NO2 and O3 are respon-
sible for positive and negative deviations of the Leighton ratio
from unity.

Fig. 8 shows the average values of the Leighton ratios and the
associated standard deviations found in the eleven investigated
plumes compared to previous studies. Table S5† shows the
aggregated F value from those previous studies. On average and
despite the heterogeneous distribution of the Leighton ratio
discussed above, the PSS is either reached within its lower and
upper limits in half of the explored ights or overpassed during
the eastern MEGAPOLI ights and the DACCIWA ights. One
should note the high standard deviations displayed by the latter
cases as reected in the statistics in Table S4† (see statistics
discussed above). There is a good agreement between this study
and the previous ones in urban plumes or high NOx environ-
ments. Apart from the value of F found in an urban plume in
the Amazonas State in Brazil,85 all the values of the Leighton
ratios were within the PSS range of our study ([0.68–1.32]) and
show a signicant standard deviation.60,89,124–126

Chemical control on F. The dependence of F on [NO] mixing
ratios and the PSS terms (namely, the products JNO2

� [NO2] and
([O3] � [NO])�1 from eqn (1)) has been investigated and is rep-
resented in Fig. 9 for one representative ight of each
campaign. Complements are reported in Fig. S6 and S7 of the
ESI† for all other selected ights. During MEGAPOLI and
SAFMED, F usually decreases with increasing NO while it is less
clear during DACCIWA. Moreover, the highest value of F does
not correspond to the highest JNO2

values as already described
by Beygi et al.127 in the marine boundary layer.

During MEGAPOLI (Fig. 9a), scatterplots show that F usually
positively deviates from PSS values outside the plume (low NOx),
is close to unity on the edges of the plume, and lower than unity
at higher NOx. For ights 30 and 32 in the northern sectors, F
he plumes of Paris (blue), WMB (grey) and SWA (green) (this study). The
–1.32]. On the right side, the values of the Leighton ratio from previous
apan (Matsumoto et al., 2006),60 Claremont, California (Shetter et al.,
a (Davis et al., 2019).125
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Fig. 9 Scatterplots of F versus NO mixing ratios during the three campaigns: flight 36 for MEGAPOLI, combined flights 46 and 47 for SAFMED
and flight 36 for DACCIWA. Scatterplots are color-coded with J(NO2). The background-colored scatterplots represent the correlation of F with
the PSS terms.
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positively or negatively deviates from unity. The scatterplots
between F and the two PSS terms reveal that the variability of F
is mostly driven by ([O3] � [NO])�1 with a positive correlation,
the latter explaining 73% of its variance. The same feature is
displayed by other ights (R2 ranging from 0.52 to 0.72) except
during ight 33 where the correlation between both PSS terms is
672 | Environ. Sci.: Atmos., 2022, 2, 659–686
less clear (not shown here). During SAFMED (Fig. 9b), F

displays a signicant positive correlation with both PSS terms
with an R2 of 0.31 and 0.55, respectively. The products JNO2

�
[NO2] and ([O3] � [NO])�1 both control the F variance. During
DACCIWA (Fig. 9c), the dependence of F on both PSS terms is
not as clear as for MEGAPOLI and SAFMED. No signicant
© 2022 The Author(s). Published by the Royal Society of Chemistry
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correlation with the two PSS terms is depicted with an exception
with ight 36 for which JNO2

� [NO2] explains 31% of F

variability.
The positive deviations show that there are other pathways

besides reaction (R3) converting NO to NO2 such as the pres-
ence of peroxy radicals from the oxidation of VOC, CO, and
CH4.57,58,127 Indeed, plot trajectories and time series analysis of
the Leighton ratio show that maximum values of F are found
near biogenic areas suggesting the inuence of biogenic VOC
and their oxidation products in the ozone production cycle128

(Fig. S8† shows the case of ight 25 of MEGAPOLI campaign
and 19 of DACCIWA campaign for which the highest deviations
are observed). In addition to peroxy radicals, other reactions can
convert NO to NO2 such as halogen monoxides (XO where X
represents a halogen atom-like I or Br). This case is mainly
found in the marine boundary layer.92,129

Ozone mixing ratios have been estimated from the PSS
inside the plumes following eqn (2) and compared to the ones
from observations. For all explored environments, the predicted
ozone equals observed ozone by �40%. Finally, as expected,
predicted ozone is well explained by the PSS formula inside the
plume when the Leighton ratio is within the PSS range for all
the contrasting regions.

Meteorological control on F. The dependence of F on meteo-
rological conditions has been studied by assessing the correla-
tion between the Leighton ratio values and the temperature,
pressure, wind speed and direction, the relative humidity both
for each ight and for all the ights combined per campaign. It
is found that F doesn't depend on any meteorological param-
eters for any of the 3 campaigns (maximum correlation coeffi-
cient of 0.2). These results are in agreement with the work of
Griffin et al.58 at the University of New Hampshire Atmospheric
Observing Station at Thompson Farm in the USA. One reason
might be the relative stability of the meteorological conditions
for the duration of one ight (4 hours maximum).

Conclusion on the Leighton ratio variations. In conclusion, PSS
is reached on average in the plume except during eastern
MEGAPOLI ights (NOx-sensitive) and DACCIWA ights. This is
consistent with the previous studies cited earlier. As a conse-
quence, ozone levels are well predicted by the PSS inside the
plume. Outside the plume, F deviates positively from unity
suggesting the presence of other NO to NO2 conversion path-
ways than O3. Apart from the rapid changes of the species
mixing ratios, sunlight intensity, and the presence of clouds,58,85

other reasons for the deviations from the PSS can be the pres-
ence of inhomogeneous air masses bringing other precursors of
ozone during the plume transport such as VOC of biogenic
origin and even halogen monoxide (during the SAFMED ight
for example). Meteorological parameters do not seem to inu-
ence the variability of the Leighton ratio given the short dura-
tion of each ight while the chemical control by ([O3] � [NO])�1

and to a lesser extent, JNO2
� [NO2] plays a role.

4.3.2. The peroxy radicals [ROx] from PSS. The mixing
ratios of [ROx] have been estimated indirectly using the
measured positive PSS deviations following eqn (6) during the 3
campaigns. This assumes that the deviation from the photo-
stationary state relation from unity is related to the presence of
© 2022 The Author(s). Published by the Royal Society of Chemistry
peroxy radicals. The mean values of [ROx] are reported in Fig. 10
(upper panel) inside and outside the plume. Table S6† shows
the aggregated values of the maximum values of [ROx]. The
range of measured [ROx] from the literature is also reported in
Fig. 10.

[ROx] mixing ratios are usually higher outside the plumes
and lower inside except during ight 36 in DACCIWA on
average. This is in agreement with the Leighton ratio calcula-
tions discussed previously. It suggests that there is almost no
production of O3 inside the plumes with higher NO mixing
ratios and increased production of [ROx] as long as we are
getting further from the plumes.

While the mean [ROx] mixing ratio barely reaches 29 ppt
inside the plume during SAFMED (ight 46), the [ROx] mixing
ratios outside the plumes can reach more than a hundred of ppt
in SWA and in the surroundings of Paris on average. The levels
of [ROx] in Paris and SWA are comparable. The calculated [ROx]
mixing ratios in the plumes are within the same range as those
found in the literature: 10 to 50 ppt in Paris, 50 to 100 ppt in
SWA, and 29 ppt in WMB. Results in the literature have shown
[ROx] mean mixing ratios of tens of ppt in remote rural envi-
ronment (25–77 ppt),55,91,130 in remote marine area (5–60
ppt),55,59,91,131 in suburban Paris (maximum of 50 ppt)132 and in
an urban polluted area like in the city of Manaus in Brazil (15–
60 ppt).85 [ROx] mixing ratios have reached 300 ppt in a rural
area in Alabama.90 In Paris, one should note that the calculated
[ROx] outside the plumes are greater than the ones measured at
the SIRTA observatory in south-eastern Paris during MEGAPOLI
by Michoud et al.132 by a factor of 2 to 3 on average. Even though
it has been found that estimation of peroxy radicals by the PSS
method overestimates [ROx] mixing ratio by up to 2 to 3
times,90,91,96,103 some studies have found that the estimations of
the peroxy radicals using constrained 0D box models are in
better agreement with the measurements.132–134

The overestimation of ROx by the PSS rst suggests that there
could be another reaction occurring that converts NO to NO2

such as halogenmonoxides or other unknown reactions.85 Since
[ROx] and F are directly linked in eqn (6), their deviations are
caused by similar reasons: uncertainties in all the terms used in
the calculation, rapid changes in the measured species,
a mixture of heterogeneous air masses, and the presence of
clouds.56,103 Even though the estimation of the peroxy radical
mixing ratios is overestimated by the PSS method, it remains
a relevant way to compare plumes in contrasting regions.

4.3.3. Ozone and ozone production rate in the PSS regime.
The ozone production rate has been calculated according to eqn
(7) and the mean values of PO3 and their standard deviation are
shown in Fig. 10 for the three regions inside and outside the
plume.

The ozone production is either higher or lower outside the
plumes except for ights within the PSS range (see Section
4.3.1). Outside the plumes, the mean ozone production ranges
between 8 and 76 ppbv h�1 in Paris, equals 6 ppbv h�1 in the
WMB, and varies from 5 to 17 ppbv h�1 in SWA. Paris shows the
highest average ozone production. These estimations from eqn
(7) are within the same range as those found in the literature
(Fig. 10 – lower panel). Airborne studies estimating ozone
Environ. Sci.: Atmos., 2022, 2, 659–686 | 673
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Fig. 10 Mean and standard deviations values of [ROx] and ozone production (PO3) calculated from the PSS in Paris, WMB and SWA. Dashed lines
(for MEGAPOLI and DACCIWA) are the range of values reported in the literature in the same region (see text for references).
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production inside urban plumes were most of the time con-
ducted in North American cities: New York,135 Atlanta,136

Nashville.137 The authors found that PO3 ranged between 1 and
14 ppbv h�1, 6–30 ppbv h�1 and 30 to 60 ppbv h�1, respectively.
In European cities such as Milan138 and Berlin,56 the PO3 value
could reach 50 and 90 ppbv h�1, respectively. During SAFMED,
the ozone production was also derived from boundary-layer
pressurized balloon (BLPB) pseudo-Lagrangian ights over the
WMB.139 The reported range of 1 to 2 ppb h�1 is within the
variability of the calculated PSS ROx of 6.1 � 4.4 ppb h�1. This
production remains by far lower than the estimation of 60 to
80 ppb h�1 made by Coll et al.122 a decade ago downwind the
urban area of Marseille and, consequently, closer to gaseous
precursor sources.
674 | Environ. Sci.: Atmos., 2022, 2, 659–686
Depending on the physical and chemical conditions, the
production of ozone can be either NOx-sensitive or VOC-
sensitive. To investigate the chemical control on ozone
production, Fig. 11 represents the scatterplot of the sum of
oxidants (Ox ¼ O3 + NO2) versus NO inside the plume during the
MEGAPOLI ights. The ozone production efficiency (OPE) dis-
cussed in the next Section 4.3.4 will explore the chemical
regimes outside the plumes. Ox decreases as a function of NO
inside the plumes except for the eastern ights 27 and 33 during
MEGAPOLI. For the latter, there is almost no trend. A similar
negative dependence is depicted inside the DACCIWA plumes
(not shown). During ChArMEx, no signicant trend could be
extracted (not shown). The Mediterranean area is in general
NOx limited during summer.140 The negative trend for Paris and
SWA indicates a VOC-sensitive regime with an exception for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Scatterplots of ozone and NO in the Paris plume during
MEGAPOLI flights in Paris.
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ights 27 and 33 in favor of a rather NOx-sensitive regime. This
is consistent with the Leighton ratio discussion.

4.3.4. Ozone production efficiency (OPE). The OPE
described in Section 3.2.2 has been calculated as the slope of
a linear least squares regression t of the Ox versus NOz scat-
terplot. The measurement of NOz was not available during
DACCIWA. One condition to derive the OPE from the slope of Ox

versus NOz is the statistical linear relationship between Ox and
NOz. During MEGAPOLI, it is found that there is no correlation
between Ox and NOz inside the plume (r2 lower than 0.14). At
this stage of the analysis, OPE suggests that there is little
production of ozone inside the plume since the PSS is most of
the time reached except during ights 27 and 33. During
SAFMED, there is neither a correlation between Ox and NOz. As
Fig. 12 Ozone production efficiency (OPE) during selected MEGAPOLI fl
during flight 32. The black lines are the range of the OPE values found in
maximum NOx mixing ratio found outside the plumes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a consequence, the OPE has been only derived from the MEG-
APOLI ights outside the plume and compared to the literature.
Results are reported in Fig. 12 (ight 32) and S15† (ights 25, 30,
and 36). Flights 27 and 33 have been removed from this section
since there is a lack of correlation between NOz and Ox.

Values of OPE range between 4.6 and 6.9 with a coefficient of
correlation r2 between 0.33 and 0.53. These values lie within the
ones reported in the literature as illustrated in Fig. 12a and in
Table S20.† Usually, the OPE tends to be lower in urban areas
compared to rural ones. In North American cities OPE is lower
than 5. OPE values can be used as an insight on the O3–VOC–
NOx sensitivity according to Sillman:141 low OPE (<7) is linked to
VOC-sensitive regime while high OPE (>7) is linked to NOx-
sensitive regime. By taking into account these criteria, one can
conclude that the explored area outside the Paris plume is
rather VOC-sensitive. However, the values close to 7 also suggest
a transition regime between VOC and NOx-sensitive as sug-
gested by Sillman during ESQUIF.142

NOx oxidation yields to the production of NOz, and as
a consequence, the NOz mixing ratio is expected to increase
when the O3 production increases. OPE has been plotted
against the maximum NOx mixing ratio outside the plumes for
all the MEGAPOLI ights (Fig. 12b). Apart from ight 25, OPE
decreases with the increase in NOx. This has also been observed
in Liu et al.,37 Ryerson et al.,143 and Henneman et al.144 Indeed
the O3 production is more efficient at low NOx in terms of NOx

consumption,104 because more OH reacts with VOC's instead of
NO2.

Table S7† shows aggregated values of OPE found in both
rural and urban areas in previous studies. While OPE values are
very variable from one location to another, it is globally lower
than 7 in urban areas104,135,144–146 and can go up to 10 in Beijing,
China147–149 or 18 in New York.150 OPE is globally higher in rural
low NOx areas.

Previous studies have shown that OPE values deduced from
observations could be overestimated.61,151 Indeed, the relation-
ship between the concentrations of O3 and the products of the
ights outside the plume. (a) Scatterplots of Ox (¼O3 + NO2) versus NOz

the literature and reported in Table S20.† (b) OPE for each flight versus

Environ. Sci.: Atmos., 2022, 2, 659–686 | 675
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NOx oxidation must be shaped by the relative rates of chemical
and depositional removal of O3 and the NOx oxidation products,
and the transport processes that mix air parcels.

4.3.5. The CO-normalized oxidant production rate (PROx).
PROx has been calculated in the Paris, WMB, and SWA plumes.
The mean value and the standard deviation of D[Ox]/D[CO] in
Fig. 13 Scatterplot of the production of oxidants with the processing tim
(DACCIWA). The mean and standard deviations inside each plume leg ar

676 | Environ. Sci.: Atmos., 2022, 2, 659–686
each plume transect are reported in Fig. 13 as a function of the
plume processing time for representative ights. The range of D
[Ox]/D[CO] values is consistent with the ones reported during
long-range transport plume over the Pacic relying on the D

[O3]/D[CO] variable (0.2 to 0.5).111 Here, PROx is derived from
e inside urban plumes in Paris (MEGAPOLI), WMB (SAFMED) and SWA
e also reported (colored points and bars).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the slope of the piecewise linear t. The calculated processing
time spans from 1 to 8 hours.

In Paris, D[Ox]/D[CO] linearly increases with the processing
time (r2 > 0.80), except for ight 30 (Fig. 13). PROx varies
between 0.11 to 0.27 ppbOx ppbCO

�1 h�1 in Paris while it is close
to zero during ights 27 and 30. In other words, 0 to 0.27 ppb of
oxidants are produced per ppb of emitted CO per hour in the
explored polluted plumes. Aer 6 hours the oxidant production
is still efficient (ight 32). The maximum PROx is estimated
during the northern ight 32. During this ight, ozone pollu-
tion levels have been qualied as high (Table S2†) as for ight
25. However, during ight 32, the average ambient temperature
and the wind speed were the highest compared to ight 25 with
low wind speed conditions. These conditions imply an efficient
transport and photochemical production of the ozone precur-
sors freshly emitted from the Paris urban area up to 200 km
away.

During the SAFMED combined ights, D[Ox]/D[CO] also
increases with the processing time with a PROx of 0.009 ppbOx
ppbCO

�1 h�1.
During DACCIWA, there is no increase in D[Ox]/D[CO] as

a function of the processing time for any of the selected ights
(Fig. 13 for ight 19): PROx is zero. Themap of ight trajectories
(Fig. S8† and 4) has shown that the aircra ew over vegetation
areas which could favor the dry deposition of ozone on leaves.
Furthermore, SWA is characterized by a dense cloud cover and
high relative humidity (>90%) which could also enhance the wet
deposition.

Finally, sink (ozone removal by dry/wet deposition, CO
oxidation) and source terms like the emission of CO along the
ight trajectory could shape the PROx. We discuss here the effect
of potential emissions of CO along the ight tracks and how it
affects the DCO term. In addition to its direct anthropogenic
origin, CO can be also emitted by natural sources as already
described in the literature: a direct oceanic source153 and its
photochemical production from the oxidation of biogenic
VOC.154,155 The potential oceanic source can be neglected during
the SAFMED ight as it may not affect the DCO term, the
potential marine source contribution being included in the
background CO term. The MEGAPOLI ights were designed in
order to cover the region beyond the whole Ile de France
urbanized area where anthropogenic emissions concentrate.
Moreover, the background signal levels outside the plume are
clearly lower than the ones inside the plumes suggesting that the
emissions from the surrounding areas can be neglected. For
DACCIWA we cannot exclude the effect of CO emissions during
the ight trajectory. Moreover the analysis of the mixing ratio
distribution did not reveal any sudden increase of CO during the
ights or any variation in its background levels during one single
ight. Regarding its biogenic photochemical origin from BVOC
oxidation, the homogeneity of the background CO levels outside
the plumes suggest that there is no specic biogenic emission
signature and, at worse, it is included in the background esti-
mation. However one cannot exclude that biogenic VOC oxida-
tion fuels the Ox production inside the plume.

The values of PROx have been compared to the ones derived
from the investigation of the ozone transboundary polluted
© 2022 The Author(s). Published by the Royal Society of Chemistry
plumes in East Asia by Cuesta et al.156 From their D[O3]/D[CO]
variable, we derived a PROx equivalent over a six-day period. A
value of roughly 0.001 ppbO3 ppbCO

�1 h�1 is found. This value is
one order of magnitude lower than the one estimated during
SAFMED over the North West Mediterranean Sea.
4.4. Comparing the three photochemical metrics: PO3, OPE,
and PROx

We discuss here the consistency of the results derived from the
different metrics. We focus on the PO3 and PROx. Indeed the
OPE calculation was not possible either due to the absence of
correlation between Ox and NOz inside the plumes or the
absence of NOy measurement (DACCIWA). The ozone produc-
tion (PO3) derived from eqn (7) provides a real-time calculation
of the production at the time of measurements while the PROx
and OPE provide an integrated photochemical production
calculated over the whole plume.

PO3 is consistent with the Leighton ratio (F) calculation.
However, PO3 usually shows an opposite feature to the one of
the PROx metrics. While the PROx metric suggests a signicant
photochemical production of oxidants in the Paris plume (up to
27 ppb per hour for a 100 ppb CO enhancement) except for
ight 30, the PO3 metric points out the absence of photo-
chemical ozone production inside the plume. During DAC-
CIWA, PO3 is signicant inside the plume while D[Ox]/D[CO] is
constant with the processing time. In PO3 calculation, NO is
assumed to be at the steady state. When the aircra crosses the
fresh air masses with high NO, the steady state conditions
might not be encountered and ozone is titrated by NO. PROx
assumes that there is no additional emission of CO or ozone
removal along the ight path to be able to quantify oxidant
production.

In addition, the effect of the uncertainty of F (Section 3.2.2)
on PO3 calculation is examined here. In eqn (7) we replaced the
source term JNO2[NO2] by F � k3[O3][NO] deduced from the
Leighton ratio expression (eqn (1)). As a consequence PO3

equals (F � 1) � k3[O3][NO]. Given the uncertainties on the
different terms, the relative uncertainty on PO3 is roughly
�57%. When applying +32% to calculated F values for ight 36,
we get a slightly positive PO3 on the plume edges of a few ppb
h�1 on average which is more consistent with the PROx calcu-
lation. One should note that the uncertainty on PROx is lower
and does not exceed 30% (Fig. 13) except for ight 25. Our
results suggest how the determined uncertainty (s) on F can
affect the calculated ozone production derived from the PSS.
5. Conclusion

In this study, we have analyzed different indicators for photo-
chemical ozone formation in contrasting conditions from three
summer airborne campaigns, namely MEGAPOLI (2009),
ChArMEx/SAFMED (2013), and DACCIWA (2016), respectively
performed around Paris, France, over the northwestern Medi-
terranean basin, and southern West Africa.

Aer careful identication of polluted plumes within the
boundary layer, the analysis of photochemistry is based on
Environ. Sci.: Atmos., 2022, 2, 659–686 | 677
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various metrics previously used in the literature, namely the
Leighton ratio, the estimation of peroxy radical mixing ratios
from the photostationary steady-state method, ozone produc-
tion rates, the ozone formation potential, and on a new metric
dened as the CO-adjusted production rate of oxidants (PROx).

It is found that the Leighton ratio is usually within 1 � s PSS
limits in the plume and deviates positively from unity outside
the plume for most of the ights. The deviation of the Leighton
ratio from unity is explained by the rapid change of the mixing
ratios of ozone and nitrogen oxides, and the photolysis
frequency of NO2, as well as by the presence of other compo-
nents that convert NO to NO2, such as peroxy radicals and
halogen monoxide. Predicted ozone is well explained by the PSS
formula inside the plume when the Leighton ratio is within the
PSS range for all the contrasting regions.

While in our analysis the mean [ROx] mixing ratio barely
reaches 29 ppt inside the plume during SAFMED (ight 46), the
[ROx] mixing ratios outside the plumes can reach more than
a hundred ppt in SWA and Paris on average. While an over-
estimation is suspected, those values are consistent with the
ones from the literature.

The mean ozone production is higher downwind Paris
(30 ppb h�1 on average) compared to SWA (20 ppb h�1) and
WMB (6 ppb h�1). To investigate the ozone sensitivity towards
NOx and VOC in Paris, WMB, and SWA, O3 mixing ratios have
been plotted against the NO mixing ratio. It is found that Paris
and SWA are VOC-sensitive inside the plumes. In the WMB, the
picture is not as clear while a NOx-sensitive regime is expected
from previous studies. The ozone production efficiency could be
calculated as the slope of the scatterplot of Ox vs. NOz for the
MEGAPOLI ights. It is found that values of OPE range between
about 5 to 7 with a coefficient of correlation between 0.33 and
0.53. This suggests that Paris is still under a VOC-sensitive
regime or in a transition regime outside the plumes according
to Sillman141 since OPE is lower than 7.

Finally, the oxidant production rate PROx has been quanti-
ed. Its values vary between 0 and 0.27 ppb[Ox] ppb[CO]

�1 h�1.
PROx is positive in the Paris (4 ights over 6) and WMB plumes
whereas it is close to zero in SWA plumes. The consistency
between the various metrics is discussed: the determined
uncertainty on the Leighton ratio value could affect the differ-
ences in the estimation of the photochemical oxidant produc-
tion by PO3 and PROx. The presence of vegetation and high
humidity levels (deposition sink for ozone) and additional CO
emissions along the plume travel during DACCIWA might
shapes the PROx. Even limited in number, PROx values from
this study set a benchmark for future photochemical studies to
compare with: Paris as representative of an anthropogenic
continental urban plume and WMB as representative of
a biogenic continental plume.

Data availability

All data used in this study are available on the AERIS Data and
Service Center. DACCIWA: https://baobab.sedoo.fr/DACCIWA.
MEGAPOLI: https://cds-espri.ipsl.upmc.fr/megapoli/index.jsp.
ChArMEX/SAFMED: https://mistrals.sedoo.fr/ChArMEx/.
678 | Environ. Sci.: Atmos., 2022, 2, 659–686
Author contributions

BT: conceptualization, data analysis, paper writing; PD: reviewing,
editing, gure design; AC: PhD co-supervision, airborne eld data
collection during the three campaigns, editing; VM: airborne data
collection during MEGAPOLI, editing, reviewing; JFD: editing,
reviewing; MB: PI of the MEGAPOLI airborne experiment, inter-
pretation, editing, reviewing; KS: PI of the SAFMED project,
editing, reviewing; FD: PI of the ChArMEx project, editing,
reviewing; AB: supervision, co-PI of the SAFMED and MEGAPOLI
airborne campaigns, conceptualization, writing, reviewing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

Airborne data were obtained using the ATR-42 aircra managed
by Sare, the French facility for airborne research, an infra-
structure of the French National Center for Scientic Research
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C. Gaimoz, S. Triquet, A. Féron, M. Beekmann, F. Dulac
and K. Sartelet, Aerosol composition and the contribution
of SOA formation over Mediterranean forests, Atmos.
Chem. Phys., 2018, 18, 7041–7056.

47 P. S. Monks, C. Granier, S. Fuzzi, A. Stohl, M. L. Williams,
H. Akimoto, M. Amann, A. Baklanov, U. Baltensperger,
I. Bey, N. Blake, R. S. Blake, K. Carslaw, O. R. Cooper,
F. Dentener, D. Fowler, E. Fragkou, G. J. Frost,
S. Generoso, P. Ginoux, V. Grewe, A. Guenther,
H. C. Hansson, S. Henne, J. Hjorth, A. Hofzumahaus,
H. Huntrieser, I. S. A. Isaksen, M. E. Jenkin, J. Kaiser,
M. Kanakidou, Z. Klimont, M. Kulmala, P. Laj,
M. G. Lawrence, J. D. Lee, C. Liousse, M. Maione,
G. McFiggans, A. Metzger, A. Mieville, N. Moussiopoulos,
J. J. Orlando, C. D. O'Dowd, P. I. Palmer, D. D. Parrish,
A. Petzold, U. Platt, U. Pöschl, A. S. H. Prévôt,
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