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HIGHLIGHTS

o Artefacts bias the sampling of carbonaceous matter by quartz fibre filters.

o Identical thermal protocols run on various instruments produce different results.
e Seasonal variations can be observed in intensive carbonaceous aerosol variables.
o TC/PMy ratios range from 12 to 34% across European regional background sites.
o Site-mean EC/TC ratios range from 10 to 22% and get similar at all sites in winter.
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research infrastructures supported by the European Union, actions have been undertaken to determine
and mitigate sampling artefacts, and assess the comparability of OC and EC data obtained in a network of
10 atmospheric observatories across Europe. Positive sampling artefacts (from 0.4 to 2.8 pg C/m>) and
analytical discrepancies (between —50% and +40% for the EC/TC ratio) have been taken into account to
generate a robust data set, from which we established the phenomenology of carbonaceous aerosols at
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Carbonaceous

regional background sites in Europe. Across the network, TC and EC annual average concentrations range

PM from 0.4 to 9 pg C/m>, and from 0.1 to 2 pg C/m?>, respectively. TC/PM;o annual mean ratios range from

Phenomenology
Europe

0.11 at a Mediterranean site to 0.34 at the most polluted continental site, and TC/PM, s ratios are slightly
greater at all sites (0.15—0.42). EC/TC annual mean ratios range from 0.10 to 0.22, and do not depend

much on PM concentration levels, especially in winter. Seasonal variations in PM and TC concentrations,
and in TC/PM and EC/TC ratios, differ across the network, which can be explained by seasonal changes in
PM source contributions at some sites.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Carbonaceous aerosol is a complex mixture of many organics
(the OC fraction) and elemental carbon (EC). As some of these or-
ganics are highly toxic and elemental carbon is present largely as
solid insoluble nanoparticles, carbonaceous aerosol could have a
larger health impact than other PM constituents (Cassee et al.,
2013; WHO, 2013). Carbonaceous particles also play a clear role
in climate change through direct and indirect radiative forcing,
although the magnitude of these effects is still quite uncertain
(Boucher et al., 2013). During the last decade, OC and EC data have
been measured at many sites across Europe, (e.g. Pio et al., 2007;
Yttri et al., 2007a; Querol et al., 2013). Such measurements are
extremely valuable for assessing temporal trends and spatial vari-
ability in OC and EC concentrations (Yttri et al., 2007b; Putaud et al.,
2010; Terseth et al., 2012). In-situ measurements in general are also
essential for calibrating or validating data retrievals from remote
sensing and model outputs. However, the accuracy and precision of
particulate OC and EC data is particularly questionable since various
factors can lead to large errors in OC and EC data, both at the
sampling and analysis stages.

Artefacts can affect the sampling of particulate organic carbon,
which is always carried out on quartz fibre filters. They have been
extensively studied in the USA for more than 2 decades (e.g.
McDow and Huntzicker, 1990; Turpin and Huntzicker, 1994; Mader
et al., 2001; Watson et al., 2009). They found positive sampling
artefacts ranging between 0.2 and 3 pgC/m>, increasing with the
particulate total carbon (TC) concentration, and decreasing with
the sampling face velocity. In Europe, less information is available.
From studies by Viana et al. (2006) and Schwarz et al. (2008), it
could be estimated that the contribution of positive artefacts to the
total amount of OC collected by a quartz fibre filter was on average
about 30% in Ghent (Belgium), and Prague, (Czech Republic). At
Nordic sites for 1 week sampling times, the mean positive sampling
artefact ranged from 11% to 18% of OC (Yttri et al., 2011a).

Analytically, atmospheric particulate carbon has traditionally
been split into OC and EC, although drawing a clear border between
organic macro-molecules (OC) and small clusters of (possibly
amorphous) EC is challenging (Baumgardner et al, 2012).
Furthermore, charring can transform a part of OC into species
looking like EC during the analysis, which must be accounted for
(Chow et al., 1993; Birch and Cary, 1996). Eventually, OC and EC are
operationally defined, and values produced by various laboratories
using identical or different methods can be very different from each
other, especially for EC. Various studies report differences up to a
factor of 2 when comparing EC resulting from different methods,
and reproducibility standard deviations in the range of 10—25% for
the determination of EC by a given method (e.g. Watson et al., 2005;
Karanasiou et al., 2015).

The current study reports on a specific action aimed at providing
robust and comparable data on particulate carbonaceous aerosol
across Europe. This long-term action was carried out under the

European Research Infrastructure projects EUSAAR (European
Supersites for Atmospheric Aerosol Research) and ACTRIS (Aero-
sols, Clouds, and trace gases Research Infrastructure, www.actris.
eu). Coordinated experiments were performed to assess the posi-
tive and negative artefacts which affect particulate OC sampling
during different seasons at several regional background sites across
Europe. A sampling train (Fig. S1), which minimizes positive sam-
pling artefacts without significantly increasing negative artefacts
was also tested and validated. The comparability of the analyses
performed by all the laboratories which produced the data dis-
cussed in the current study was also assessed on the basis of annual
inter-laboratory comparisons.

Combining our knowledge of site-dependent sampling artefacts
and laboratory-dependent possible analytical discrepancies
allowed us to construct the most robust data set on particulate
carbonaceous aerosol available for Europe so far. We can thus
discuss with a level of confidence previously not available the
similarities and differences in carbonaceous aerosol concentration,
its contribution to PM mass, and its composition in terms of OC and
EC, among 10 regional background sites across Europe. Seasonal
variations are also examined, which can provide information on
carbonaceous aerosol sources at some of these sites.

2. Experimental

The data we discuss here were obtained between 2008 and 2011
as a result of the collaboration among research institutes running
10 atmospheric observatories at regional background sites located
across Europe (Fig. 1): Aspvreten (APT), Birkenes (BIR), Vavihil
(VAV), Harwell (HRL), Melpitz (MEL), Kosetice (KOS), Ispra (IPR),
Puy de Dome (PUY), Montseny (MSY), and Finokalia (FIK). Specific
experiments related to sampling artefacts were also performed at
Hurdal (HUR), Mace Head (MHD), and K-puszta (KPS).

2.1. Mass and carbonaceous aerosol concentration measurements

2.1.1. Sampling

Sampling was performed using quartz fibre filters of different
types for periods between 24 and 168 h at face velocities ranging
20—53 cm/s (Table 1). Denuders (P/Nr 55-008923-002, Air Moni-
tors, UK) were continuously used for daily measurements for at
least one size fraction at APT, VAV, and IPR, as well as in KOS from
Sep. 2011. Quartz fibre back up filters were used for daily mea-
surements at KOS, and at 7 more sites to assess positive sampling
artefacts during specific experiments (Table 1). At the remaining 4
sites, bare quartz fibre filters only were used.

2.1.2. Analysis

PMjp and PMj5 mass concentrations were determined by
gravimetric analyses of the quartz fibre filters used for OC and EC
measurements at 4 sites, by gravimetric analyses of Teflon™ and
Emfab™ filters collected simultaneously at KOS and HRL,
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Fig. 1. Observatories from which data are presented. Sites in italics were used for
studying sampling artefacts only. Photo: http://www.esa.int/spaceinimages/Images/
2003/09/A_mosaic_of_satellite_images_showing_a_cloud-free_Europe.

respectively, and by independent on-line methods at APT, VAV and
FIK (Table 1). No correction was applied to PMg and PMj 5 mass to
account for possible discrepancies between various measurement
methods. No PM data were available from PUY.

Thermal-optical analysers with a charring correction based on
filter transmittance monitoring were used to produce all the OC
and EC data sets discussed here except one (Table 1). Among those,
all instruments but one (Table 1) ran the thermal protocol EUSAAR-
2 (Cavalli et al., 2010).

2.2. Sampling artefacts

2.2.1. Positive sampling artefact assessment

up filter methods known as the quartz behind Teflon™ (QbT) and
the quartz behind quartz (QbQ) techniques (see the supplementary
material for details) were implemented for different seasons at
HUR, VAV, MHD, KOS, KPS, IPR, and PUY, HUR, VAV, MSY, KOS,
respectively (Table 1). Further details are provided in the
supplementary material.

Measurements performed at these 8 sites across Europe showed
seasonal (Wi, Sp, Su, Au) mean positive sampling artefacts ranging
from 0.4 to 2.8 pgC/m> (Fig. 2). These positive artefacts accounted
on average for 14—70% of the amount of TC simultaneously
collected by a bare front quartz fibre filter at these sites (Fig. 2).
Positive sampling artefacts are thus significant in all areas of Europe
and for all seasons. It should be noticed that the site where the
contribution of positive artefacts was highest (HUR) is one of the
two sites where its absolute value was the lowest. This illustrates
that positive sampling artefacts can also be relevant at the least
polluted sites.

2.2.2. Negative sampling artefact determination

Negative sampling artefacts were estimated at IPR by measuring
the amount of OC collected on back-up filters with the EUSAAR
sampling train made of a denuder, and a series of 3 fibre filters
(Fig. S1). Without correcting the data for the denuder break-
through, the magnitude of the negative artefacts represented
5 + 2% of the amount of C collected by the front quartz fibre filter
(24hr sampling from 08:00 to 08:00 UTC, 20 cm s~ face velocity,
1 h average temperature ranging from -5 to +21 °C), with no
dependence on ambient temperature. This confirms the results
obtained at several sites in the USA (e.g. Subramanian et al., 2004;
Watson et al., 2009) showing that negative sampling artefacts are
generally small compared to positive artefacts.

2.2.3. Impacts of the denuder use

The suitability for the continuous monitoring of particulate OC
and EC of the C-monolith denuders recently made commercially
available (Air Monitors, UK) was tested at various sites across
Europe as part of EUSAAR. A detailed description of the EUSAAR
denuder validation tests is reported in the supplementary material.

In short, laboratory tests demonstrated that particle losses in the
EUSAAR denuder (see Fig. S1) are acceptable, i.e. <3% (Fig. S3), and
field experiments showed that positive artefacts are reduced to

To assess the magnitude of the positive sampling artefact, back <01-0.5 pgC/m® (seasonal average), representing 1—18%
Table 1
Location and experimental conditions at the sites providing data for this work. Sites in italics provided data related to sampling artefact assessment only.
Location Sampling Analyses
Latitude Longitude Altitude Face Duration (hrs) Filter type Denuder QbQ QbT Mass Carbon
velocity (cm/s)
PUY Puy de Dome  45°46'N 2°57'E 1465 36 24 Whatman QMA C C EUSAAR-2
BIR Birkenes 58°23'N 8°15'E 190 46 168 Whatman QMA grav. EUSAAR-2
HUR Hurdal 60°22'N 11°05'E 300 46 24 Whatman QMA C C C N/A EUSAAR-2
APT Aspvreten 58°48'N 17°23'E 20 46 24 Munktell T293 Y TEOM EUSAAR-2
MHD  Mace Head 53°10'N 9°30W 15 20 24 PALL-2500QAT C C N/A EUSAAR-2
HRL Harwell 51°34'N 1°19W 137 46 24 PALL-2500QAT grav. NIOSH-like
VAV Vavihill 56°01'N 13°09'E 175 46 72 PALL-2500QAT Y C C TEOM EUSAAR-2
MSY Montseny 41°46'N 2°21TE 700 53 24 PALL-2500QAT C C grav. EUSAAR-2
KOS Kosetice 49°35'N 15°05'E 534 20 24 PALL-2500QAT Y Y Y grav.? EUSAAR-2
KPS K-puszta 46°58' N 19°35'E 125 20 24 Whatman QMA C C N/A TOC”
FIK Finokalia 35°19'N 25°40'E 250 46 24 Whatman QMA B-gauge EUSAAR-2
MEL Melpitz 51°32'N 12°56'E 86 53 24 Munktell MK360 grav. VDI2465°¢
IPR Ispra 45°48'N 8°38'E 209 20 24 PALL-2500QAT Y C grav. EUSAAR-2

QbQ = quartz behind quartz; QbT = quartz behind Teflon; Y = used all year roud; C = used for specific campaigns only.
grav. = gravimetry; TEOM = tapered element oscillating microbalance; N/A = not applicable.

2 Gravimetric analyses of PTFE filters sampled simultaneously.
b Total Organic Carbon analyser.

€ VDI 2465 Part 2 modified as follows: 8 min at 650°C in N, followed by 8 min at 650°C in O,. No charring correction.
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Fig. 2. Seasonal average positive sampling artefacts from bare (left hand side bars) and denuded (right hand side bars) quartz fibre filters observed at 8 regional background sites
across Europe. Solid bars show artefacts in ugC/m?> (left hand scale), and open bars the contribution of artefacts (%) to the amount of TC collected by the quartz fibre filter (right hand

scale).

(median = 8%) of the amount of C that would be collected by a bare
quartz fibre filter when the EUSAAR denuder is used (Fig. 2). Even if
the denuder efficiency is not 100%, such low to marginal sampling
artefacts are acceptable, and in any case considerably reduced
compared to the artefacts occurring without any denuder. As
denuders remove gaseous organic compounds, they could shift the
equilibrium of semi-volatile particulate organic compounds (which
have significant saturation vapour pressures) towards the gas phase
and thus lead to losses in particulate OC. Tests showed no detect-
able negative artefact induced by the EUSAAR denuder (Fig. S4).

2.2.4. Sampling artefact correction

Carbonaceous aerosol data obtained at APT, VAV, KOS and IPR
using the EUSAAR denuder (Fig. S1) were not further corrected for
artefacts.

KOS data for Jan. 2009—Aug. 2011 were corrected for positive
artefacts according to the QbQ method. For PUY, BIR, MSY, and IPR
(for the PMyg fraction), OC data were corrected for positive sam-
pling artefacts based on the evaluation of the tests performed at
these sites (actually at HUR for BIR) for at least 1 season. Resulting
annual mean correction factors for OC range 0.37—0.86 (Table 2).
The correction of the positive sampling artefact based on back-up
filter data remains quite uncertain (e.g. Subramanian et al., 2004).
Using data obtained from specific experiments rather than values
measured concomitantly with each PM sampling for particulate
carbon measurement further increases this uncertainty, since the
representativeness of the data obtained over a limited period of
time is unknown. However, the results of these specific tests cannot
be ignored. Taking them into account probably improves the ac-
curacy of the data but reduces their precision.

No correction of positive artefacts could be applied to the data
obtained at HRL, FIK, and MEL, due to the lack of data regarding
sampling artefacts at these sites.

OC data were not corrected for negative artefacts at any site,
since relevant data (available from IPR only) suggest that negative
artefacts are negligible (see section 2.2.2).

PM gravimetric measurements were corrected for errors due to
positive sampling artefacts for OC, but not for additional artefacts,
such as losses of NH4sNO3 during warm periods.

The level of effort directed at addressing sampling artefacts at
each site is reflected in the uncertainty assessment (section 2.4,

Table 3); uncertainties in positive artefacts are smaller when a
denuder is used, and greater where sampling artefacts were
determined during campaigns only. An estimated high uncertainty
value was used for sites where sampling artefacts were not
assessed.

2.3. Analytical discrepancies: assessment and correction

To assess possible differences between laboratories in the
determination of TC, OC and EC, inter-laboratory comparison ex-
ercises (ILCE) for such measurements, based on ambient PM test
samples, have been organized yearly since 2006 as part of the Eu-
ropean projects EUSAAR and ACTRIS. All the laboratories which
produced data presented here participated in at least one ILCE.
Standard deviation discrepancies in TC determination compared to
the reference values (defined as the robust averages among all
participants) were generally within +25%, the highest relative
discrepancies corresponding to samples with TC loadings < 15 pugC/
cm? (Fig. 3).

Since no systematic bias in TC determination was observed
among the laboratories that produced the data discussed here, no
correction of TC values for analytical biases was needed.

Considering that TC, OC, and EC values are not independent
from each other, we evaluated possible analytical biases in the
determination of the split between OC and EC by examining the EC/
TC ratios produced by the participants in the ILCEs.

The systematic differences in determining the EC/TC ratio
observed among the various laboratories in the ILCEs performed
between 2008 and 2011 (Fig. 4) were used to account for the
between-laboratory analytical discrepancies. Thus, correction fac-
tors were applied to convert the EC/TC ratios obtained by the
various laboratories to values that would have been measured by a
virtual reference instrument measuring the same EC/TC ratio as the
robust average of all instruments running the EUSAAR-2 protocol.
Correction factors for the EC/TC ratios ranged from 0.52 to 1.36
(Table 2).

2.4. Uncertainty estimates

The uncertainties in TC related to sampling artefacts were esti-
mated from the variability (= 1 standard deviation) in the sampling
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Table 2
Mean correction factors for OC and EC concentrations.

137

Size fraction

Mean OC correction for sampling artefacts

Mean EC correction for analytical bias

PUY PM10 0.37 0.83
PM2.5 0.83
BIR PM10 0.86 0.98
APT PM10 NA 0.74
HRL PM10 ND 0.69
VAV PM10 NA 1.36
PM2.5 0.87 1.03
MSY PM10 0.87
KOS PM2.5 NA 1.07
FIK PM10 ND 0.84
PM2.5 ND 0.52
MEL PM10 ND 0.56
PM2.5 NA 1.05
IPR PM10 0.76
NA: not applicable.
ND: not determined.
Table 3
Relative random uncertainties (1 standard deviation) for single measurements. Italics denote values estimated from data obtained at other sites.
TC EC/TC
Analytical Positive artefact Negative artefact Combined Analytical
PUY 13% 17% 5% 22% 37%
BIR 14% 35% 5% 39% 13%
APT 12% 2% 5% 13% 57%
HRL 12% 35% 5% 38% 69%
VAV 16% 2% 5% 17% 19%
MSY 26% 20% 5% 33% 23%
KOS 20% 13% 5% 25% 18%
FIK 9% 35% 5% 37% 31%
MEL 27% 35% 5% 44% 42%
IPR (PM2.5) 15% 5% 5% 17% 18%
IPR (PM10) 15% 10% 5% 19% 18%
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Fig. 3. Range of concentrations and ratios to the reference values for TC concentrations
reported for 8 tests samples by the 13 participants in the EUSAAR inter-laboratory
comparison of 2008. Error bars show 1 standard deviation.

artefacts observed with the sampling train used for routine mea-
surements at each site. At APT, VAV, KOS (from Sep. 2011) and IPR
(PM55), where a denuder was implemented for routine measure-
ments, the impact of the residual artefacts on the uncertainties in
TC is particularly limited (<5%). For KOS (Feb. 2009—Aug. 2001), the
uncertainty of the positive artefact correction based on daily back-
up filter measurements (13%) was calculated from the comparison
with the results obtained with the EUSAAR sampling train for 15
days. At PUY, BIR, and MSY, ratios between artefact-free TC con-
centrations and TC concentrations obtained with the routine
sampling train were obtained during specific experiments (see
supplementary material, section A2). The standard variations of

PUY BIR APT HRL VAV MSY KOS FIK MEL  IPR

Fig. 4. Average ratio to the reference value of the EC/TC ratio reported by the
participants in the inter-laboratory comparisons performed in 2008, 2009 and 2011.
Participants are identified by the station which they analyse samples from. The
reference value is the robust average among the participants using the EUSAAR-2
analytical protocol. Error bars represent 1 standard deviation.

these ratios (17—35%) are used as an estimate of the random error
related to the correction of the positive artefacts (Table 3). For HRL,
FIK, and MEL, for which no information related to sampling arte-
facts is available, the maximum uncertainty value observed among
all sites (35%) is used. Negative artefacts were studied at IPR only,
and their variability observed at this site (+5%) is used as an esti-
mate of the uncertainty related to negative sampling artefacts for
all sites.

The analytical uncertainties in TC and EC/TC are estimated as the
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variability (1 standard deviation) in the ratios to the reference
values observed across the ILCEs organized from 2008 to 2011.
These errors combine the repeatability and the reproducibility of
the measurements. They range from 9 to 27% and from 13 to 69% for
TC and EC/TC, respectively (Table 3). For TC, the analytical, positive
artefact and negative artefact uncertainties are assumed to be in-
dependent and are added in quadrature to form the combined
relative uncertainty.

2.5. Data processing

Obvious erroneous data points (e.g. TC > PM) were discarded. In
addition, the data points out of the range [data frequency distri-
bution mode + two standard deviations] for EC/TC and TC/PM
(section 3.3) were considered as outliers and thus discarded too.

Carbonaceous aerosol data from the 10 sites were then made
comparable by correcting the OC and TC values for positive sam-
pling artefacts where bare quartz fibre filters were used (2.2), and
by correcting the EC values for analytical discrepancies (2.3).

To assess the statistical significance of the differences between
averages in carbonaceous aerosol data relative to various sites or
different season, Welch's t-test for independent samples with un-
equal variances was apply with a confidence level of 99.9%. Even if
the distributions in the various variables are not always normal, the
number of data if sufficiently large (n > 120) so that this test can be
applied.

3. Results and discussion
3.1. Data coverage

The data sets we discuss cover at least 2 full years between 2008
and 2011 (Fig. 5). This ensures the temporal representativeness of
the data sets and limits the impact of inter-annual variability on
their comparability. The average concentrations shown in Figs. 6
and 7 are calculated from several hundreds of data collected over
at least 2 years. The even distribution of data across these years
ensures that these averages are representative for annual averages
(no seasonal bias). However, PMyg and PM; 5 data do not always
come from parallel sampling, which means that the temporal
coverage for these 2 data sets can be different.

3.2. Annual averages

3.2.1. PM, TC and EC mass concentrations

In Fig. 6, sites are sorted by ascending PM mass concentration
values. Note that there are no PM data available from PUY. The
lowest concentrations (<10 pg/m?>) are observed at sites located in
North-western Europe, and the highest concentrations (>20 ug/
m?>) in Southern and Central Europe, in line with the observations
from Putaud et al., 2010. PM concentrations reflect primary and
secondary regional source strengths, the impact of long-range
transport of particulate matter, and the dilution of particulate air
pollution related to the distance from sources, meteorology and
orography.

The corrections for positive sampling artefacts applied to TC
data obtained at PUY, BIR, MSY, and IPR (PMyo fraction) range
from —14 to —33%, and hardly affect the TC concentration gradient
from 1 to 9 pgC/m> (Fig. 7), which is similar but about twice as
pronounced as the gradient in PM mass concentrations. In the case
of PUY, the correction for positive artefacts led to the smallest TC
concentrations among the 10 sites.

The corrections for analytical biases applied to EC/TC ratios
(range 0.52—1.36) perceptibly affect the geographical gradient in EC
concentrations (0.1—-2 pgC/m?), which is again about twice as steep

as the gradient observed for TC (Fig. 7). These corrections pull EC
concentrations in MEL down to values close to those observed in
KOS and HRL, and leave IPR alone with an annual average EC con-
centration well above 1 pgC/m? (Table 4).

3.2.2. PM and carbonaceous aerosol composition (TC/PM and EC/TC
ratios)

Pollution dilution, related to the distance from sources and to
the horizontal and vertical dispersion rate (controlled by meteo-
rology and regional geography), can lead to large differences in
atmospheric concentrations of short-lived pollutants such as PM.
This can mask similarities and/or differences in the nature of par-
ticulate pollution, which can be better described by looking at its
composition, e.g. the ratio TC/PM or the contribution of EC to TC in
both the PMg and PM 5 size fractions.

Thus, Fig. 8 does not show the geographical gradients observed
in Figs. 6 and 7, although TC/PM is significantly higher in IPR, where
TC and PM concentrations are highest too. In contrast, the second
highest TC/PM ratio is observed at APT in Scandinavia, where PM1o
mass concentrations are among the lowest, while TC/PM ratios are
among the lowest at the Mediterranean sites FIK and MSY, where
PM mass concentrations are among the highest. TC/PM ratios in
PMyg in BIR, HRL and MEL are all between 0.14 (as observed in VAV)
and 0.24 (as observed in APT). This shows that PM chemical
composition can differ more within a given region (APT and VAV are
located a few hundreds of km from each other) than across the
whole continent. TC/PM ratios in PM; 5 in BIR, MSY, and MEL are
also quite similar (range 0.15—0.20). TC/PM ratios are significantly
greater in PM; 5 compared to PMyg at all three sites (BIR, MSY, and
IPR) where artefact-corrected data are available for both size frac-
tions. This suggests a larger contribution of non-carbonaceous
species (e.g. mineral dust, sea salt) to the coarse aerosol fraction
at these sites. The similarity of the Mediterranean sites MSY and FIK
regarding TC concentrations (Fig. 7, top) is confirmed by alike TC/
PM ratios at those sites.

The regional mean TC/PM ratios calculated from the data ob-
tained at our 10 regional background sites in 2008—2011 (0.25 and
0.19 in PMy5 and PMjq, respectively) are compared with ratios
calculated from literature data for rural sites in Europe (Putaud
et al., 2010), from the IMPROVE (Interagency Monitoring of Pro-
tected Visual Environment) sites in the USA (Hand et al., 2011), and
from rural sites in China (Wang et al., 2016) and India (Ram and
Sarin, 2010, 2012; Bisht et al.,, 2015). TC/PM regional mean ratios
appear quite incredibly similar in all the studies we tabulated,
although the number of sites, the levels of PM concentrations, and
the handling of sampling artefacts are very different. This can
probably not be interpreted as an indication that the mix of sources
leading to particulate pollution is similar at all rural sites across the
whole world. Further work would be needed to explain this
observation.

The range of EC/TC average values corrected for sampling arte-
facts and analytical biases shown in Fig. 9 (0.10—0.23) is rather
narrow compared to any other variable discussed so far. Corrections
are especially significant for PUY (due to sampling artefacts) and
MEL (due to analytical biases). While non-corrected data would
make PUY and MEL the 2 stations with the most extreme EC/TC
mean values, corrections bring them back close to the average value
among all sites (0.16, Table 4). There is no clear gradient in EC/TC
ratios from PUY to IPR, and significant differences in EC/TC mean
ratios cannot be detected between BIR, HRL and FIK, PUY and MEL,
VAV and MSY in PM;g, and between BIR, MSY, KOS and MEL in
PM, 5. Except for APT on the one hand and IPR on the other hand, all
EC/TC ratios sit between 0.13 and 0.18. The EC/TC ratio is not
significantly different in PM5 5 compared to PMjg at three of the
sites where data for both fractions are available (MSY, MEL, IPR), but
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Fig. 6. Average PM;o and PM, 5 mass concentrations at 10 sites across Europe. No PM
mass concentration values are available for PUY. Error bars show one mean absolute

deviation around averages.

in BIR, where high levels of primary biological coarse particles
occur during a part of the year (Yttri et al., 2011b).

We did not tabulate the EC/TC ratios obtained from other studies
for comparison with our results because various analytical methods
lead to so different OC/EC splits that this could have been very
misleading.

Particulate organic matter (OM) also contains H, O, and other
atoms as well as carbon. Assuming a constant OM/OC ratio of 1.4,
corresponding to the low limit among the estimates available so far
(Turpin and Lim, 2001), we estimated from the mean EC/TC and TC/
PM ratios observed at our 10 stations (0.10—0.23, and 0.11-0.42,
respectively) that the carbonaceous aerosol accounts for minimum

15—43% of PMyg and 21-56% of PM5 5 at regional background sites

across Europe.

3 | raw data —|
corrected data—"~
14
; I @&l ﬁ_‘ I

FIK MEL IPR

EC (ugC/m?)

—h
—

PUY BIR APT HRL VAV Msy KOS

Fig. 7. Average concentrations of TC (top) and EC (bottom) in PM, 5 and PM; for the
same sites as in Fig. 6. Open bars represent the raw data obtained at the stations, and
full bars the concentrations corrected for sampling artefacts and analytical biases (see
text). Error bars show one mean absolute deviation around corrected averages.

3.3. Seasonal frequency distributions and variations in the
concentrations of PM and its carbonaceous fractions

Even at a given site and for a given season, the variability in the
TC/PM ratio is large (the relative standard deviation is in the range
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Table 4

Average mass, TC, EC concentrations (ug/m?) and ratios observed at regional (rural) background sites, corrected for sampling artefacts and analytical biases (excepted when in

italics) in the PM, 5 and PMyq size fractions.

PM, s PMio Reference
Mass TC TC/PM EC EC/TC Mass TC TC/PM EC EC/TC
PUY 0.5 0.1 0.18
BIR 35 0.7 0.20 0.1 0.16 6.0 0.9 0.16 0.1 0.13
APT 8.8 2.0 0.24 0.2 0.10
HRL 12.6 33 022 0.5 0.13
VAV 14.0 1.6 0.14 0.3 0.16
MSY 10.8 1.5 0.15 0.2 0.17 17.5 2.0 0.12 03 0.16
KOS 164 4.2 0.31 0.6 0.15
FIK 215 22 0.11 0.3 0.14
MEL 19.7 3.6 0.16 0.6 0.17 22.7 4.2 0.17 0.8 0.18
IPR 20.5 8.5 0.42 1.6 0.22 29.2 10.1 0.34 2.0 0.22
Av. Europe 0.25 0.17 0.19 0.16 This work
Av. Europe 0.19 0.20 Putaud et al., 2010
Av. USA 0.25 Hand et al., 2011
Av. China 022 021 Wang et al., 2016
Av. India® 0.20 022 Ram and Sarin, 2010, 2012; Bisht et al., 2015

2 The data from India come from 1 site only for PM, s, and from a combination with Total Suspended Particulate matter (TSP) data for PMy.

0.6
PM2.5 PM10
N QT\\ raw data —
0.4 1 corrected data——> T

|

TC/PM
o
w
—t—A

02 T J [ \
T 1
01 J J i I
0
PUY  BR  APT  HRL VAV  MSY KOS FK  MEL  IPR

Fig. 8. Average TC/PM ratios in PM,5 and PMyo. Open bars represent the raw data
obtained at the stations, and full bars the values corrected for sampling artefacts (see
text). No PM data are available for PUY. Error bars show one mean absolute deviation
around corrected averages.
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Fig. 9. Average EC/TC ratios in PM, 5 and PM, for the same sites as in Fig. 6. Open bars
represent the raw data obtained at the stations, and full bars the values corrected for
sampling artefacts and analytical biases (see text). Error bars show one mean absolute
deviation around corrected averages.

25—-65%). However, the frequency distributions of the TC/PM ratio
in PM1g are mono-modal and generally rather narrow in APT, MSY,
MEL and IPR (Fig. 10a). This could indicate that the sources of PMg
at these sites do not vary much within each season (and even across
the whole year for APT). Clearly bi-modal distributions can be
observed at 3 other sites (HRL, VAV, FIK). Four modes can be
distinguished in the TC/PM;o frequency distribution in BIR, which
combine with different weightings across the year, resulting in the
fact that TC/PM ratios >0.3 are observed evenly across the year,
while ratios <0.1 are also observed in all seasons but summer.

Processes which could explain such observations have been dis-
cussed by Ricard et al. (2002) and Yttri et al. (2011a). At two of the
sites where PM; 5 data are also available (MEL and IPR), both the
frequency distribution shapes and modes (Fig. 10b) are generally
similar to those observed in PMyg (although the data coverage is not
always the same for both size fractions). This is not the case in BIR
and MSY. In BIR the TC/PM frequency distributions in PM, 5 are
much less variable compared to PMyg. The comparison between
these 2 size fractions suggests the occurrence of variable non-
carbonaceous coarse aerosol (possibly sea salt) from spring to
autumn. In contrast, the distributions of the TC/PM ratio frequency
at MSY show more variability in PMj 5 than in PM1g. At KOS (where
only PM, 5 data are available), the frequency distributions of TC/
PM; 5 are quite narrow (relative standard deviation < 30%). Ratios
<0.2 are more frequent in summer and ratios >0.3 are more
frequent in winter.

The variability in the EC/TC ratio for a given season and site
(relative standard deviation ranging from 20 to 50%) is generally
smaller than the variability in the TC/PM ratio, but the seasonal
variations appear larger, except for MEL and IPR (Fig. 11a). In PMyq,
the variability in the contribution of EC to TC increases with
decreasing levels of particulate pollution: at PUY (the least polluted
site) in summer, EC/TC ratios <0.05 or >0.50 are frequently
observed, while in MEL and IPR (the two most polluted sites), such
extreme ratios seldom occur. The most frequent EC/TC ratios
observed at MEL and IPR (0.15—0.20) are also very common at all
other sites, especially in winter. The frequency distributions of EC/
TC in PM, 5 are very similar to those observed in PM1o for MEL and
IPR (Fig. 11b). In BIR, noticeable differences are observed from
spring to autumn, where the lowest EC/TC ratios occurring in PMyg
are not observed in PM; 5. Such seasonal variations suggest again a
specific contribution of primary biogenic OC to the coarse aerosol
fraction of PM10, which has previously been demonstrated by Yttri
et al. (2007b, 2011a).

Monthly averages calculated over several years are shown in
Fig. 12. The seasonal variations in PM mass concentrations (Fig. 12a)
are different in shape and magnitude across the sites of the
network. Winter time maxima and summer time minima can be
observed at various locations including continental sites (IPR, MEL,
KOS), southern Scandinavia (VAV), and Great Britain (HRL), while
an opposite cycle (maximum in summer) is observed at the Med-
iterranean site MSY. No clear seasonal cycle in PM1g mass concen-
tration is observed at other sites (FIK, APT, BIR). Similar seasonal
variations are generally observed in both PM;g and PM; 5 fractions.
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Fig. 10. a: seasonal and annual (Y) mean frequency distribution of the ratio TC/PM10 (1 = DJF, 2 = MAM, 3 = JJA, 4 = SON). Thin lines represent distributions at sites where positive

sampling artefacts were not addressed. b: The same as 10a for the PM2.5 size fraction.

An exception is BIR again, where clearer seasonal variations are
observed in PM; 5 (maximum in spring) compared to PMjq.

Similar seasonal variations are also observed for the carbona-
ceous fractions TC, OC, and EC. We will therefore focus our dis-
cussion on the TC/PM and EC/TC ratios.

Fig. 12b shows monthly mean TC/PM ratios ranging between
about 0.1 and 0.5 across the various sites. TC/PM monthly averages
can be quite variable at some sites (relative standard deviation up
to 24%). The seasonal variations are more pronounced in PM1g than
in PM; 5 at most sites, which highlights the weight of coarse par-
ticles in PMyq at those sites. A clear (smooth) seasonal cycle can be
observed at a few sites only, including IPR and APT. At IPR, the

seasonal cycle of TC/PM is characterized by high values in
November, December, and January, and lower values between May
and August. A similar cycle can be observed in MSY for both size
fractions, although secondary maxima can also be observed in
summer, every year between 2008 and 2011 (data not shown). In
KOS, the greatest TC/PM ratios are also observed in November and
December. Such seasonal cycles can be explained by an increase in
carbonaceous aerosol emission due to domestic heating during
cold months (Gilardoni et al., 2011; Schwarz et al, 2016). In
contrast, the seasonal cycle in APT shows a maximum in August and
a minimum in spring. Larger TC/PM values are also observed in BIR
from May to September in PMjg (as already suggested from the
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frequency distributions). At these sites, stronger sources of coarse
primary biogenic aerosols during warmer months could explain
these observations (Yttri et al., 2011b). Large inter-annual variations

Fig. 11. a: same as Fig. 10a for the EC/TC ratio. b: The same as 11a for the PM2.5 size fraction.

make it difficult to highlight robust seasonal cycles at the other
sites, suggesting that seasonal variations in various sources of
carbonaceous aerosol can compensate each other (Charron et al,,
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2013; Genberg et al., 2013; Minguillon et al., 2015; Bougiatioti et al.,
2013; Spindler et al., 2013).

EC/TC monthly mean ratios range from 0.05 to 0.4 across the
various sites and the 12 months of the year (Fig. 12c). Interestingly,
the spatial gradient in EC/TC follows quite well the spatial gradient
in PM mass concentration (Fig. 12a) for summer months, whereas
EC/TC ratios are much more similar at all sites during winter (e.g.

0.18—0.25 in January, excluding FIK, 0.13). An exception is the
mountain top site PUY, where summertime EC/TC ratios are not as
low as at sites with similarly low aerosol concentrations. This might
be due to upslope winds which bring to PUY air from the nearby
urban and industrial areas in summer during daytime (Freney et al.,
2011). The seasonal variations in the EC/TC ratio at IPR, MEL, FIK and
KOS are small (relative standard deviation 6%—14%). This could be
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explained by the predominance of a single source of carbonaceous
aerosol at these sites, or by different sources of OC occurring in
winter (e.g. wood burning for domestic heating) and summer (e.g.
secondary organic aerosol formation) which compensate each
other. For all other sites, there is a pronounced seasonal cycle in EC/
TC with a clear minimum during summer. This minimum is more
marked at more remote sites, as well as in the PMjg fraction
compared to the PM, 5 fraction. These observations suggest a sig-
nificant contribution of biogenic sources to the PM mass concen-
tration in BIR, APT, VAV (Scandinavia), HRL (Great Britain), and MSY
(Western Mediterranean basin).

4. Conclusions

Commercial carbon monolith denuders efficiently mitigate the
sampling artefacts that can affect the determination of particulate
organic carbon. At the sites where denuders were not used, positive
sampling artefacts contributed between by 14 and 70% (site
average) to the amount of TC collected by bare quartz fibre filters at
regional background sites across Europe. The data we obtained on
sampling positive artefacts allowed us to correct the OC data
collected from most sites where a denuder was not routinely
applied.

Yearly comparisons between the analysers used across the
network showed that no recurrent biases in TC determination could
be detected. In contrast, systematic differences in the OC/EC split
determined by the various instruments were observed. They were
taken into account to normalize the data provided by different
laboratories.

The consistency between the carbonaceous aerosol measure-
ments performed across the network would be enhanced by the
implementation of the denuder (at least for low volume samplers),
the application of the future European standard (EN16909) for the
analyses, and the use of suitable certified reference materials.

Unlike our previous “phenomenologies” (Putaud et al., 2004,
2010; Van Dingenen et al., 2004), this work arose from a coordi-
nated action at the European scale aiming at producing comparable
TC, OC and EC data. As a consequence, it emphasises the production
of more robust data with better known uncertainties. It confirms
that the atmospheric concentrations of PMyg and PM; 5 carbona-
ceous constituents (TC, OC and EC) increase when moving from
Scandinavia to Central Europe through the Mediterranean area. The
spatial gradients in the PM carbonaceous content (TC/PM ratio) and
the composition of this carbonaceous fraction (EC/TC ratio) are
much less pronounced than the gradient in concentrations, which
mainly reflects the atmospheric pollution dilution. Carbonaceous
species account for a significant fraction of PMg (15—43%) and even
more so of PM;5 (21-56%). At several sites, the TC/PM ratio is
highest during winter months, when exceedances of particulate
pollution daily limits usually occur. EC/TC ratios are also high and
quite similar (0.13—0.25) at all the sites of the network during the
cold months, which suggests that the dominant sources of carbo-
naceous aerosol are the same at all sites in winter.

This survey provides a robust assessment of the carbonaceous
aerosol concentrations, composition, and contribution to PMy and
PM;5 at the time where European member states had to start
measuring the chemical composition of PM; 5 (including OC and
EC) at rural sites, according to the European Directive 2008/50/EC.
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