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h i g h l i g h t s
� A severe particulate matter pollution episode in France has been studied in four sites across the country.
� Climatology analysis shows the role of atmospheric variability in the formation of such episode.
� Spatial heterogeneities highlight the role of local sources and processes, as well as transboundary transport.
� The performance of Chemistry-Transport Model CHIMERE depends on air mass origin.
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a b s t r a c t

During March 2015, a severe and large-scale particulate matter (PM) pollution episode occurred in
France. Measurements in near real-time of the major chemical composition at four different urban
background sites across the country (Paris, Creil, Metz and Lyon) allowed the investigation of spatio-
temporal variabilities during this episode. A climatology approach showed that all sites experienced clear
unusual rain shortage, a pattern that is also found on a longer timescale, highlighting the role of synoptic
conditions over Wester-Europe. This episode is characterized by a strong predominance of secondary
pollution, and more particularly of ammonium nitrate, which accounted for more than 50% of submicron
aerosols at all sites during the most intense period of the episode. Pollution advection is illustrated by
similar variabilities in Paris and Creil (distant of around 100 km), as well as trajectory analyses applied on
nitrate and sulphate. Local sources, especially wood burning, are however found to contribute to local/
regional sub-episodes, notably in Metz. Finally, simulated concentrations from Chemistry-Transport
model CHIMERE were compared to observed ones. Results highlighted different patterns depending
on the chemical components and the measuring site, reinforcing the need of such exercises over other
pollution episodes and sites.

© 2017 Elsevier Ltd. All rights reserved.
.eu (J.-E. Petit), olivier.favez@
1. Introduction

Particulate pollution is nowadays subject to extensive studies
notably due to particulate concentrations that exceed the recom-
mended limits and demonstrated health effects on a short- and
long-term perspective (Ramgolam et al., 2009; IARC, 2013). Also,
increasing population density within urban areas tends to enhance
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the exposure to pollution. Worldwide, frequent PM pollution epi-
sodes occur, where the North-China Plain (e.g. Zhang et al., 2015)
and the Indo-Gigantic Plain (e.g. Chakraborty et al., 2015) experi-
ence themost severe and intense ones. In China for example, Huang
et al. (2014) have recently highlighted strong specificities (i.e.
spatial variability) in urban areas, in terms of chemical composition,
and also sources, even if the overall aerosol burden is dominated by
secondary material. France, as well as Western-Europe, is
frequently subject to large-scale PM pollution episodes, notably
during winter and spring (Bessagnet et al., 2005; Sciare et al., 2011;
Favez et al., 2012; Bressi et al., 2013; Waked et al., 2014; Rouïl et al.,
2015). The Paris region, being the most densely inhabited region in
France, has benefited over the years from extensive studies on the
chemical characterization of the particulate phase in order to better
understand the sources and the formation of aerosol pollution.
Intensive campaigns and 1-year daily filter sampling have high-
lighted the predominance of ammonium nitrate during pollution
episodes, and strongly influenced by long-range transported
pollution (70% on average of PM pollution is thought to originate
outside of the Paris region), pointing to large scale episodes in
North-Western Europe dominated by secondary pollution
(Beekmann et al., 2015), which has been also supported from mo-
bile (Von der Weiden-Reinmüller et al., 2014) and aircraft (Freney
et al., 2014) measurements over the region during winter and
summer. Long-termmeasurements in near real time between mid-
2011 and mid-2013 have emphasized episode-to-episode vari-
ability, where significant discrepancies were observed in terms of
sources, meteorological conditions, geographical origins and (trans-
)formation processes (Petit et al., 2015), concluding that each
episode was actually representative of itself only.

However, if global homogeneity is found over the Paris region,
little is known about spatial variability at a bigger geographical
scale than the Ile-de-France region, although significant discrep-
ancies have already been observed at the national scale from filter
measurements (Favez et al., 2012; Rouïl et al., 2015). Due to poor
Fig. 1. Location of the 4 stations used in this study. B
temporal resolution, these measurements cannot unfortunately
describe the diurnal evolution of the chemical composition.
Moreover, Chemistry-Transport Model (CTM) evaluation has been
extensively performed for the Paris region, but is poorly docu-
mented in other French urban areas. Sincemeteorology and sources
may differs from a pollution episode to another, and from site to
site, model performance should vary accordingly. Therefore, spatial
variability represents very important information although rarely
addressed during pollution episodes. The main limitation of
investigating this variability is related to the capability of deploying
state-of-the-art instrumentation over several sites across the
country.

Since early 2015, real-timemeasurements of the major chemical
composition of submicron aerosols have been performed in other
cities than Paris within regional air quality networks, with Aerosol
Chemical Speciation Monitor (ACSM, Ng et al., 2011a) and 7-
wavelength Aethalometer (AE33, Drinovec et al., 2015). These two
instruments have been proven to be very robust over long-term
periods (Herich et al., 2011; Petit et al., 2015), and are adequate
tools to document temporal variabilities on a refined timescale.

This article aims to describe a severe PM pollution episode that
occurred in France during March 2015. Climatology, spatiotemporal
variabilities, geographical origins and a model evaluation are pre-
sented in the following sections.
2. Material and methods

2.1. Sites description

Fig. 1 shows the location of the 4 different measuring sites used
in this study; detailed geographical coordinates are summarized in
Table 1. Located 20 km South-West of Paris, the SIRTA atmospheric
supersite is a multi-instrumented structure for the long-term
physical and chemical characterization of the troposphere in the
Paris region (Haeffelin et al., 2005). In-situ measurements of
lack: SIRTA; blue: Creil; red: Metz; purple: Lyon.



Table 1
Coordinates and typology of the 4 different sites.

Latitude (�) Longitude (�) Background

SIRTA 48.71 2.15 Regional/semi-urban
Creil 49.26 2.47 Urban
Metz 49.11 6.22 Urban
Lyon 45.76 4.85 Urban
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aerosols have continuously been performing there since mid-June
2011 (Petit et al., 2015). The 3 other stations, in Creil, Metz and
Lyon are part of their respective regional air quality network,
namely Atmo Picardie (http://www.atmo-picardie.com), Air Lor-
raine (http://www.air-lorraine.org) and Air Rhône-Alpes respec-
tively (http://air-rhonesalpes.fr). These stations are representative
of urban background air quality. The chemical characterization of
submicron aerosols has been continuously performed in Lyon and
Metz since early 2015, while in Creil a specific instrumentation has
been deployed only from February to April 2015.
2.2. Instrumentation

Recently developed, the Aerosol Chemical Speciation Monitor
(Aerodyne Research Inc. Ng et al., 2011a) offers the measurements
of the major chemical composition of non-refractory submicron
aerosols. Concentrations of organic matter (OM), nitrate (NO3

�),
sulphate (SO4

2-), ammonium (NH4
þ) and chloride (Cl�) are deter-

mined at time resolution around 30 min. Briefly, particles are
sampled at 3 L/min, and sub-sampled at 0.1 L/min through a
focusing lens allowing a submicron aerosol beam to be focused on a
600�C-heated vaporizer. Particles are flash-vaporized, and quasi-
instantaneously ionized and fragmented by electron impact at
70 eV. Produced fragments are separated by a quadrupole analyser
before their detection; a fragmentation panel (Allan et al., 2004)
eventually allows the calculation of chemical species following
their fragmentation patterns.

The determination of the response factor of the ACSM is per-
formed by injecting generated 300 nm ammonium nitrate particles
into the ACSM and a Condensation Particle Counter (CPC). The full
procedure is available in Ng et al. (2011a). Table 2 summarizes the
response factors and relative ion efficiencies (RIE) used for the
different ACSMs. As ammonium sulphate calibration is still subject
to investigation, it was decided here, for consistency, to apply a
default RIESO4 of 1.2 for all ACSMs. This is however confirmed by an
overall neutrality of secondary inorganic aerosols, observed for all
sites.

Collection efficiencies (CE) have been corrected following the
ammonium nitrate mass fraction by the algorithm proposed in
Table 2
Response factors and RIEs used for the 4 ACSMs.

Response factor (10�11 A/mg/m3) RIENH4 RIESO4

SIRTA 4.22 5.25 1.2
Creil 4.32 6.18 1.2
Metz 2.06 8.00 1.2
Lyon 5.34 6.41 1.2

Table 3
Manually-determined compensation parameters k at SIRTA and Metz.

period k1 k2 k3

SIRTA 14/03e21/03 0.0058 0.0061 0.006
METZ 18/03e21/03 0.0041 0.00419 0.004
Middlebrook et al. (2012). An additional CE correction has been
applied in Metz between 05/03 and 11/03 following the recom-
mendation of Alfarra et al. (2007), where a fixed CE of 0.7 was used
during a wood-burning-dominated episode.

Finally, intercomparability between the chemical species
measured by ACSMs is ensured from a recent intercomparison
exercise that assessed satisfying reproducibility for OM, NO3

�, SO4
2-

and NH4
þ (Crenn et al., 2015). Extended uncertainty of 15, 19, 28 and

36% has respectively been calculated for these species. Although
more significant discrepancies are observed for mass fragments
(and notably m/z 44), this paper focuses on the variability of the
chemical components; the interpretation is thus not subject to
those uncertainties.

Absorption measurements were performed by 7-wavelength
aethalometers (AE33, Magee Scientific). The AE33 model specif-
ically uses a Dual-Spot technology enabling the automatic
compensation of the loading effect (Drinovec et al., 2015) over the 7
wavelengths, from near UV to near IR. 1-Min Black Carbon (BC) data
(at any wavelength) below or equal to 0, or associated with an
Angstrom exponent (calculated from the 7 wavelengths, and not
two as traditionally performed) below 0.75 or above 3, or regres-
sion coefficient (r2) below 0.9, were discarded. Possibly due to high
scattering, which is not corrected within the AE33, during the
pollution episode linked to high ammonium nitrate concentrations,
loss of automatic compensation has been observed at SIRTA and
Metz during several days. The associated data were thus manually
re-compensated with fixed k values empirically determined to
minimize the jumps between spot changes. Table 3 lists the k
combinations used for the 2 different sites.

BC concentrations were apportioned in Paris, Lyon and Metz,
taking advantage of the multi-wavelength measurement of the
AE33. Assuming that biomass burning and fossil fuel combustion
are the two predominant sources of BC, and that the first cited is
mostly responsible of the enhanced absorption observed at near-
UV wavelengths, the contribution of the two sources to BC can be
deconvolved (see Sandradewi et al., 2008). Although some limita-
tions of this methodology have been observed in India (Garg et al.,
2016), it has already been successfully applied in Paris (Sciare et al.,
2011; Petit et al., 2014) as well as other cities in France (Favez et al.,
2010) and elsewhere (Herich et al., 2011; Briggs and Long, 2016).

One source of uncertainties in this approach is the choice of the
Angstrom absorption exponents of fossil fuel and biomass burning
(aff and awb, respectively) that may vary from site to site. Here, these
two parameters were determined at each site from the diurnal
distribution of the Angstrom exponent. Then, a sensitivity test was
performed by documenting the impact of small changes in awb and
aff by varying the initial values by ± 0.05 with a step of 0.01. The
optimized exponents are found for a minimum number of BCff < 0
(i.e. BCwb > BC) (Table 4). It is to note that these small variations of
k4 k5 k6 k7

25 0.0064 0.00655 0.0069 0.007
39 0.0044 0.00443 0.00426 0.00434

Table 4
Absorption exponents used at each site for wood burning (wb) and traffic
(ff).

awb aff

SIRTA 2 1
Metz 1.95 1
Lyon 1.85 1.05

http://www.atmo-picardie.com
http://www.air-lorraine.org
http://air-rhonesalpes.fr
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exponents (a ± 0.05) don't lead to significant discrepancies in terms
of concentrations, except for low values (<0.5 mg/m3). The awb
values listed in Table 4 significantly differ from a recent study
which recommends 1.68 as more suitable value (Zotter et al., 2016).
However, at SIRTA for example, applying this coefficient leads to
much higher BCwb concentrations (þ115% on average) compared to
the decrease of BCff (�31% on average), and thus to a higher
occurrence of (BCff þ BCwb) > BC.

Urban background PM10 and PM2.5 concentrations were pro-
vided at SIRTA from TEOM-FDMS (Tapered Element Oscillating
Microbalancee Filter Dynamics Measurement System) and in Creil,
Metz and Lyon from BAM (Beta Attenuation Monitoring) instru-
ment. Note that, for Metz, co-located particle mass measurements
at only PM10 were available at the station. This is why PM10 and
PM2.5 concentrations were retrieved from another urban back-
ground station located 5 km away. Comparison of PM10 at both sites
shows excellent consistency, with slope of 1.02 and r2 of 0.79, for 1-
h averages from 01/01/2015 to 18/08/2015.

The instrumentation used in this study are summarized in
Table 5.
2.3. Cluster and Concentration-Weighted Trajectory

Since wind direction measured at punctual site is not neces-
sarily representative of the supra-regional origin of the air mass,
backtrajectories were calculated every 3 h at the 4 measuring sta-
tions using the PC-based version of HYSPLIT v4.1 (Draxler, 1999;
Stein et al., 2015), using the ending (lon, lat) couples listed in
Table 1, and an ending altitude of 100 m above ground level (a.g.l.).
Weekly Global Data Assimilation System (GDAS) files with a 1�

resolution were used. Cluster analysis was subsequently applied to
the obtained backtrajectories, and allowed the gathering in more
general geographical origin. The optimal number of clusters was
assessed from the total spatial variance (TSV) variation (Elbow
approach). 6, 9, 7 and 7 clusters were respectively used at SIRTA,
Creil, Metz and Lyon. Their mean trajectories are represented in
Fig. 2.

More precise geographical origin work has also been performed
by Concentration-Weighted Trajectory (CWT). This approach cou-
ples concentration data measured at a receptor site with back-
trajectories and helps to localize air parcels responsible for high
measured concentrations at the receptor site (Ashbaugh et al.,
1985). CWT values is computed by:

Cij ¼
PN

l Cl$tijl
tijl

;

where Cij is the estimated concentration in each ijth air parcel, Cl the
concentration measured at tl, N the total number of concentration
values, and tijl the residence time (in hour) in each ijth cell of tra-
jectory arriving at the receptor site at tl. In order to match the time
resolution of backtrajectories, all concentrations were averaged
upon a 3-h basis. Similarly to Waked et al. (2014) and Bressi et al.
(2014) for Potential Source Concentration Function (PSCF)
Table 5
Summary of instruments used in this study at each site.

SIRTA C

PM1 NR chemical composition ✓ (ACSM) ✓

Black Carbon ✓ (AE33) 7

PM2.5 ✓ (TEOM-FDMS) ✓

PM10 ✓ (TEOM-FDMS) ✓

a As described above, PM concentrations in Metz were retrieved from BAM measurem
calculations, precipitation data have been calculated along trajec-
tories and have been used to remove endpoints after rain occurred.
Endpoints at altitudes above 3000 m a.g.l. were also discarded.

Trajectory-based approaches conceptually fails to provide
meaningful information for pollutants that can have local/regional
contributions. Removing these signals is particularly difficult
without comprehensive source apportionment, but is essential to
prevent additional noise in the analysis. Here, wind speed values
were used to discriminate periods when only local/regional emis-
sions occur. We empirically chose the 10th percentile value of the
wind speed at each site to create a sub-set, where only local/
regional pollution is present. The choice of a variable threshold
depending on the site is mainly justified by different dispersion
conditions, linked to the surrounding geomorphologies (e.g. see the
average wind roses Fig. S1). This does not prevent from local con-
tributions in the analysis, but does remove the periods where no
advection occurs.

Calculations and graphing have been performed on Igor© with
ZeFir, an Igor package for the evaluation of the geographical origins
of atmospheric pollution (Petit et al., 2017).
2.4. Chemical composition from chemical transport model (CTM)

The chemistry transport model used here to retrieve the
chemical composition of submicron aerosols is CHIMERE, largely
used through Prev'air (http://www.prevair.org), the national plat-
form of air quality forecasting. The details of the different modules
used in CHIMERE can be found in Menut et al. (2013). Briefly,
chemical mechanisms are modelled through MELCHIOR (Lattuati,
1997), thermodynamic partitioning is computed from ISORROPIA
model (Nenes et al., 1998), meteorological parameters are retrieved
from global GFS data, and refined with MM5 input. Finally, gaseous
and particulate emissions are derived from EMEP annual totals, and
downscaled from land-use data for spatially-refined data.

Simulated NO3, SO4, OM, BC, ambient temperature and relative
humidity at Dþ1 are presented in this study. Normalized Mean Bias
(NMB) between measured and modelled concentrations are
calculated as:

NMB ¼ 1
N

PN
i ðmi � oiÞ

o

where mi, oi, N and o respectively represent modelled and observed
concentrations, number of points, and average observed
concentration.
3. Results & discussions

3.1. Climatology

Monthly averaged meteorological parameters (temperature,
accumulated rainfall and hours of sunshine) were compared, at all
sites, with their monthly normal values at that period of the year.
Results are illustrated in Fig. 3. Although the four sites are subject to
REIL LYON METZ

(ACSM) ✓ (ACSM) ✓ (ACSM)
✓ (AE33) ✓ (AE33)

(TEOM-FDMS) ✓ (TEOM-FDMS) ✓
a

(TEOM-FDMS) ✓ (TEOM-FDMS) ✓
a (BAM)

ents from another urban background station.

http://www.prevair.org


Fig. 2. Mean Trajectories for each cluster at all measuring sites. The colour of each cluster represents its global geographical origin, and is consistent throughout this paper.
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a different climatology (except Creil and SIRTA which are relatively
close to each other), the striking feature is a clear rainfall shortage
at all sites, from �13% in Lyon to �44% in Creil. This was also
observed in the region of Paris during high PM polluted episodes in
March 2012 and 2013 (Petit et al., 2015), as well as during the
pollution episode of March 2014 described in Dupont et al. (2016).
Indeed, low rainfalls reduce the removal of particles by wet depo-
sition and enhance their persistence within the atmosphere.
Moreover, rainfalls were essentially concentrated at the beginning
and at the end of the month, letting around 20 dry days at all sites.
Consequently, March 2015 was more sunny than usual, except in
Lyon, which shows a slight shortage close to normal. Thus, tem-
perature does not appear here to be the key meteorological
parameter that controls the formation of this pollution episode, but
Fig. 3. Differences to normal values (calculated over a 30-year period) for different
meteorological parameters (temperature, rainfall amount and hours of sunshine) at all
sites during March 2015.
could however drive the diurnal temporal variability of certain
species, notably regarding semi-volatile aerosols. This feature is
observed over a wider geographical scale, as Western Europe
experienced precipitation shortage, especially Northern France, the
Netherlands, Belgium, Luxemburg,Western Germany and Southern
United Kingdom (UK) (Fig. S2a). Large-scale precipitation patterns
can be linked to synoptic atmospheric circulation (Jones and Lister,
2009). Indeed, March 2015 is associated with a positive sea-level
pressure anomalies (Fig. S2b), between 4 and 6 hPa over these re-
gions, and Lavers et al. (2013) have shown the relationships be-
tween pressure fields and precipitation at the European scale.

This trend is also observed on a much longer perspective when
correlating PM10 and precipitation difference to normal from 2007
to 2015 (Fig. 4). Normal precipitation values were not available in
Creil, but given i) the relative proximity to Paris and ii) the rather
flat orography in this area of the Parisian Basin, we hypothesize that
results in Creil can be somewhat similar to what is observed in
Paris. Monthly PM10 ‘normal’ values were calculated from monthly
averages between 2007 and 2015; due to the implementation
within monitoring networks of FDMS measurements in 2007, any
prior concentrations are not fully comparable. It globally appeared
that the highest PM10 to normal positive differences (from 8 to
higher than 25 mg/m3) occurred at the highest PM10 concentra-
tions, and are associated with unusual rain shortage. Interestingly,
these extreme events are observed mostly during spring, except in
Lyonwhere they are more associated to winter months; suggesting
thus different sources and/or atmospheric processes involved.
Then, March 2015 in Lyon and Paris is not unusually more polluted,
with differences to normal that are close to 0 (around 3 mg/m3 in
absolute value), whereas in Metz appears to be, withþ8.4 mg/m3 of
PM10 difference, among the most heavy-polluted months since
January 2007.

Long term scenario simulations report that precipitation, more
than temperature, controls the evolution of PM2.5 concentrations



Fig. 4. Monthly PM10 and precipitation differences to normal from January 2007 to September 2015. Colour of marker corresponds to the month of the year, size of the marker to the
average PM10 concentrations (in mg/m3). The month of March 2015 has a thicker stroke. Mind the differences in X-axes and markers' size scale.
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(e.g. Jacob andWinner, 2009; Dawson et al., 2009; Peel et al., 2013).
Indeed, it is found that increasing precipitation frequency leads to
decreasing PM2.5. Our results, based on surface measurements,
meet their conclusions from another angle: most intense pollution
episodes are mostly associated with unusually dry conditions.
Recent climatological studies linked haze pollution episodes in
China with autumnal Artic ice melting (Wang and Chen, 2016), or
synoptic weather patterns (Zhang et al., 2016). In Europe, it has
been proven that atmospheric circulation has been the root of an
unusually wet month of June 2012 in Western Europe (Yiou and
Cattiaux, 2013). On the other hand, atmospheric circulation
favouring dry conditions during spring could enhance a risk of
pollution events. Moreover, climatic predictions for France report a
slight decrease of precipitation in Northern France (Habets et al.,
2013), and an increase of dry spells depending on the scenario
(Kovats et al., 2014), leading again to an increased risk of springtime
PM pollution episodes due to unfavourable meteorological condi-
tions. Pausata et al. (2013) have concluded that the North-Atlantic
Oscillation Index (NAOI) can be a useful tracer of the impact of
the change of atmospheric circulation linked with PM pollution.
Indeed, variations of precipitation patterns control the evolution of
aerosol concentrations, being thus linked to changes of NAO phases
(Pokrovsky, 2009; Jerez et al., 2013). However, in our case and
applied to our dataset, no clear connection between NAOI and PM
anomalies or rainfall anomalies were found (Fig. S3). A more
comprehensive study, including weather regimes with additional
sites may provide more precise outcomes, similarly to Pope et al.
(2015) on NOx data over UK.
3.2. Spatial variability

The box and whiskers plot in Fig. 5 illustrates the statistical
distribution of the chemical composition retrieved from ACSM and
AE33 instruments, where arithmetic mean and maximum, p10, p25,
p50, p75 and p90 values were calculated. There absolute values are
listed in Table 6.

Metz exhibits the highest medians for the major chemical
components (OM, NO3, SO4 and NH4), and the highest InterQuartile
Range (IQR ¼ p75-p25) for the latter species (respectively 10.38,
9.96, 1.61, and 3 mg/m3), indicating very pronounced variability in
terms of concentrations. Moreover, highest maximumvalues of OM
Fig. 5. Statistical distribution of the chemical composition at 4 sites. 10th, 25th, 50th, 75th, a
to the arithmetic mean and maximum values.
and BCwb are also found in Metz; wood burning may thus be a
strong pollution source in this area of France. It is however in Creil
and at SIRTA that highest maximum nitrate concentrations are
observed (59.4 and 51.7 mg/m3, respectively).

Creil and SIRTA show a very similar distribution with compa-
rable median values for all species (except chloride that is found
much higher in Creil due to close-by industrial activities). But given
the fact that Creil is located around 100 km NNE of SIRTA and that
measurements at SIRTA are more representative of regional back-
ground pollution, this can be whether due to i) homogeneous
concentrations over very large scale and similar meteorological
conditions, and/or ii) regionally formed ammonium nitrate in the
IdF area to compensate atmospheric dilution.

BCff distribution is narrower in SIRTA than in Lyon andMetz, but
as mentioned above, SIRTA is less exposed to high urban traffic and
is more representative of regional concentrations for BC when
compared to BC measurements downtown Paris (Petit et al., 2014).
3.3. Temporal variability

Temporal variability of the chemical composition of submicron
aerosols at all sites is presented in Fig. 6. Additionally, the origin of
the air mass is illustrated in the background, where each 3-h bin
colour corresponds to one cluster, as defined in Fig. 2. Average
composition by cluster at each site is presented in Fig. S6. All sites
exhibit the highest PM1 concentrations between March 18th and
21st. The average chemical composition during this period shows
with a clear predominance of secondary inorganic aerosols (be-
tween 60.8 and 71.2% of PM1), and notably ammonium nitrate, at all
sites. This meets previous observations in Western Europe during
pollution episode (Putaud et al., 2010; Petit et al., 2015; Beekmann
et al., 2015), but also in Asia (Huang et al., 2014) or in United States
(e.g. Kim et al., 2010). However, in Metz, high PM1 concentrations
are also observed between March 7th and 11th, dominated by
organic matter (20 mg/m3 in average, representing 45.9% of PM1).
Significant amount of BC were also found (4.6 mg/m3 on average
during this period, with a maximum 30-min value of 21.6 mg/m3),
with maximum daily amplitude of 20 mg/m3, which has been rarely
seen in urban background in Europe. In details, BCff makes the
majority of BC on average during this period (75%), which is
consistent with what is regularly observed, meaning that traffic is
nd 90th percentiles were used. Black dots and coloured arrows respectively correspond



Table 6
Mean, maximum, 10th, 25th, 50th, 75th, and 90th percentiles for each chemical component at all sites.

mean max p10 p25 p50 p75 p90

OM SIRTA 6.2 28.9 0.9 2.1 5.4 9.1 12.9
Creil 6.9 40.5 1.2 2.6 5.8 9.6 15.1
Lyon 5.9 30 1.9 2.9 4.5 7.6 12.1
Metz 9.5 59.8 1.5 3.4 8.1 13.8 22.1

NO3 SIRTA 6.6 54.9 0.2 0.9 5.3 9.2 14.3
Creil 6.5 51.7 0.2 0.9 4.1 8.4 14.5
Lyon 4.1 34 0.3 0.6 1.7 5 10.5
Metz 7.7 31.4 0.4 1.7 6 11.6 17.5

SO4 SIRTA 1.1 8.2 0.1 0.3 0.7 1.5 2.6
Creil 1.4 15.6 0.3 0.5 1.1 1.9 3.1
Lyon 0.9 7.9 0.2 0.4 0.6 1 1.5
Metz 2.6 6.9 0.3 0.6 1.1 2.2 3.6

NH4 SIRTA 2.1 14.3 0.1 0.4 1.6 2.9 4.9
Creil 2.1 12.6 0.2 0.6 1.7 3 4.6
Lyon 1.3 11.6 0.1 0.3 0.7 1.5 3.2
Metz 1.6 10.6 0.3 0.7 2.2 3.7 5.4

Cl SIRTA 0.1 0.7 0 0 0.1 0.2 0.3
Creil 0.4 8.5 0.1 0.2 0.3 0.5 0.9
Lyon 0.1 4.1 0 0 0.1 0.1 0.2
Metz 0.2 5.8 0 0.1 0.2 0.3 0.4

BCff SIRTA 0.6 4.2 0.1 0.1 0.3 0.7 1.2
Creil e e e e e e e

Lyon 1.4 10.6 0.3 0.6 1 1.7 3.1
Metz 1.8 4.7 0.2 0.4 0.9 1.6 2.7

BCwb SIRTA 0.2 1.3 0 0.1 0.2 0.5
Creil e e e e e e e

Lyon 0.3 2 0.1 0.1 0.2 0.6
Metz 0.5 17.3 0.1 0.2 0.3 0.9
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still a major source of BC. But BCwb went up to 4.7 mg/m3,
emphasizing the role of local/regional emissions such as wood
burning. Fresh wood-burning-related concentrations is supported
by distribution of the fraction of m/z60 (denoted f60) and m/z44
(f44) (Cubison et al., 2011). Indeed, m/z60, related to the C2H4O2

þ ion
(Schneider et al., 2006; Alfarra et al., 2007), is usually used as a key
tracer of Biomass Burning Organic Aerosol (BBOA), while m/z44 can
be a surrogate of Secondary Organic Aerosol (SOA). This period is
characterized by significantly lower f44 and higher f60 than the rest
of the dataset (Fig. 7), which is characteristic of freshwood-burning
emissions (Cubison et al., 2011; Ortega et al., 2013). Low tempera-
tures and wind speeds (average of 5.2 �C and 0.67 m/s, respec-
tively), combined with the orography of the Moselle valley were
favourable to the local/regional pollution built-up during this
period. This 4-day episode clearly contributed to the PM “anomaly”
for March 2015, as described in Section 3.1. Also, the difference
between predicted NH4 (from ion balance) and measured NH4
shows in Metz a clearly positive bias during this period (Fig. 8a and
b). There might be several reasons for such as phenomena,
including the presence of sulphate in the forms of H2SO4 or
NH4HSO4 (Zhang et al., 2007). However, North of France is
considered as displaying excess NH3, especially in this period of the
year (e.g., Fortems-Cheiney et al., 2016; Petetin et al., 2016), so that
we can assume H2SO4 and NH4HSO4 (as well as HNO3) to be quite
limited in the particulate phase. Another possibility might be the
significant presence of organonitrate (ON) causing “virtual” nitrate
concentrations within ACSM measurements (Farmer et al., 2010).
Assuming that the positive bias between predicted and measured
ammonium is entirely due to ON only, its concentration can be re-
calculated (Farmer et al., 2010). During the wood-burning-
dominated sub-episode, ON would then have reached significant
concentrations, oscillating around 5 mg/m3, representing on
average 29% of total nitrate (Fig. 8c). As highlighted by Kiendler-
Scharr et al. (2016) in Europe, this result emphasizes the role of
NO3-based oxidation processes in the formation of secondary
organic aerosols. Moreover, enhanced concentrations are observed
during the evening and the night, and to a lesser extent during the
early morning, suggesting quick formation of radical NO3.

Then, temporal variabilities observed in Creil and SIRTA differs
fromwhat is observed in Lyon or Metz, with a pronounced diurnal
profile. The 2 sites have also strong co-variability, in terms of
chemical composition and meteorological conditions (T, RH and air
mass). Indeed, the sum of the Pearson coefficient r2 with these
parameters (

P

i
r2i where i¼ {OM, NO3, SO4, T, RH, cluster}) between

the 2 sites is equal to 4.3, with individual r2 being always above 0.6.
This contrasts with the value of 2.25, 2.15, and 2.29 obtained when
comparing SIRTA and Metz, SIRTA and Lyon, and Metz and Lyon,
respectively. Thus, the pollution episode experienced within the
Parisian Basin is rather homogeneous, and in these conditions,
measurements performed at SIRTA are representative of a large
geographical zone. The “sawtooth” pattern, characterized as
intense daily cycles of PM dominated by secondary inorganic
aerosols, is somewhat similar to what is usually observed during
pollution episodes in China (Jia et al., 2008; Li et al., 2016), and is
explained by synoptic cycles, especially the passage of cold fronts.
Increasing background, feature associated with these pollution
episodes, is however not seen in our case; but, interestingly, the
daily PM1 amplitude is progressively increasing, with a 24-h
maximum amplitude going up to 103 and 92 mg/m3 at SIRTA and
Creil, respectively. Also, a dense cloud layer has been observed over
Northern France between 19/03 and 21/03 (Figs. S3), limiting the
amount of sunshine, and thus the convective potential of lower
atmospheric layers.

Aerosol aging can be highlighted during this pollution episode
when comparing organic f44 versus f43 (Ng et al., 2011b) averages
change from a period to another (Fig. 9). Within Oxidized Organic
Aerosols (OOA), m/z 44 is mostly relative to acids and acid-derived
compounds (Duplissy et al., 2011), while m/z 43 mainly refers to
C2H3Oþ and originates from non-acid oxidation products. Crenn
et al. (2015) and Fr€ohlich et al. (2015) have shown a large vari-
ability in f44 signals between ACSMsmaking the intercomparability
prone to non-negligible uncertainties; however, it doesn't prevent



Fig. 6. Temporal variability of the chemical composition measured in SIRTA, Creil, Lyon and Metz. Mind the different scales for BC. Background colours refer to air mass clusters,
defined in Section 2.
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Fig. 7. f44 vs f60 plot in Metz. Marker size is function of OM concentrations.
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from interpreting the change of this ratio from a single instrument.
Also, Pieber et al. (2016) have recently pointed out f44 contributions
from ammonium nitrate which could cause an overestimation of
the m/z signal, and accordingly proposed a correction in the frag-
mentation table based on calibration data. Tests on ACSMs of SIRTA
and Metz showed very little influence of this artefact: indeed,
comparison of f44 with and without correction gave slopes
respectively equal to 1.0014 and 0.9998, with r2 higher than 0.99.
Two distinct periods, March 13e14-15 and March 18e19-20, were
used to calculated average organic fractions (Fig. 9). All sites have
average f44 at least higher than 0.15, meaning that f44 is during
these periods more relative of OOA rather than Hydrocarbon-like
Organic Aerosol (HOA) (Ng et al., 2011b). SIRTA and Creil exhibit a
substantial change in particulate organic composition, since f44 has
increased values during the most intense part of the pollution
episode, concomitantly with a decrease of f43. This is characteristic
of an increase of O:C ratio and also the contribution of Low-
Volatility Oxidized Organic Aerosol (LV-OOA). This change
Fig. 8. a) Temporal variations of the difference between predicted NH4 from ionic balance an
the date, the black box refers to the period from 06/3 to 10/03; c) calculated organonitrate
supports the finding of Morgan et al. (2010), where flights over
Europe have highlighted significant transformation occurred,
especially regarding secondary organic aerosols. The geographical
coverage of this study does not offer the possibility to determine
where these oxidation processes occurred, but the observed sig-
nificant change in f43 vs f44 space occurred when the origin of air
masses also changes from NE to N. Given the relatively high wind
speeds (average of 11.1 km/h between 18/03 and 21/03 at SIRTA),
this indicates advection of aged aerosols over the Parisian basin.
Interestingly, no change is noticeable in Lyon and Metz, suggesting
that submicron organic aerosol composition have remained rela-
tively constant, or, at least, with the same oxidation properties.
Metz and Lyon have therefore been less impacted by long-range
advection.

The PM1 fraction dominates PM10 at all sites, representing
around 66%, 61% and 56% on average respectively in SIRTA, Metz
and Lyon, but the other interesting feature also lies in the increase
of the fraction between 1 and 2.5 mmduring the episode. PM1 is the
sum of all chemical components measured by both ACSM and
AE33; PM2.5 and PM10 were retrieved from TEOM-FDMS mea-
surements (Fig. 10). PM1-2.5 and PM2.5-10 are thus calculated by
direct subtraction. At SIRTA, this increase started on March 16th
and stayed rather constant throughout the episode, while it
appeared in Metz on March 19th. It is another indicator of signifi-
cant aging of aerosols. The rather flat pattern of PM1-2.5 over the day
in Lyon and SIRTA should be related to rather low volatile com-
pounds. Suggested from Fig. 8, organic matter in this fraction could
be more oxidized, although no direct measurements can support
this hypothesis. Lyon experienced poor variations in f44 compara-
tively to f43, concomitantly with PM1-2.5 fraction being fairly con-
stant in terms of contribution.
3.4. Geographical origins

From above results, concentrations measured at SIRTA during
this large scale episode can be representative of a large geograph-
ical window in the Parisian basin. However, since no BC data are
available in Creil, Creil data will not be considered hereinafter.
d measured NH4; b) predicted NH4 versus measured NH4. Markers are colour-coded by
s and inorganic nitrate; d) average diurnal variation of calculated organonitrates.



Fig. 9. Change of f44 relatively to f43 at all sites between March 13e14-15 and March
18e19-20. Error bars are ± 1s.
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Fig. 11 presents the results of the CWT analysis on NO3 and SO4
in SIRTA, Lyon and Metz. 3-h concentration data were used, which
result in a 240-point dataset for each site. The temporal variabilities
described in Section 3.2. ensure the statistical representativeness of
the results. Two maps are merged together for each pollutant at
each site: “Total” refers to the entire dataset, while “local/regional”
corresponds to a subset associated to low wind speed.

For sulphate, CWT strengthens the rather advected pattern
commonly observed in Western Europe. Indeed, Pay et al. (2012)
have shown that Belgium, Netherlands and Western Germany are
an intense and wide-spread zone of SO2 emissions. Bressi et al.
(2014) and Waked et al. (2014) have also shown that SO4 concen-
trations, respectively measured in Paris (France) and Lens (France),
are largely influenced by these regions. Here, the striking feature
Fig. 10. Temporal variations of PM1, PM1-2.5 and PM2.5-10 fractions
lies in the fact that no similarities in terms of geographical origin
are found at SIRTA, Metz and Lyon, meaning that they are impacted
by different air parcels, and thus potentially by different kind of
sources. This is of prime interest because it reinforces the idea of
site-to-site discrepancies, and shall be linked to the top-
oclimatology. Indeed, for SIRTA, a clear hotspot is localized around
the mouth of the Rhine River, where intense shipping and indus-
trial activities (notably petrochemical refining) occur. Whereas for
Metz, emissions, which could originate from Eastern Germany/
Northern Czech Republic, and probablyWestern Poland, potentially
from coal-fired power stations, may be highlighted. These regions
are identified as strong SO2 emitters, from the 2005 European
emission inventory (http://www.eea.europa.eu/data-and-maps/
figures/so2-annual-average-2005) and Pay et al. (2012). Finally,
for Lyon, estimated concentrations follow a quasi-straight pattern
through the Rhone, Moselle and Ruhr valley, the latter one hosting
heavy industrial activities. Contributions of local/regional concen-
trations are relatively low, especially at SIRTA, which is consistent
with the advected pattern of SO4. Higher contributions are
observed in Metz and Lyon (up to around 1 mg/m3), probably due to
a higher persistence of air masses in these regions, which allows
the formation of ammonium sulphate on a regional scale.

Similar maps are obtained for nitrate, which highlight one of the
limits of trajectory analyses applied to secondary pollutants,
especially on particulate nitrate and sulphate, because these two
compounds have a different formation chemistry, and the sources
of their precursors may differ. This result is observed mainly
because nitrate and sulphate concentrations are relatively well
correlated in time: r2 of 0.76, 0.59 and 0.89 are respectively
observed at SIRTA, Metz and Lyon when comparing nitrate and
sulphate timeseries. High concentrations of both compounds are
thus attributed to the same backtrajectories. Pay et al. (2012) still
report high NOx emissions in Northern Belgium and Netherlands,
so even if the sources are different, a conjoint emission zone is
conceivable. The most interesting feature for nitrate lies in the fact
that contributions at lowwind speeds are much higher, going up to
around 7, 10 and 7 mg/m3 in SIRTA, Metz and Lyon, respectively,
being around 40%, 80% and 45% of the total. This emphasizes a
in SIRTA, Lyon and Metz between 13/03/2015 and 23/03/2015.

http://www.eea.europa.eu/data-and-maps/figures/so2-annual-average-2005
http://www.eea.europa.eu/data-and-maps/figures/so2-annual-average-2005
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significant role on average of local/regional formation of ammo-
nium nitrate, especially in the region of Metz.

Forcing backtrajectories with local/regional concentrations
represents a unique opportunity to evaluate their impacts on the
total result. For example, at SIRTA, highest concentrations of “local
signal” are displayed on the South-East of the receptor site, and is
the consequence of the path of the associated trajectories. Previous
PSCF results for Paris, published in Bressi et al. (2014) have shown
potential areas for road traffic and biomass burning located on the
South of Paris; in Lens, Waked et al. (2014) have shown biomass
burning on the SE, although these sources are believed to be quite
local. Thus, these observations could just be the outcome of
enhanced measured concentrations during stagnant air masses,
and should not necessarily be representative of the highlighted air
parcels. This finally emphasizes the need of removing these periods
from any trajectory-based approach, which can be done with a
wind speed threshold, or by prior identification of trajectory clus-
ters; and would also need to be cross-validated by emission sce-
narios through CTMs.
3.5. Model evaluation

Fig. 12 presents the Normal Mean Bias and correlation r values
for each major chemical component at each site. Although pre-
sented here for the sake of consistency, discrepancies observed for
OM will not be discussed, as simulated concentrations were ob-
tained with a CHIMERE simulation issued from the PREV’AIR
forecasting system (Rouil et al., 2009), excluding the Volatility-Basis
Set, introduced by Zhang et al. (2013). The volatility of Primary
Organic Aerosol as well as aging of semi-volatile organic com-
pounds are thus not taken into account, mainly because the
emissions of these species are very uncertain. In Europe, the main
lack is probably attributed to wood burning emissions; Denier van
der Gon et al. (2015) proposed an updated version of the European
inventory doubling at least the organic matter emissions from
residential emissions compared to standard official emissions if
SVOC emissions are included. Previous model evaluation exercises
on organics have already highlighted strong underestimation,
linked to the amount of Secondary Organic Aerosols (Bessagnet
et al., 2016). To perform such a work, prior organic source
Fig. 12. Normalized Mean Bias (NMB) and Pearson coefficients (r) between observed and mo
and Metz.
apportionment is critical, and should thus be presented in another
dedicated study.

Black carbon is strongly overestimated at SIRTA by more than
60%, correlating with previous evaluations at SIRTA that have
already been reported by Petetin et al. (2014, 2015) for the entire
Paris region and by Sciare et al. (2011) in downtown Paris during a
springtime pollution episode, and Zhang et al. (2013) during the
MEGAPOLI campaign. At the same time, BC is inversely strongly
underestimated at Metz and Lyon (�79.1% and �68.5% respec-
tively). Diurnal variations (Fig. S9) shows however satisfying cor-
relation with a bimodal pattern, linked to daily commuting (i.e.
traffic) with the evening peak being enhanced by wood-burning
emissions; R values for the entire dataset are between 0.5 and
0.74. Therefore, if a homogenous error is made on emission factors
at the national scale, the discrepancies observed here shall be
related to a misknowledge of source activities (mainly traffic and
wood-burning).

NMB values for nitrate range from �4.8% to �18%, which is
satisfactory given the complexity of nitrate formation, and that
ammonium nitrate is the major compound of submicron aerosol
during most pollution episodes in these periods. From diurnal
variations, night-times formation is also well simulated at all sites,
meaning that the chemical processes governing the formation of
ammonium nitrate are well described by the model. In Paris, the
regional contribution of nitrate has been previously found to be
overestimated over Paris region on an annual basis (Petetin et al.,
2014). Here, the highest concentrations appear to be under-
estimated by about 10e30 mg/m3 in absolute values (Fig. S7),
although temporal homogeneity in the chemical composition over
the Parisian Basin, trajectory analysis and f44 vs f43 space underline
a significant advected pattern in this region. Nitrate underestima-
tion have been shown during a springtime pollution episode with
continental influence in 2007 in the Paris area (Sciare et al., 2011)
and also in Bessagnet et al. (2005). This is similar to significant
discrepancies observed in pollution episodes between 2011 and
2013 in terms of meteorology, chemical composition and variability
(Petit et al., 2015), and that model performance for nitrate may be
episode-dependent. Another dependence may be the origin of air
masses, because they are associated with specific meteorological
conditions, chemical transformations and long-distance sources.
delled concentrations of NO3 (blue), SO4 (red), OM (green) and BC (black) at SIRTA, Lyon
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Fig. 13 illustrates the influence of the air mass origin on the per-
formance of the model (NMB statistic for NO3 and SO4 datasets,
divided by the different clusters). Large NMB values are shown for
oceanic air masses, but are usually associated with low concen-
trations in average, making the absolute bias low. The missing
coarse nitrate processes in the model could explain the over-
estimation of ammonium nitrate formation under westerly wind
conditions, sodium should compete with ammonium to produce
coarser particles that have shorter life time. Following other more
polluted air masses (from N to E), model performance changes,
without any pattern from a sampling site to another one: Northern
cluster is associated to an underestimation of NO3 at SIRTA and in
Metz (�50% and �40%, respectively), while it is overestimated in
Lyon (þ42%). In Metz, nitrate was relatively well simulated during
the episode at the beginning of the month, which were character-
ized by stagnant air masses, low temperatures, and a predominance
of local sources (Fig. S7). However, the performances are signifi-
cantly impaired from March 19th to 21st, where the advection and
aging processes occurred. These results are in line with Bessagnet
et al. (2014) who reported a general underestimation of nitrate
concentrations for the highest values, and an overestimation of the
lowest concentrations, leading to global good performance on
average.

Similarly to nitrate, modelled sulphate agrees relatively well
with observations, NMB ranging from �26.1% in Lyon to þ13% at
SIRTA. CHIMERE also failed at reconstructing SO4 concentrations in
Lyon during the most intense part of the pollution episode;
explaining the poor time correlation coefficient of 0.22 at this site
for this pollutant. Diurnal variations also display a systematic trend
for modelled SO4 (Fig. S8), with a substantial increase during the
morning, and continuous slight decrease during the afternoon,
contrasting with the rather flat pattern of the observed concen-
trations. This may be linked to SO2 diurnal emissions used in
CHIMERE (not shown here) that also exhibit such an increase.

4. Conclusion

The present study investigates, for the first time in France, the
spatiotemporal variability of an intense PM pollution episode,
which occurred during March 2015. State-of-the-art instrumenta-
tion provided near real-time information of the chemical compo-
sition of submicron aerosols at four different sampling sites across
the country (Paris, Creil, Lyon and Metz).

The first noticeable feature of this episode is the low amount of
rainfall compared to normal at all sites. Rain shortage have been
also associated with most of unusual PM10 monthly concentrations
during spring since 2007. Previous climatological studies have
shown that precipitation frequency, more than temperature, con-
trols the evolution of PM concentrations over time; we showed
here the influence of springtime droughts, which are linked to PM
exceedances through pollution episodes. Moreover, climatic pre-
dictions appear to be unfavourable, and could facilitate a bit more
the formation of pollution episodes in France during spring;
meaning that additional efforts on emission controls would need to
be made in order to thwart this risk factor. This is one of the few
climatology analysis applied to PM pollution episode in France, or
even in Europe, therefore this kind of study would need to be
extended to a wider spatiotemporal scale.

This PM pollution episode can be considered as large-scale
because the increase of PM concentration was observed nation-
wide at around the same moment. More specifically, ammonium
nitrate dominated the PM1 chemical composition during most of
the episode, which is a feature that is now commonly observed in
Western Europe during spring. From trajectory analyses, we have
shown that transboundary advection had a clear influence on
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NH4NO3 measured in Paris and Creil, still emphasizing interna-
tional efforts of cooperation to better constrain our understanding
of pollution formation. Also, aerosol aging was highlighted through
the increase, in SIRTA, Lyon and Metz, of the contribution of the
PM1-2.5 fraction. In Metz and SIRTA, the periods when PM1-2.5
respectively increased also correspond to the periods when loss of
automatic compensation with AE33 measurements were observed.
There shall be no causal link between these two facts at this stage,
but should be further investigated, especially regarding the
chemical composition of this PM fraction.

If homogeneity is found at SIRTA and Creil regarding chemical
composition and temporal variations (sawtooth patternwith strong
daily variations), it significantly differs from what was observed
elsewhere. In particular, a strong sub-episode occurred in Metz
during early March, when chemical compositionwas dominated by
organic matter and black carbon. f60 vs f44 distribution, and high
BCff concentrations, respectively emphasize the role of primary
local sources, such as wood burning and traffic, during large scale
pollution episodes.

Finally, performance of CHIMERE has been evaluated on the
selected species (nitrate, sulphate, organic matter and black car-
bon). Results on secondary inorganics are very satisfactory on
average, but hide significant discrepancies from site to site, and also
exhibit a dependence on the air mass origin. For instance, nitrate at
SIRTA is on average very well modelled, with a normalized mean
bias of �4.8%, but weaker performance is observed i) during pe-
riods associated with transboundary transport, and ii) in Lyon,
where the episode stayed completely unseen. For carbonaceous
species, while model performance with organic matter should be
performed after source apportionment, BC still reflects a lack of
knowledge of the activity and emission factors of certain source,
and that these information need to be geographically refined,
because site-to-site variability is also observed. The impact of
emission inventories, especially regarding secondary pollutants
like ammonium nitrate and sulphate, should be further investi-
gated on a larger temporal scale (e.g. a year), with European, na-
tional and/or regional inventories.

On a broader perspective, this study suggests the need of
spatially resolved real-time data of PM chemical composition.
Through the rapid deployment of ACSM and AE33 instruments in
France, but also in Europe, and international collaborative efforts,
atmospheric phenomenon like transboundary pollution advection
should be better documented and constrained over a continental
scale. Through large scale evaluations or real-time data assimila-
tion, these in-situ measurements are also great opportunities for
building strong connections with modelling studies, which are
essential for air quality forecasting but also in our understanding of
specific formation processes.
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