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Abstract. The Gradient in Longitude of Atmospheric con-
stituents above the Mediterranean basin (GLAM) campaign
was set up in August 2014, as part of the Chemistry
and Aerosol Mediterranean Experiment (ChArMEX) project.
This campaign aimed to study the chemical variability of
gaseous pollutants and aerosols in the troposphere along a
west—east transect above the Mediterranean Basin (MB). In
the present work, we focus on two biomass burning events
detected at 5.4 and 9.7 km altitude above sea level (a.s.l.)
over Sardinia (from 39°12'N-9°15'E to 35°35’' N-12°35'E
and at 39°30' N-8°25’ E, respectively). Concentration vari-
ations in trace gas carbon monoxide (CO), ozone (O3) and
aerosols were measured thanks to the standard instruments
on board the Falcon 20 aircraft operated by the Service des
Avions Frangais Instrumentés pour la Recherche en Envi-
ronnement (SAFIRE) and the Spectrometre InfraRouge In
situ Toute Altitude (SPIRIT) developed by LPC2E. Twenty-
day backward trajectories with Lagrangian particle disper-
sion model FLEXPART (FLEXible PARTicle) help to under-
stand the transport processes and the origin of the emissions
that contributed to this pollution detected above Sardinia.
Biomass burning emissions came (i) on 10 August from the
North American continent with air masses transported dur-
ing 5 days before arriving over the MB, and (ii) on 6 August
from Siberia, with air masses travelling during 12 days and
enriched in fire emission products above Canada 5 days be-
fore arriving over the MB. In combination with the Global
Fire Assimilation System (GFAS) inventory and the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) satel-

lite fire locations, FLEXPART reproduces well the contribu-
tion of those fires to CO and aerosols enhancements under
adjustments of the injection height to 10km in both cases
and application of an amplification factor of 2 on CO GFAS
emissions for the 10 August event. The chemistry transport
model (CTM) MOCAGE is used as a complementary tool for
the case of 6 August to confirm the origin of the emissions
by tracing the CO global atmospheric composition reach-
ing the MB. For this event, both models agree on the ori-
gin of air masses with CO concentrations simulated with
MOCAGE lower than the observed ones, likely caused by
the coarse model horizontal resolution that yields the dilu-
tion of the emissions and diffusion during transport. In com-
bination with wind fields, the analysis of the transport of the
air mass documented on 6 August suggests the subsidence of
CO pollution from Siberia towards North America and then
a transport to the MB via fast jet winds located at around
5.5km in altitude. Finally, using the ratio AO3 / ACO, the
plume age can be estimated and the production of O3 during
the transport of the air mass is studied using the MOCAGE
model.
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1 Introduction

Biomass burning is a significant contributor of trace gas and
aerosol content to the atmosphere (e.g. Andreae and Mer-
let, 2001). It emits large amounts of chemically active trace
gases (e.g. carbon monoxide, CO, and nitrogen oxides, NO,)
that impact the composition of the atmosphere at regional
and global scales, with consequences on ozone (O3) forma-
tion. CO, a tracer for biomass burning emissions produced
from incomplete combustion, is a precursor of tropospheric
O3 and a sink for radical hydroxyl (OH), the main oxidizing
species in the atmosphere (Seinfeld and Pandis, 2016). For-
est fires are also an important source of tropospheric aerosols
that play a significant role on radiative properties of the atmo-
sphere (Liousse et al., 1996) especially in the Mediterranean
region (Pace et al., 2005; Bougiatioti et al., 2016).
Long-range transport is now recognized as one of the
most important processes affecting the spatial variability of
pollutants (Roiger et al., 2012). As a result, air pollution
from one continent can alter the chemical composition of
the atmosphere above another continent. Compounds from
fires or photochemically produced within fire plumes can be
transported horizontally, but also vertically and be injected
into the middle to upper troposphere—lower stratosphere (e.g.
Fromm and Servranckx, 2003; Colarco et al., 2004; Damoah
et al., 2004, 2006; Jost et al., 2004; Nedelec et al., 2005;
Cammas et al., 2009; Dahlkotter et al., 2014) when the fire
activity is strong enough and can thus affect climate and air
quality (Val Martin et al., 2006, and references therein).
Looking at the projections of future climate change, the
Mediterranean Basin (MB) is considered as highly sensitive
and has been identified as one of the most important “hot
spots” (Giorgi and Lionello, 2008). It is at the crossroad of
different transport processes (Lelieved et al., 2002; Millan
et al., 2002; Gerasopoulos et al., 2005; Duncan et al., 2008;
Doche et al., 2014; Ricaud et al., 2014) and at the inter-
section of different sources of pollutants, either natural (e.g.
major dust sources from the Sahara and Arabian deserts) or
anthropogenic, influencing the variability of aerosols (e.g.
Nabat et al., 2013) and trace gases in the MB (Mihalopou-
los, 2007). Within this scientific framework, the Chemistry
and Aerosol Mediterranean Experiment Gradient in Longi-
tude of Atmospheric constituents above the Mediterranean
basin (ChArMEx-GLAM) campaign has been set up in or-
der to document the variability in aerosol and trace gases
in the free troposphere over the MB. Several studies have
already reported transatlantic transport of boreal forests fire
emissions from North America to central Europe (Forster et
al., 2001; Petzold et al., 2007) or to the MB (Formenti et al.,
2002; Cristofanelli et al., 2013; Ancellet et al., 2016). Those
studies were mainly focused on biomass burning aerosols ex-
cept that of Forster et al. (2001), which also addressed CO
emissions, but with measurements made in Germany and,
thus, concerning central Europe. Damoah et al. (2004) and
Spichtinger et al. (2004) have reported transport of fire emis-
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sions from Russia to Europe via eastward circumnavigation,
but they were not specifically focused on the MB and did not
include in situ measurements at high altitude.

In the present paper, we analyse the intercontinental trans-
port of CO and aerosol biomass burning emissions from
North America and Siberia that impacted the MB based on
two flights of the ChArMEx-GLAM airborne campaign on
6 and 10 August 2014. Only a limited amount of in situ ob-
servations and trace gas distribution are available in the tro-
posphere for the whole Mediterranean region (Di Biagio et
al., 2015). The in situ measurements presented here, being
direct, local and at high spatial resolution, are thus of inter-
est for the region. First we describe in Sect. 2 the GLAM
aircraft campaign with the onboard instruments. The qual-
ity of the aircraft SPIRIT CO measurements is checked by
comparison to a surface station located close to the Lampe-
dusa airport where the aircraft landed and took off. Then,
we explain the modelling work undertaken to characterize
this long-range transport of biomass burning pollutants im-
pacting the MB. Backward modelling with the Lagrangian
particle dispersion model FLEXPART (FLEXible PARTicle)
and chemistry transport modelling with the 3-D chemistry
transport model (CTM) MOCAGE (MOdele de Chimie At-
mosphérique a Grande Echelle) are introduced. We address
the question of emission inventories as well as the estimation
of the injection height since they are sources of uncertain-
ties when using models to determine long-range transport. In
Sect. 3, sensitivity tests of the models to the injection height
and to the emissions are thus performed to properly simu-
late the fire products. To characterize the model sensitivity to
the injection height, tracers are released at different altitudes,
while for sensitivity to the emissions the simulated concen-
trations are compared to the measurements. Once the emis-
sions and the injection height are set up, model simulations
with FLEXPART and MOCAGE are used to trace back the
plumes source regions and to estimate the CO biomass burn-
ing contribution to the aircraft measurements, i.e. to the mid-
dle (5.4 km above sea level (a.s.l.)) and upper (9.7kma.s.1.)
troposphere in the MB. A detailed analysis of the transport
of the air mass from Siberia via North America to the MB
on 6 August is also provided to conclude this section. Sec-
tion 4 deals with the production of O3 inside the plume dur-
ing the air mass transport using the aircraft measurements
and MOCAGE model. Section 5 presents the main conclu-
sions.

2 Methodology

2.1 Campaign description

The GLAM aircraft campaign set up in the framework of
ChArMEx aimed to study the tropospheric chemical variabil-

ity and trends of pollutants with different lifetimes above the
MB during 6—10 August 2014. The campaign and the main
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results obtained are presented in Ricaud et al. (2018). To sum
up, in situ measurements of trace gases and aerosols were
performed thanks to the instruments integrated in the Falcon
20 research aircraft operated by the French Instrumented Air-
craft Service for Research in Environment (SAFIRE, CNRS
and Météo-France). The 5-day campaign consisted in eight
flights at various altitudes on the outbound and on the return
leg between Toulouse (France) and Larnaca (Cyprus), via
Menorca (Spain), Lampedusa (Italy) and Heraklion (Crete Is-
land). During the first transect, from the western to the east-
ern part of the MB, the aircraft flew at an altitude level of
500 hPa (~5.4kma.s.l.), also providing vertical profiles up
to 12 km around each landing sites mentioned above. As cal-
ibrated measurement surface stations belonging to the World
Meteorological Organization/Global Atmosphere Watch net-
work (WMO/GAW) are located close to some landing sites,
it was possible to compare aircraft and surface measure-
ments. On the way back from the eastern to the west-
ern part of the MB, a constant pressure level of 300hPa
(~9.7kma.s.l.) was held for the cruising altitude. This pa-
per focuses on CO, O3 and aerosol measurements during the
flights on 6 August 2014 (flight F2) and on 10 August 2014
(flight F8).

2.2 Airborne payload

The SPIRIT airborne infrared absorption spectrometer for
the measurements of trace gases was mounted on board
the Falcon 20. A complete description of the instru-
ment principle can be found in Catoire et al. (2017). In
brief, it uses continuous-wave distributed-feedback room-
temperature quantum cascade lasers (QCLs), allowing rapid
scanning (each 1.6s) of strong fundamental molecular
rotational-vibrational lines lying in the mid-infrared, with ul-
tra high spectral resolution (1073 cm™"). The QCL infrared
beams are absorbed by constituents of the ambient air sam-
pled in a multipass cell (with 83.88 m of pathlength) at re-
duced pressure (33 hPa) and detected using a cooled HgCdTe
photodetector. In the present campaign, measurements were
carried out at the wave number 2179.772cm™! for 12C160.
Total molecule abundance is deduced from a homemade soft-
ware using the HITRAN 2012 database (Rothman et al.,
2013) with a precision of 0.3 ppbv for CO at 1.6s time res-
olution. Dry volume mixing ratios (vmr) are deduced us-
ing the measured pressure and temperature of the optical
cell and using the water vapour mixing ratios measured by
a laser absorption spectroscopy hygrometer (WVSS-II from
SpectraSensors). Total uncertainties for CO were estimated
to be 4.7 ppb using comparisons performed during previous
flights with high-altitude instrumented surface stations (Pic
du Midi de Bigorre and Puy-de-Dome, France) belonging to
the WMO/GAW network and with a NOAA standard cylin-
der on board the aircraft (Catoire et al., 2017). They are also
checked in the present campaign (see Sect. 2.3).

www.atmos-chem-phys.net/18/6887/2018/
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The Mozart instrument was used for the measurements of
O3 concentrations. It is a modified version of a commer-
cial ozone analyser (TEI 49C), an early version of the in-
strument used in the Measurement of OZone by Airbus In-
service airCraft (MOZAIC) program (Marenco et al., 1998).
The measurement accuracy of Mozart is identical to the ac-
curacy of MOZAIC instruments, which has been estimated
at &= [2 ppbv + 2 %] (Thouret et al., 1998).

The number of aerosol particles per cm® was provided by
a Passive Cavity Aerosol Spectrometer Probe (PCASP-100X
from Droplet Measurement Technologies, Inc) measuring the
particles within a 0.1-3 pm size range into 30 bins. The prin-
ciple of measurement is based on the scattering of light by in-
dividual particles going through a laser beam (visible wave-
length). The particle size is determined from this particle
light scattering. The PCASP instrument is thus only able to
determine size ranges but does not discriminate the type of
aerosol. Thereafter, only the 0.2—1.1 um size range is consid-
ered as this range size is representative of black carbon (BC)
particles (Dahlkétter et al., 2014) and corresponds to the sum
of the number of particles in 10 bins.

2.3 Comparison between the measurements and a
WMO/GAW calibrated surface station

The presence of a calibrated measurement surface station
(35.52° N, 12.63°E; 45ma.s.l.) located at 2.5 km northwest
from the Lampedusa airport represents an opportunity to
confirm the quality of GLAM airborne measurements. Sur-
face CO vmr are routinely measured at this station by a
WMO/GAW calibrated Picarro instrument. This comparison
is possible under the condition the air mass sampled is similar
for both the station and the aircraft. Wind fields from ERA-
Interim are (1) extracted at 6-hourly intervals (00:00, 06:00,
12:00, 18:00UTC) and 3 h forecasts (03:00, 09:00, 15:00,
21:00 UTC) with a horizontal resolution of 0.125° x 0.125°,
high enough to specify the wind direction at the local scale,
and (2) selected at the dates of the presence of the aircraft
in the vicinity. Two landings and take-offs were performed
on the outbound, on 6 and 7 August, and on the return
leg, on 10 August. In the first case, the wind was blowing
from northwest; thus the aircraft landed and took off down-
wind, while it was the contrary on 10 August (aircraft up-
wind). About 10s of SPIRIT measurements are selected to
respect the down/up wind condition within a band of 1km
width, corresponding to altitudes below 110 ma.s.1., consis-
tently within the maritime boundary layer (600 m a.s.1.). Re-
sults are gathered in Table 1 and show the excellent agree-
ment between these CO measurements and those of the sur-
face station: the difference (—3.5 to +5.1 ppb) observed is
within the total estimated uncertainties reported for both in-
struments (4.7 to 7.9 ppb). For the take-off on 7 August, the
SPIRIT was not ready to make such a comparison.

Atmos. Chem. Phys., 18, 6887-6906, 2018
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Table 1. Comparison of the CO dry volume mixing ratio (vmr) measurements between the WMO/GAW surface station (Picarro instrument)
in Lampedusa island (35.52° N-12.63° E; 45 m a.s.1.) and the aircraft (SPIRIT instrument).

Date Aircraft CO vmr from the  CO vmr from the  Difference in CO vmr between the

location  surface station (ppb) aircraft (ppb) surface station and the aircraft

6 Aug, 13:52UTC 35.501° N-12.638° E 115.9+5.6* 119.4 +£4.7 —3.5+10.3
84+21mas.l.

10 Aug, 10:17UTC  35.498°N-12.621°E 115.94+7.9* 110.8 £4.7 5.1+12.6
20+2ma.s.l.

10 Aug, 12:14UTC  35.500° N-12.646° E 113.3 +6.5* 109.8 £4.7 35+11.2
110+ 1ma.s.l.

* Uncertainties are standard deviations.

2.4 Lagrangian particle dispersion modelling

The Lagrangian transport and diffusion model FLEXPART
(Stohl et al., 2005) is used in our study to describe the trans-
port of air masses to the MB. It simulates long-range trans-
port, diffusion, dry and wet deposition of atmospheric trac-
ers by computing trajectories of a large number of particles.
It calculates the trajectories of released particles, taking into
account advection and turbulent diffusion processes.

Model calculations are based on meteorological data from
the European Centre for Medium-Range Weather Forecasts
(ECMWEF). ERA-Interim (Dee et al., 2011) meteorological
reanalysis data provided by ECMWF have been used for all
simulations. Data are extracted at 6-hourly intervals (00:00,
06:00, 12:00, 18:00UTC) and 3 h forecasts (03:00, 09:00,
15:00, 21:00 UTC) with a resolution of 0.5° x 0.5° in lati-
tude and longitude, a compromise at the global scale between
computing cost and the trajectory accuracy. A vertical reso-
lution of 137 model hybrid levels is used with the model top
at 0.01 hPa.

Our FLEXPART calculations are performed backward in
time (Seibert and Frank, 2004) with the model version 9.0.
Possible source contributions to the content of the air mass
are determined by releasing particles from points located at
the flight track. This backward mode gives access to two
products. The first one is a residence time of the particles
in the total atmospheric column while the second one, de-
fined as the potential emission sensitivity (PES), indicates
the location where the sampled air mass has been impacted
by the surface emissions. The emission sensitivity refers to
the source—receptor relationship (Seibert and Frank, 2004).
It describes the sensitivity of a receptor (here, the aircraft) to
a source of emissions. The thickness of the PES layer is cho-
sen consistently with the altitude (vertically integrated val-
ues from 0 to 10 km; see below) at which the emissions are
injected in order to take into account the injection of fires
in the mid- to upper troposphere. Outputs are averaged ev-
ery 24 h with a horizontal resolution of 0.5° x 0.5° globally.
Retroplume trajectory outputs are condensed into a cluster
analysis (Stohl et al., 2002b).

Atmos. Chem. Phys., 18, 6887-6906, 2018

In the present case, the model simulations are run with
the CO tracer, only considering reaction with OH radicals
(with concentrations monthly-averaged with 3° x 5° reso-
lution from GEOS-CHEM model; Stohl et al., 2010) and
with the aerosol tracer assuming removal by dry and wet
depositions with properties similar to BC. Each simulation
consists of 20000 particles released at the aircraft location
and time of measurements. They are followed over 20 days
backward in time with parameterization of turbulence, acti-
vation of the convection and age of air calculation (“lage-
spectra” option). The convection is based on the Emanuel
and Zivkovic-Rothman (1999) scheme that only relies on the
ECMWF temperature and humidity fields.

In addition, the Global Fire Assimilation System (GFAS)
version 1.2 emission inventory (Kaiser et al., 2012, http:
/lapps.ecmwf.int/datasets/data/cams-gfas/) is used for CO
and aerosols for the year 2014 with a 0.1° x 0.1° grid.
GFAS calculates biomass burning emissions by assimilat-
ing fire radiative power (FRP) observations from MODIS
instruments (MOderate resolution Imaging Spectroradiome-
ter; Giglio et al.,, 2003; http://modis-fire.umd.edu/pages/
ActiveFire.php) on board the Terra and Aqua satellites. This
FRP gives quantitative information on the combustion and
smoke emission rates (Ichoku and Kaufman, 2005; Wooster
et al., 2005). Multiplying the CO emission flux from this in-
ventory with the FLEXPART emission sensitivity gives ac-
cess to the contribution of biomass burning sources to the
total CO abundance (in ppbm~2) present in the air sampled
by the aircraft. For aerosol simulations, a multiplicative co-
efficient of 3.4 is applied to the GFAS emissions as recom-
mended in Kaiser et al. (2012). As for CO, aerosol emission
flux multiplied with FLEXPART emission sensitivity gives
access to the contribution of biomass burning sources to the
total aerosol abundance (in ng m—?).

2.5 Chemistry-transport modelling

MOCAGE (Josse et al., 2004; Si¢ et al., 2015; Guth et al.,
2016), version R2.15.0, is used in this study to simulate the
atmospheric composition during July and August 2014. In
particular we analyse the CO global atmospheric content in

www.atmos-chem-phys.net/18/6887/2018/
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order to trace the biomass burning events and the concen-
tration and production of O3 inside the plume. MOCAGE
is a 3-D stratospheric and tropospheric CTM using a semi-
Lagrangian transport scheme.

In order to represent both the tropospheric and the strato-
spheric air composition, two chemical schemes are imple-
mented into MOCAGE. The Regional Atmospheric Chem-
istry Mechanism (RACM) (Stockwell et al., 1997) is used
in the troposphere. For the stratosphere, the REPROBUS
scheme (REactive Processes Ruling the Ozone BUdget in the
Stratosphere) is implemented (Lefévre et al., 1994).

MOCAGE is an offline model and thus needs external me-
teorological forcing based on wind and temperature fields
from the analyses of the operational model of Météo-France,
ARPEGE (Courtier et al., 1991). MOCAGE can be run with
several nested grids. In our configuration, the horizontal res-
olution for the global domain is 2° x 2° with 47 vertical
levels. A regional nested domain, defined with a horizon-
tal resolution of 0.2° x 0.2°, is centred over the MB. For
the global domain, the Global Emissions InitiAtive (GEIA;
Guenther et al., 1995) and the MACCity inventories are used
(Lamarque et al., 2010; Granier et al., 2011; Diehl et al.,
2012) for natural and anthropogenic emissions, respectively.
For the regional domain, anthropogenic emissions are taken
from the MACC II (Monitoring Atmospheric Composition
and Climate — Interim Implementation) inventory (Kuenen
et al., 2011), biomass burning emissions are from the GFAS
1.1 product (Kaiser et al., 2012) while natural emissions are
from the GEIA inventory. Those emissions can be found at
http://eccad.sedoo.fr.

2.6 Remote sensing products

The Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) is a two-wavelength, polarization-sensitive lidar
that provides high-resolution vertical profiles of clouds and
aerosols (Winker et al., 2009). With an imaging infrared
radiometer and a wide field camera as well, CALIOP is
on board the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO), a component of the A-
Train constellation, launched on 28 April 2006. In our study,
we use the 532 nm total (parallel and perpendicular) attenu-
ated backscatter aerosol (https://www-calipso.larc.nasa.gov/
products/lidat/) to determine at which maximum altitude
smoke is detected.

The Atmospheric Infrared Sounder (AIRS, 2013) instru-
ment was launched aboard the second Earth Observing Sys-
tem (EOS) polar-orbiting platform, Aqua, in May 2002. It
is a hyperspectral infrared grating spectrometer. Its goal is
to support climate research and improve weather forecast-
ing by observing and characterizing the entire atmospheric
column from the surface to the top of the atmosphere. We
use CO zonal means (mean area is represented in Fig. 4;
https://giovanni.gsfc.nasa.gov/giovanni/) from AIRS instru-
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ment with a daily and 1° x 1° resolution. These data are used
to identify the CO injection from fires.

3 Analysis of the long-range transport of biomass
burning encountered over the MB during
the GLAM flights

This section presents the modelling work associated with
the aircraft observations. With FLEXPART, the method used
to determine the geographic origin of the pollution and the
sources of emission is the same in both case studies; i.e.
we use 20-day back trajectories in order to have access to
the PES (see Sect. 2.4). The PES map indicates the location
where the air mass has taken up emissions. We then com-
bine the PES with CO and BC emissions from GFAS inven-
tory and derive the biomass burning contribution to CO and
aerosols measured concentrations.

3.1 Case study of 10 August 2014: North American
forest fire plume

The F8 flight (eighth flight of the campaign, on 10 August)
consists of an east-to-west flight from Lampedusa (Italy) to
Toulouse (France) (Fig. la and b). During the transect at
about 9.7 kma.s.l., an increase of CO vmr up to ~ 110 ppbv
(from a background at ~ 70 ppbv) has been measured above
Sardinia. A very intense and transitory increase of CO up to
about 260 ppbv has been measured among this general in-
crease of CO, correlated with a weaker increase in O3 (from
~35 to ~75ppbv) and aerosols up to about 1000 parti-
clescm™3 in the 0.21-1.1 um diameter range, and a decrease
in relative humidity (RH). A picture taken during the flight
shows that the aircraft traversed a thin dark layer of particles
(Fig. 1c). This intense peak lasted about 10 min as the aircraft
was flying from Lampedusa back to Toulouse, and so passed
rapidly through the pollution layer. This event has already
been evoked in Ricaud et al. (2018). They used 20-day back-
trajectory calculations of Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model with global reanal-
ysis data on a 2.5° x 2.5° grid to assess the origin of the
air parcels. It was shown that air masses originate from the
Northwest Territories (Canada) above 7km and the United
States below 7km, where fires were detected by MODIS.
MOCAGE simulations confirmed this result and found ele-
vated amounts of CO and BC over North America. In our
study, we use FLEXPART model with a thinner resolution
(0.5° x 0.5°) over 20 days backward in time to reproduce this
intense peak. FLEXPART allows to assess the origin of the
air masses but also to calculate the biomass burning contribu-
tion of CO and BC to the measurements by coupling it with
GFAS inventory. A direct comparison between the simulated
and measured concentrations is thus possible. Thanks to the
calculation of the age of air, it is also possible to discriminate
the different contributions in terms of dates before the flight.

Atmos. Chem. Phys., 18, 6887-6906, 2018
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Figure 1. Flight F8 (10 August 2014). (a) Three-dimensional trajectory colour-coded according to CO volume mixing ratios (vmr) between
Lampedusa and Toulouse. (b) Top — flight altitude, longitude and latitude as a function of time; middle — time series of CO (black) and O3
(orange) vmr and relative humidity (blue); bottom — aerosol total number concentrations (brown). (c) Picture of a dark thin layer from the

Falcon 20 at an altitude of 9.7 km at 13:12 UTC.

To determine the origin of this pollution, 20-day backward
trajectories are calculated using FLEXPART all along the
flight track. Emission sensitivities are stored on a 3-D grid
with levels from the surface up to 10 km a.s.l. The represen-
tation of the PES is a good indicator of where and for how
long the air mass has probably taken up emissions.

Twenty-day back trajectories (Fig. 2a) originating above
Sardinia where CO is at its maximum (13:23 UTC) reveal
that the air masses stayed mostly above Mongolia and North
China between 12 and 19 days before the flight (from 22 to
26 July). Then, the air masses travelled eastward where they
passed above central Pacific between 6 to 10 days (31 July
to 4 August) before the flight and above Canada and the
United States 4 to 5 days (5 to 6 August) before reaching
Sardinia. As shown in Fig. 2a, numerous fires were detected
by MODIS for more than 1 month in northwestern Canada
and the United States and especially intense fires triggered by
lightning ignition and drought in California and Oregon (see
https://earthobservatory.nasa.gov/IOTD). The confidence for
every MODIS fire detection is characterized by a number
ranging 0-100 %. We only use fire detections with a con-
fidence level greater than 75 %. The map of the CO con-
tribution from biomass burning (Fig. 2b) from FLEXPART
reveals that the strongest contribution comes from Siberia,
northwestern Canada and the west coast of the United States
(the last two gathered for simplicity under one single name,
the North American continent), but almost no biomass burn-
ing contribution comes from Mongolia and China. To ex-
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clude the possibility of anthropogenic contribution by China,
we coupled FLEXPART with EDGAR (Emissions Database
for Global Atmospheric Research; EC-JRC/PBL, 2011) v4.2
inventory. EDGAR provides country- and sector-specific an-
thropogenic emissions of greenhouse gases and pollutants
(including CO). The CO anthropogenic contribution map
(not shown) reveals that Chinese contribution is less than
10 ppbv and thus has a negligible influence on the CO values
measured. As illustrated in Fig. 3a, CO contribution simu-
lated by FLEXPART reproduces well the measured CO, with
a slight delay of only 3 min. We isolated the CO emissions of
the main areas of biomass burning contributions as shown in
Fig. 2b. This leads to the conclusions that the North Ameri-
can continent is the only source of CO emission as the con-
tribution of Siberia is close to zero (Fig. 3a). Considering the
age of the air mass (Fig. 3b), we note that the maximum of
contribution is 4 to 5 days (namely 5 and 6 August) before
the flight when the PES was above the North American con-
tinent in consistency with the above result.

To quantitatively compare the two CO datasets (simulated
by FLEXPART and measured by SPIRIT), a background
value of 70 ppbv was added to the FLEXPART data. This
added value of 70 ppbv is an average of our measurements
during the campaign and is thus representative of the CO
background of the mid-troposphere for the western MB at
that period. Although FLEXPART is able to simulate the ori-
gin of this pollution, we note (Fig. 3a) that the CO calculated
vmr are less than the CO measurements. Since the effect of

www.atmos-chem-phys.net/18/6887/2018/
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Figure 2. (a, ¢) Potential emission sensitivity (PES) of the particles in the 0—10 km footprint layer for 20-day backward simulations on 10
and 6 August 2014, respectively. Superimposed on panels (a, ¢) are the MODIS fire detection (dark red dots) and numbers corresponding to
the days of back trajectories with label sizes scaled according to the number of particles belonging to each cluster. The red crosses symbolize
the location of the aircraft when measuring the peak of pollution. (b, d) CO biomass burning contribution calculated in the 0-10km PES
layer on 10 and 6 August 2014, respectively. The dotted rectangles represent the masks used to see the specific contribution of Siberia and
the North American continent in panel (b) and of Siberia and Canada in panel (d).

pyroconvection is not included in FLEXPART, different sce-
narios are tested in order to reproduce the CO impact of those
fires. Thus, we adjusted the injection height of the plume as
it plays an important role in its long-range transport. As a
matter of fact, the consequences on the transport, the deposi-
tion and the lifetime depend on whether the plume is below
or above the planetary boundary layer. The injection height
depends on several variables as the intensity of the fire, as
well as on the synoptic conditions. If the meteorological con-
ditions are satisfied, i.e. water vapour condensation and re-
lease of latent heat due to an environment cooler than the
plume, then pyroconvection can occur (Fromm et al., 2010).
To determine the initial injection height, we use data from
CALIOP and AIRS instrument. CALIOP and AIRS data are
selected for the same day and with close geographical coor-
dinates enabling the comparison between the two datasets.

www.atmos-chem-phys.net/18/6887/2018/

The nighttime CALIOP overpass above North America on
6 August at 09:51 UTC can be used to locate the fire plumes
(Fig. 4a left). The aerosol subtypes indicate the presence of
smoke up to 10kma.s.l. from latitudes 38-62° N (Fig. 4a
middle). For the same day and from latitudes 61-64° N, high
CO concentrations from AIRS (Fig. 4a right) can be found up
to 10 km with maximum concentrations above 5km. An es-
timation of injection height derived from MODIS instrument
data and meteorological information from ECMWEF is also
provided by GFAS. GFAS estimations of injection height are
on 5 and 6 August at a maximum of 10.9 km above Canada
(not shown).

Other studies have already proved that the use of such an
altitude of 10km to inject surface emissions in the atmo-
sphere allows simulating concentrations in good agreement
with the measurements (De Gouw et al., 2006; Elguindi et

Atmos. Chem. Phys., 18, 6887-6906, 2018
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Figure 3. Zoom on a part of F§ from 13:00 to 13:45 UTC above
Sardinia at 9.7kma.s.]. with an injection height up to 10km in
FLEXPART. (a) CO time evolution along the flight: SPIRIT mea-
surements (degraded to FLEXPART time resolution) and FLEX-
PART simulations. (b) CO contributions calculated by FLEXPART,
colour-coded according to the age, from 1 to 20 days before F8, of
the air mass. (¢) BC time evolution along the F8 flight: PCASP mea-
surements (degraded to FLEXPART time resolution) and FLEX-
PART simulations.

al., 2010). However, the measured CO concentrations are
still about twice higher than the simulated ones (Fig. 3a).
As FLEXPART has already proved its accuracy in simulat-
ing events of long-range transport of fire plumes (Forster et
al., 2001; Damoah et al., 2004, 2006; De Gouw et al., 2006;
Stohl et al., 2007; Lapina et al., 2008; Cristofanelli, 2013)
and the question of convection induced by fires has been
solved by applying a higher injection altitude, one hypothesis
for those lower concentrations would be an underestimation

Atmos. Chem. Phys., 18, 6887-6906, 2018
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of the GFAS CO emissions, although Kaiser et al. (2012) do
not discuss a correction to be applied to CO emissions. As er-
rors depend on individual fire events because the fire space-
borne observations depend on the instrument sampling, as
e.g. cloud-free observations (Johannes Kaiser, personal com-
munication, 2017), the underestimation detected in our study
cannot be considered as a general statement that has to be
applied in every case study using GFAS CO emissions, but
rather only in ours. Finally, an amplification factor of 2 has to
be applied to get similar CO quantities during the event, de-
rived from the calculated surface under the CO enhancement
(Fig. 3a).

The FLEXPART simulations for the biomass burning con-
tribution to the total BC use the same parameters as for CO
simulations, in particular an injection height up to 10 km. In
Fig. 3c, FLEXPART is able to qualitatively reproduce the
fine aerosol concentration peak measured by the PCASP, de-
layed by ~ 3 min as for CO. The contribution map gives the
same regions, i.e. North American continent and Siberia, to
the aerosol loading (not shown). To distinguish which region
contributes the most to the peak of pollution, we isolate the
BC contribution to the measurements in each of these ar-
eas. It appears that the North American continent is the main
source of BC emissions and that Siberia contributes for less
than 3 ng m™3 (Fig. 3c).

The injection of such a quantity of CO and aerosol par-
ticles measured at high altitude (> 9 km) is therefore due to
a pyroconvective lifting that has uplifted pollutants at high
altitude, which subsequently travelled over the North At-
lantic. Fire products in North America transported to Europe
and more specifically to the MB seem to be recurrent but
of variable intensity. Pu et al. (2007) found, thanks to satel-
lite data, that most of the fires occur in June—July in North
America. Stohl et al. (2002a), also using FLEXPART sim-
ulations, found that the MB is the location where the high-
est surface concentrations of the North America tracers are
detected in summer. Different corridors of pollution impact-
ing the MB, including the one from North America, have
been identified in Ricaud et al. (2018), without discriminat-
ing the biomass burning contribution to CO concentrations.
Transatlantic transport is well documented and comparable
transport durations between North America and Europe are
found in other studies: about 6 days in Petzold et al. (2007)
and 7 days in Forster et al. (2001). Transport between North
America and the MB in Formenti et al. (2002) and Ancel-
let et al. (2016) lasts about 10 days (Table 2). A hypothesis
of Forster et al. (2001) is that those biomass burning emis-
sions coming from North America might have an influence
on European pollutant concentration levels during the sum-
mer period almost every year, but with variable intensity each
year. Over central Europe, Forster et al. (2001) and Petzold
et al. (2007) have found a fire plume layer up to 6km and
8 km a.s.1., respectively. Over the MB, Formenti et al. (2002)
have found a forest fire haze layer up to 3.5 km coming from
Canadian forest fires over the eastern Mediterranean. Ancel-
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Table 2. List of the biomass burning layers coming from the North American continent that impacted the MB reported in the literature. The

altitude refers to the measurement location.

Reference Measurement Fire Measurement ~ Altitude  Pollutant Transport duration

date location location (km) measured (days)
Formenti et al. (2002) 14 Aug 1998 Canada Aegean Sea 1-3.5  Aerosols, CO, O3 10
Cristofanelli et al. (2013)  23-24 Mar 2009  North America Italy - CO, 03,BC -
Ancellet et al. (2016) 27-28 June 2013  Canada and Colorado Western MB 2-7  Aerosols 10-11*
Our study 10 Aug 2014 Canada and western USA  Sardinia 9.7 CO,03,BC 5

* 10-11-day backward trajectories simulations with FLEXPART.

let et al. (2016) have reported aerosol layers up to 7 km com-
ing from North America over the western MB. The published
cases we know of transatlantic transport to MB in the re-
cent years are gathered in Table 2. Fromm et al. (2005) and
Damoah et al. (2006) also report pollution from pyroconvec-
tive fires over North America. Moreover, they indicate that
the fire activity was strong enough to inject smoke up into
the lower stratosphere.

www.atmos-chem-phys.net/18/6887/2018/

3.2 Case study of 6 August 2014:
Siberian biomass burning

The flight F2 (2nd flight of the campaign, on 6 August)
consists of a west-to-east flight from Menorca (Spain) to
Lampedusa (Italy), as shown in Fig. 5a. It is characterized
by a transect at about 5.4kma.s.]. with a vertical profile
above Lampedusa up to 12 km. During this transect (Fig. 5b),
we measured above Sardinia an enhancement of CO from
~70 to ~ 120-140 ppbv at 12:00 UTC, synchronized with

Atmos. Chem. Phys., 18, 6887-6906, 2018
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Figure 5. Flight F2 (6 August 2014). (a) Three-dimensional trajectory colour-coded according to CO vmr between Menorca and Lampedusa.
(b) Top — Flight altitude, longitude and latitude as a function of time; middle — time series of CO (black) and O3 (orange) vmr and relative

humidity (blue); bottom — aerosol total number concentrations (brown).

enhancements of O3 from ~ 30 to ~ 60 ppbv, of aerosols up
to about 100 particles cm ™~ in the 0.21—1.1 um size range and
a decrease in RH, that lasted more than 40 min (~ 509 km
travelled). The background concentrations are rather similar
to the ones measured during F8, but the peak intensity of CO
is lower. The aircraft was flying in the same direction as the
air mass motion (see Sect. 3.2.2 below), which could explain
why it stayed so long in the polluted air mass. After that, the
aircraft performed an ascending vertical profile and crossed
this layer again at the same altitude and with the same fea-
tures more than 30 min later (just before 13:30 UTC) when
descending for landing on Lampedusa island. The measure-
ments performed during this vertical profile help us deter-
mining that the thickness of the layer is 2.9 km.

3.2.1 Analysis of the origin of the air mass using
FLEXPART

The PES map shown in Fig. 2c reveals that the majority of
the air masses were above western Canada about 5 days be-
fore (1 August) and close to Siberia, northwestern China and
western Mongolia about 12 to 16 days (21 to 25 July) be-
fore the flight. Along these trajectories, MODIS on Terra and
Aqua satellites detected fires on those dates mostly in north-
western Canada and Siberia (Fig. 2c). The contribution map
presented in Fig. 2d indicates that source contributions to CO
are located mainly in northwestern Canada and in Siberia.
As in the previous case (see Sect. 3.1), we have to inject
forest fire emissions at high altitudes in FLEXPART simula-
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tions in order to mimic the vertical transport of fire plumes.
CALIOP overpasses above Siberia and North America are
used to estimate this injection height. The first CALIOP pro-
file, shown in Fig. 4b, taken above Siberia on 24 July at
18:37 UTC, indicates smoke detected up to 10km altitude
for latitudes from 47 to 59° N, with most of the aerosols
around 5 km. The second profile (Fig. 4c) above the eastern
coast of North America on 2 August at 06:58 UTC shows
smoke detected up to 11km at latitudes from 59 to 65° N
with most of the aerosols detected above 5Skm. AIRS data
are also used to identify the CO injection from fires. On
24 July (Fig. 4b), high CO concentrations are detected up
to 10km, with maximum concentrations above 5km from
latitudes 50 to 60° N. On 2 August (Fig. 4c), CO concen-
trations are also detected up to 10km with maximum val-
ues above 5km from latitudes 60 to 70° N. CALIOP and
AIRS are both in agreement to estimate the injection height
of the plume. GFAS estimations of injection height on 24
and 25 July are 7.9 km above Siberia, 10.4km on 1 August
and 9 km on 2 August above Canada (not shown). Two injec-
tion heights are tested in the model above Siberia and Canada
for this case: at 6 and 10 km. For Siberia, the difference be-
tween the two simulations at 12:00-12:48 UTC is 7 %, mean-
ing that most of the emissions emitted by fires are at altitudes
between 0 and 6 km even though some can reach higher al-
titudes. For Canada, the difference for the same period of
time is much higher (27 %), with the altitude of 10km giv-
ing the strongest contributions. By using an injection height

www.atmos-chem-phys.net/18/6887/2018/
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of 10 km for both regions, the GFAS global contribution to
CO vmr calculated by FLEXPART simulates well the mea-
sured peak of pollution between 12:00 and 12:48 UTC, as
illustrated in Fig. 6a. In order to verify that the global CO
anthropogenic contribution does not affect our results, a cou-
pling between FLEXPART and EDGAR v4.2 inventory is
performed. The contribution map (not shown) shows that CO
anthropogenic contribution accounts for less than 10 ppbv.
Selecting each area to find where the biomass burning con-
tribution dominates shows that, in the case of CO, Siberia
and Canada contribute approximately in the same manner but
with a slightly higher contribution from Siberia (Fig. 6a). The
biomass burning contribution in southern Russia (north of the
Black Sea) has also been studied but leads to a contribution
close to zero (not shown). Looking at the age of the air mass
(Fig. 6b), two main contributions are emphasized between
12:00 and 12:48 UTC: the first maximum is between 1 and
2 August (i.e. 5 and 4 days before the flight) when the PES
was above Canada and the second maximum is between 24
and 25 July (i.e. 13 and 12 days before the flight) when the
PES was above Siberia.

For the simulations of BC, the contribution map for an in-
jection height of 10 km shows that Canada and Siberia are the
main sources of emissions as well (not shown). The loading
of aerosols from 12:00 to 12:48 UTC simulated by FLEX-
PART is correlated to the measurements, as illustrated in
Fig. 6¢c. Two peaks of aerosols, not concomitant with CO,
are also measured around 13:06 and 13:24 UTC (Fig. 5).
FLEXPART simulation shows that these peaks are not re-
lated to biomass burning as it is not reproduced by the model
(Fig. 6¢). These two spikes of aerosols could be considered as
being dust particles as they also appear in the 1.1-3.1 um size
range measured by the PCASP instrument (not shown). Con-
cerning the BC contribution from 12:00 to 12:48 UTC for
each area, Canada is the main contributor for the whole peak
(Fig. 6¢). BC emitted by the Siberian fires 13 to 12 days be-
fore the flight travelled longer than the BC emitted by Cana-
dian fires. Wet and dry removal is activated in FLEXPART
simulations. Both phenomena closely depend on the particle
size and on humidity and temperature from the meteorolog-
ical input data for the wet deposition. These phenomena in-
duce short lifetime for the particles from a few hours to a
few days (Bond et al., 2013) and explain why Siberia does
not contribute significantly to the aerosol content sampled by
the aircraft for F2.

Transpacific transport of CO and particles from the Asian
continent to the northeast Pacific is well documented (e.g.
Bertschi et al., 2004 and references therein; Jaffe et al., 2004;
Spichtinger et al., 2004; Heald et al., 2003, 2006, and refer-
ences therein; Bertschi and Jaffe, 2005; Holzer et al., 2005)
with a transport within 5 to 8 days and with plumes at al-
titudes ranging from the middle to the upper troposphere.
Boreal forest fires, most frequent in Canada and Siberia
(Spichtinger et al., 2004), occur mainly from May to Oc-
tober (Lavoué et al., 2000). The location of Siberian emis-
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Figure 6. Zoom on a part of F2 from 11:30 to 14:00 UTC above Sar-
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sions is in agreement with Liang et al. (2004), who in-
dicate that summertime emissions from boreal forest fires
are exported at latitudes higher than 55° N, which is con-
firmed by Spichtinger et al. (2004) with the highest concen-
trations above Siberia found at latitudes up to 70° N. Ex-
treme CO concentrations (as high as 800 ppbv) were mea-
sured around Lake Baikal at 8.0-12.5 km altitude (Nedelec
et al., 2005). Such an event with eastward circumnaviga-
tion starting from Russia to Europe is reported in Damoah
et al. (2004). In this study, the plume simulated by FLEX-
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used for Fig. 8.

PART over Alaska was found at altitudes between 2 and
5km and a little higher above Canada, between 4 and 7 km.
In Spichtinger et al. (2004), eastward transport of Siberian
fire emissions in 1998 towards Canada followed by trans-
port towards Europe is reported. There, again, the plume over
Canada was found at higher altitude (2—-8 km) than the one
above the Siberian source region (0—6 km).

To conclude, about 12 to 13 days before our flight F2, the
air masses originated from Siberia, where they have been
loaded in CO and aerosols because of boreal forest fires.
The smoke plume travelled eastward to Canada where the
air masses have been loaded again in pollutants because of
fires in this region. They then crossed the Atlantic at 50° N

Atmos. Chem. Phys., 18, 6887-6906, 2018

and went southeastward off European coasts up to the west-
ern MB where they were detected by our aircraft instruments
on 6 August at ~ 5.4 km altitude above Sardinia.

3.2.2 Analysis of the transport of the air mass to the
MB using MOCAGE

To complete the analysis performed with back trajectories
from FLEXPART simulations, 3-D MOCAGE CTM simula-
tions of the global atmospheric composition for the biomass
burning event reaching the MB on 6 August (F2) are per-
formed. This allows us to confirm the origin of the pollution
using a complementary tool. As in the FLEXPART simula-
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Figure 8. (a) Longitude-altitude cross section of the mean CO con-
centrations from MOCAGE on 1 August, 12:00 UTC, between 40
and 70° N. (b) Vertical wind between 40 and 70° N (box repre-
sented by the green square on Fig. 7a) on 1 August 12:00 UTC.
(c) Mean wind field at 5.5 km a.s.l. between 3 and 6 August.

tions, the biomass burning emissions, taken from the GFAS
inventory, are set up to an injection height of 10 km. Mete-
orological fields are taken from the operational analysis of
the ARPEGE numerical weather prediction model used at
Meétéo-France. The dynamics is then slightly different from
the one used in FLEXPART simulations. Figure 7 presents
the CO concentration (in ppbv) at 5.5km altitude between
23 July (a) and 6 August (o) at 12:00 UTC. The red ellipses
correspond to the position of the air mass from 23 July to
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6 August reaching the MB at the time of the observations
during F2 above Sardinia. This figure is to be compared with
Fig. 2c, representing the footprint for the 20-day backward
simulation made with FLEXPART relative to this episode.

There are biomass burning emissions between 23 and
26 July (Fig. 7a to d) over Siberia. A part of these emissions
is transported towards the North American continent. This
transport starts with a branch going north over the Bering
Strait before doing a curl over the Pacific Ocean off the coast
of Canada between 26 and 30 July (Fig. 7d to h). This be-
haviour is consistent with the FLEXPART footprint in Fig. 2¢
showing a curl over the Pacific Ocean.

Between 31 July and 3 August (Fig. 7i to 1), there are
biomass burning emissions over North America which get
mixed with the biomass burning plume coming from Siberia.
Figure 8a and b present cross sections of the mean CO con-
centration and the vertical wind in a box between 40 and
70°N for 1 August 12:00 UTC (the area is represented in
green in Fig. 7a), respectively. Figure 8a shows the track
of the CO coming from Siberia (between 130 and 100° W)
mixing with the fresh emissions over North America (around
95° W). This figure suggests a descent of the air mass in-
cluding CO transported from Siberia towards North America
where biomass burning fires occur. This idea is supported by
the vertical wind speed represented in Fig. 8b where positive
values are a sign of subsidence. During this period (Fig. 7i—
k), one can see a separation over the North American conti-
nent with a branch passing over northern Canada and a sec-
ond one over the United States. This is also consistent with
the FLEXPART footprint, which shows a preferential trajec-
tory for the northern branch.

Between 3 and 6 August (Fig. 71 to o), the pollution mea-
sured during F2 travelled around 5.5 km height from the east
coast of the North American continent to the MB via the
fast jet winds (Fig. 8c), which represent the mean wind field
at 5.5km between 3 and 6 August. These strong winds at
5.5 km correspond to the lower part of a high-altitude jet lo-
cated around 10km height (not shown). This travel of the
plume over the Atlantic Ocean is similarly found by the
FLEXPART backward simulation (Fig. 2c).

At the time and location of the measurements, the sim-
ulation made with the model MOCAGE gives CO vmr
around 90 ppbv in the plume and 60 ppbv in the area around
(Fig. 70). Even if these values are lower than the measured
ones, MOCAGE reproduces the variation of CO inside and
outside the plume. The horizontal resolution of the model,
being 2° x 2°, induces a dilution of the emissions and then
a diffusion during the transport of the plume over several
days. The FLEXPART simulation shows a slightly dominant
contribution for the Siberian part of the fire emissions com-
pared to North America (Fig. 6a). The numerical estimation
of the contribution from the Siberian and the North Ameri-
can fire emissions was not directly calculated by MOCAGE.
However, according to the modelled concentrations, the con-
tribution of the Siberian part seems to be less than the con-
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Figure 9. (a, ¢) Production of O3 (in pptv sfl) and (b, d) concentrations of O3 (in ppbv) on 25 July over Siberia (a, b) and 1 August 2014
over North America (¢, d) at 5.5 km in altitude simulated by the MOCAGE model.

tribution of the North American part. The different dynami-
cal fields used for the simulations (ARPEGE for MOCAGE
and ERA-Interim for FLEXPART) can produce differences
in the results. These can also be explained by the model con-
figuration, since FLEXPART is a Lagrangian model, while
MOCAGE is a 3-D CTM using a semi-Lagrangian transport.
The geometry of MOCAGE with coarse resolution along
with the model diffusion makes the longer transport of the
Siberian emissions more diluted than the North American
emissions.

4 Analysis of O3 production during
long-range transport

4.1 Plume age calculation by the aircraft
measurements

The simultaneous increase of CO and O3 measurements
shows the production of O3 inside the plume (Figs. 1 and 5).
The ratio AO3 / ACO for the increase of the species with re-
spect to their background values averaged over 20 min before
and after these increases for F2 and F8, respectively, is about
0.25 for flight 8 and about 0.50 for flight 2. It has been shown
that this ratio increases with the age of the plume (Jaffe and
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Widger, 2012). For our two flights and for boreal regions,
these ratios correspond to a plume age > 5 days (Jaffe and
Widger, 2012; Parrington et al., 2013; Arnold et al., 2015).
More precisely, the ratio gives an approximate plume age of
6-10 days for F8 and of 13—15 days for F2 (Jaffe and Widger,
2012), in agreement with the age of the air mass calculated
with FLEXPART.

4.2 Analysis of O3 production with MOCAGE

In this section, MOCAGE simulation is used to analyse
the O3z production inside the biomass burning plume dur-
ing long-range transport. For flight F2, the emissions are
set up to an injection height of 10km without any coeffi-
cient applied to the emissions. MOCAGE simulates fairly
well the O3 background, which is ~40ppbv compared to
~ 32 ppbv for the measurements (not shown). The simula-
tion reproduces the variability of O3 in good agreement with
the measurements. For the first period of interest, between
12:00 and 12:48 UTC, MOCAGE simulates an increase of
~ 25 ppbv O3 compared to ~ 35 ppbv for the measurements.
For the second period of interest, at about 13:30 UTC,
MOCAGE simulates an increase of ~ 30 ppbv compared to
~ 50 ppbv for the measurements. Note that MOCAGE pro-
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vides smoother peaks than the observations because of the
finer resolution of the observations compared to the model.
Considering this, MOCAGE reproduces well the measure-
ments of flight F2 and is thus used to study the production of
O3 along the transport.

Figure 9 shows both the O3 vmr and O3 production on
25 July and 1 August at 5.5 km in altitude. The complete pan-
els of maps from 23 July to 6 August are provided as a Sup-
plement to follow the production (Fig. S1 in the Supplement)
and the concentrations (Fig. S2) of O3 during the travel of the
air mass from Siberia to the MB. It shows high O3 production
in the biomass burning plume up to 3 days after the emission
(Fig. S1). After that, the ozone production is lowered, indi-
cating an aging of the air mass. On 25 July, the production of
O3 is visible above Siberia between 40 and 70° N (Fig. 9a).
Figure 9b shows this production of O3 with concentrations of
O3 greater than 110 ppbv in the same area. Then, the air mass
crosses the Pacific Ocean before arriving above Canada. On
1 August, the simulation shows the production of O3 between
30 and 90° N (Fig. 9¢). The concentrations of O3 in Fig. 9d
are more important in this area, especially around 45° N with
concentrations up to ~ 100 ppbv and around 70° N with con-
centrations up to more than 120 ppbv.

5 Conclusions

This study describes two remarkable events of long-range
transport of biomass burning above Sardinia in the western
Mediterranean during the ChArMEx-GLAM airborne cam-
paign in August 2014. The in situ measurements of the cam-
paign contribute to expand the few available in situ observa-
tions needed to better describe the trace gas distribution over
the MB. In one case (F8, 10 August) a very intense peak of
CO of about 260 ppbv was measured at about 9.7kma.s.1.,
correlated to an O3 and aerosol peak and a decrease in RH.
In the other case (F2, 6 August) an enhancement of CO, O3
and aerosols as well as a decrease in RH were measured
at about 5.4 kma.s.l. and lasted for more than 40 min along
the flight. We make use of in situ measurements of CO and
aerosols that we combined with models to analyse the inter-
continental transport. The origin of those events is studied
thanks to the Lagrangian transport model FLEXPART. Us-
ing the potential emission sensitivity maps and selecting spe-
cific areas applied to the contribution maps show that, in the
10 August episode, emissions from the North American con-
tinent travelled during about 5 days before being measured
in the MB and that, in the 6 August episode, biomass burn-
ing emissions from Siberia circumnavigated eastward over
the globe before arriving above Canada, where the air mass
was loaded again in biomass burning emissions and finally
impacted the MB free troposphere. In this last case, the 3-
D CTM MOCAGE confirms this transport from Siberia to-
wards North America and then towards the MB. FLEXPART
was able to reproduce BC and CO biomass burning contri-
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bution after having adjusted the two following parameters:
the injection height and the amplification of the CO emis-
sions from GFAS inventory. The change in injection height
can be explained by the fact that pyroconvection is not taken
into account in the model. The choice of this altitude of in-
jection is validated with CALIOP and AIRS data and GFAS
estimations of injection height. Finally, a height of 10km is
set in both cases. MOCAGE, with an injection height set at
10km as well, qualitatively reproduces CO and O3 concen-
tration variations. A detailed study of the transport of the air
mass for the 6 August case reveals a subsidence leading to
a descent of CO from Siberia towards North America. Then,
this pollution travels from the East coast of the North Ameri-
can continent to the MB at an altitude of about 5.5 km, in the
lower part of a high-altitude jet. Throughout of this transport,
MOCAGE simulates fairly well the production of O3 inside
the plume and in particular in the vicinity of the fire emission
sources.

It would be interesting in the future to perform specific
simulations in order to quantify the frequency of occurrence
of those long-range transport events of high-latitude summer
forest fires.
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