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Abstract

Within the frame of the European Aerosol Cloud Climate and Air Quality Interactions
(EUCAARI) project the Météo-France aircraft ATR-42 performed 22 research flights,
over central Europe and the North Sea during the intensive observation period in May
2008. For the campaign, the ATR-42 was equipped in order to study aerosol physical,5

chemical and optical properties, as well as cloud microphysics. During the campaign,
continental air masses from Eastern and Western Europe were encountered, along
with polar and Scandinavian air masses. For the 22 research flights, retroplume anal-
yses along the flight tracks were performed with FLEXPART in order to classify air
masses into five sectors of origin which allows for a qualitative evaluation of emission10

influence on the respective air parcel.
In the polluted boundary layer (BL), typical concentrations of particles with diameters

larger than 10 nm (N10) are of the order of 5000–6000 cm−3, whereas N10 concentra-
tions of clean air masses were lower than 1300 cm−3. The detection of the largest
particle number concentrations occurred in air masses coming from Polar and Scandi-15

navian regions for which an elevated number of nucleation mode (25–28 nm) particles
was observed and attributed to new particle formation over open sea. In the free tropo-
sphere (FT), typical observed N10 are of the order of 900 cm−3 in polluted air masses
and 400–600 cm−3 in clean air masses, respectively. In both layers, the chemical com-
position of submicron aerosol particles is dominated by organic matter and nitrate in20

polluted air masses, while, sulphate and ammonium followed by organics dominate the
submicron aerosols in clean air masses. The highest CCN/CN ratios were observed
within the polar air masses while the CCN concentration values are the highest within
the polluted air masses.

Within the five air mass sectors defined and the two layers (BL and FT), observa-25

tions have been distinguished into anticyclonic (first half of May 2008) and cyclonic
conditions (second half of May 2008). Strong relationships between meteorological
conditions and physical, chemical as well as optical properties are found.
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1 Introduction

Aerosols are known to have significant impact on the regional and global climate via in-
teraction with the solar and terrestrial radiation, thereby modifying the planetary albedo
and the outgoing longwave radiation (IPCC, 2007). Aerosols originate either from nat-
ural sources or emission by anthropogenic activities (e.g. mineral dust, sea salt, black5

carbon, sulfate, biomass burning smoke, biogenic aerosols). During the longrange
transport, aerosol particles may influence the climate by interfering directly with the
atmospheric radiative processes (Haywood et al., 2003; IPCC, 2007) and indirectly by
modifying the distribution of clouds (Lohmann et al., 2004). All these direct and indirect
effects depend on aerosol particle properties: concentration, size, chemical composi-10

tion, hygroscopic properties, mixing state (Roberts et al., 2001; Wang et al., 2011).
The contributions of the various aerosol sources, the role of long-range transport,

and the contributions of primary and secondary particulate matter to the atmospheric
aerosol concentrations over Europe are still not well quantified. The aerosol parameters
influencing the radiative balance and the properties of clouds remain particularly uncer-15

tain (Adams and Seinfeld, 2002; Kaufman et al., 2002; Spichtinger and Cziczo, 2008).
Moreover, Europe is under the influence of polluted air masses, from industrial country,
as well as clean air masses from polar regions. The mixing of these different types of
air mass may lead to a regional mixed plume with modified properties compared to the
non-mixed plumes. In particular the atmospheric residence time of pollution and the20

radiative effect of pollution aerosols are expected to be modified (Andrea and Crutzen,
1997).

This study presents results from an intensive airborne measurement campaign, car-
ried out over Netherlands as part of the EUCAARI (European Aerosol Cloud Climate
and Air Quality Interactions) project (Kulmala et al., 2009). The airborne measurement25

campaign include the deployment of five European instrumented research aircraft (Ger-
man DLR Falcon-20, the British FAAM Bae-146 and NERC Dornier, and the French
ATR-42 and Falcon-20 from Météo-France) was performed in May 2008.
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Here we focus on aerosol physical and chemical properties which were performed
simultaneously with optical measurements onboard the French ATR-42. This charac-
terisation encompasses measurement of the number size distribution, hygroscopicity,
volatility, scattering coefficient and chemical component. During the campaign a vari-
ety of clean marine and polluted continental air masses were encountered and some of5

the key aerosol properties associated with these particular air masses are documented
and reported here. Moreover, distinct layers, such as the boundary layer and the free
troposphere, could be sampled during the same flight and over different surface types
(land/sea), almost simulataneously. The results of that kind of investigation are likely to
be of significant interest to both the process-modelling community and the large-scale10

modeling community.

2 Aircraft and instrumentation

To improve our understanding of processes related to atmospheric aerosol physics
and chemistry, from aerosol nanometer size scale to the overall aerosol-cloud-climate
scale (i.e. millimeter size), the French ATR-42 research aircraft performed a total of 2215

research flights between 2 May and 30 May 2008. The ATR-42 operated by SAFIRE
(Service des Avions Francais Instrument pour la Recherche en Environnement) was
based at Rotterdam airport in the Netherlands for the duration of the EUCAARI inten-
sive observation period. The 22 research flights have been grouped into six different
types of flights, according to flight plans, as described in Crumeyrolle et al. (2010).20

Fourteen (RF42, RF44, RF47, RF49, RF51, RF52, RF55, RF56, RF57, RF58, RF59,
RF60, RF62, RF63) over the 22 flights performed during the campaign have been used
in this study while the other eight flights were dedicated to observation of new particle
formation events Crumeyrolle et al. (2010).

The instrumental payload of the French research aircraft ATR-42 has been partic-25

ularly designed to aerosol-cloud interaction studies as partially discussed in previous
studies (Crumeyrolle et al., 2008; Matsuki et al., 2010). The aerosol instrumentation
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performed the particle sampling via the ATR-42 community aerosol inlet (CAI). The
isokinetic (and isoaxial) CAI, based on the construction by the University of Hawaı̈
equipped with a shrouded solid diffuser inlet designed by A. Clarke and modified by
Meteo France, has a 50 % sampling efficiency (Dp50 % for particle diameter around
5 µm (McNaughton et al., 2007, Gomes et al., in preparation). Two condensation parti-5

cle counters (CPC, TSI model 3025 and 3010; McMurry, 2000) were used to measure
total ambient aerosol concentrations (N3 and N10 respectively). The 50 % detection di-
ameter is 3 and 10 nm for each CPC, respectively (Mertes et al., 1995; Stoltzenburg
and McMurry, 1991).

A scanning mobility particle sizer (SMPS) was used to measure the number size dis-10

tribution of aerosol particles with diameters from 0.02 to 0.5 µm. This instrument con-
sisted of a differential mobility analyzer (DMA) as described by Villani et al. (2007) and
a CPC (TSI model 3010) for particle detection downstream the DMA. The DMA sheath
flow rate was controlled with a critical orifice in a closed loop arrangement (Jokinen and
Mäkelä, 1996). Typically the scan time – yielding one complete number size distribution15

- was chosen to be 90 s. In parallel, there was another set of SMPS and optical par-
ticle counter (OPC) measuring particles downstream of a thermo-desorption column
wherein the particles were heated up to 280 ◦C. Comparison of the non conditioned
and heated total aerosol spectra provides indirect information on the bulk aerosol com-
position. Particles “surviving” after being heated to 280 ◦C are denoted as refractory20

particles (e.g. sea salt, soot, mineral dust), otherwise the particles should be mainly
composed of volatile species (e.g. ammonium nitrate, ammonium sulphate and some
organic compounds).

The Cloud Condensation Nuclei Counter (CCNC) used in this study was a
continuous-flow streamwise thermal-gradient CCN counter, commercially available25

from Droplet Measurement Technologies, Inc. (DMT, model No. CCN-100). The design
and operating principles of the instrument are based on Roberts and Nenes (2005).
The aerosol sample enters the column at the top center of the column, and particles
with a critical supersaturation less than the centerline supersaturation are activated as
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CCN. The residence time in the column (612 s, depending on flow rate) enables the
activated particles to grow to droplets that are sufficiently large (>1 µm) to be detected
separately from unactivated particles (usually <1 µm). An OPC at the exit of the col-
umn determines the concentration and size distribution of droplets in the size range
of 0.75−10 µm. Droplets larger than 1 µm are considered to be activated CCN. The5

supersaturation was set at 0.2 % during the whole field campaign.
A Time of Flight Aerosol Mass Spectrometer (C-ToF-AMS; Drewnick et al., 2005;

Canagaratna et al., 2007) was used to analyse the non-refractory particle species,
where non-refractory materials include all species that evaporate in 100 µs under AMS
working conditions (Drewnick et al., 2005). In practice, non-refractory material includes10

species such as ammonium sulfate and bisulfate, ammonium chloride, ammonium ni-
trate, and organic compounds but excludes black carbon, crustal materials, and sea
salt/sodium chloride. Non-refractory species internally mixed with refractory species
(e.g., organics internally mixed with black carbon) can be quantitatively detected with
the AMS (Katrib et al., 2005; Slowik et al., 2004). The non-refractory particle species15

that are vaporized at the heated surface (about 600 ◦C) are then subjected to electron
impact ionization, which forms positive ions that are analyzed with a mass spectrome-
ter. The upper 50 % cut-off diameter of the on-board AMS is about 500 nm.

The Ionization Efficiency (IE) calibrations were performed prior and after the cam-
paign as well as five times during the campaign period. The resulting IE showed a20

good stability and reproducibility (<6 % decrease, caused by detector ageing through-
out the campaign). The data shown here are corrected by collection efficiency (CE)
factors which were obtained according to (Crosier et al., 2007). All flight data were
treated according to procedures provided within the data processing software “Squir-
rel” and in accordance to the standards defined and currently used by the Aero-25

dyne AMS operators community at the time when these data were treated (http:
//cires.colorado.edu/jimenez-group/wiki/index.php/Field Data Analysis Guide).

Besides the above mentioned measurements, the ATR-42 was equipped with state-
of-the-art aerosol instrumentation: a Particulate Soot Absorption Photometer (PSAP,
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Bond et al., 1999), a nephelometer (TSI 3563, TSI Inc., St Paul, MN), particle count-
ing/sizing instruments: a Passive Cavity Aerosol Spectrometer Probe (PCASP-100X).
It has to be noted that the filter-based PSAP did not perform accurately during the
campaign due to a technical problem. Consequently, PSAP data are not used in this
work.5

3 Classification of air masses

In order to determine the geographical origins and the history of air masses, retroplume
dispersion calculations are performed using the FLEXPART model (version 8.0) that is
extensively described in Stohl (1998); Stohl et al. (2005). FLEXPART was driven by 6-
hourly ECMWF operational analysis data interleaved with operational forecasts every10

3 h (ECMWF, 1995). The model accounts for small-scale turbulence by superimposing
stochastic motions on grid-scale winds Stohl and Thomson (1999) and convection us-
ing the scheme of Emanuel and Zivkovic-Rothman (1999). FLEXPART was initialized
for small segments – corresponding to changes in ATR-42 position or altitude- along
the flight track of the ATR-42 and run 20 days backward in time.15

FLEXPART results deliver potential emission sensitivity (PES) fields. The PES is
based on transport calculations for an inert substance, ignoring removal processes that
would reduce the sensitivity. Thus by integrating PES values in the vertical, these fields
describe the overall transport of air masses during the 20 days before being sampled
by the aircraft. We used the column-integrated PES fields to categorize the sampled20

air into five sectors of air mass origin. All retroplumes were classified according to their
predominent PES values over one of the five sectors before being sampled with the
ATR-42 (see Fig. 1). These five sectors have been chosen because of different aerosol
sources in these regions.

The following sectors were used for classification of the measurements:25

(1) North-West European (NW-EUR) sector corresponding to air masses pass-
ing over the Atlantic and the United Kingdom. (2) South-European (S-EUR) sector
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corresponding to air masses passing over North Africa, the Atlantic ocean and the
Mediterranean or southern Europe. (3) North-East European (NE-EUR) sector corre-
sponding to air masses comming from Scandinavia and passing over the North Sea.
(4) East European (E-EUR) sector corresponding to air masses passing over conti-
nental Europe. (5) Polar (P) sector corresponding to air masses originating from polar5

region with expected low particles content.
The meteorological parameters averaged over all 12 flights performed during the

campaign, for the five air mass sectors, are given in Table 1. The relative frequency
(in percent) the air masses originated from a specific air sector are also reported in
Table 1.10

A recent study (Hamburger et al., 2010) highlights a strong relationship between the
meteorological conditions and the aerosol properties during the whole Longrex (LONG
Range EXperiment) project of the EUCAARI campaign. An anticyclonic blocking event
occurred during the first half of May 2008 and led to accumulation of particulate pollu-
tants within the boundary layer, while the cyclonic conditions during the second half of15

the month produced precipitation and led to a cleansing of the atmosphere. Thus, anti-
cyclonic (HP) and cyclonic (LP) conditions will be distinguished in this study (Table 1).
The atmospheric pressure at mean sea level, given by air traffic control at the begin-
ning of each flight, has been used to distinguish these two meteorological conditions.
In addition, during each flight, one or two vertical soundings were performed at the20

beginning and/or at the end of the flight, allowing for a charactarization of the vertical
evolution of the thermodynamical and microphysical parameters. From these sound-
ings, the inversion level, corresponding to the top of the boundary layer (BL) and the
bottom of the free troposphere (FT), determined the mixing layer height, H. Generally,
H was>2000 m during the first half of the month (anticyclonic period) and H<2000 m25

during the second half of the month (cyclonic period).
During anticyclonic conditions, air masses were originating from E-EUR (BL, FT),

NW-EUR (in the BL only) and NE-EUR (in the FT only). In contrast during cyclonic con-
ditions, air masses were originating from E-EUR, P, S-EUR and NE-EUR (respectively
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BL, FT). Thus, air masses sampled by the ATR-42 instrumentation in both layers were
more frequently coming from E-EUR during anticyclonic conditions. During cyclonic
conditions, NE-EUR were more frequently observed in the BL and S-EUR air masses
andwere more frequently observed in the FT.

In the boundary layer, the potential temperatures of S-EUR air masses (<62 K) were5

significantly lower compared to other air masses. Moreover, the averaged relative hu-
midity (RH) values were beyond 60 %, in the BL, except when air masses were coming
from E-EUR (<45 %). On the contrary, these air masses observed in the FT were as-
sociated with the highest values of RH (>43 %).

4 Results and discussion10

The results indicates that the elevated aerosol loading of investigated air masses oc-
cured predominantly in the regions of the Ukraine, Poland and the Northern part of
Germany.

4.1 Aerosol concentration

Median values of particle number concentration for the size classes N3−10, N10, N5015

and N500 (i.e. particles with diameter between 3 and 10 nm and larger than 10, 50, and
500 nm, respectively) are given in Table 2. In Figure 2, N10 concentration are pre-
sented and separated according to cyclonic and anticyclonic conditions and according
to the origin of the air mass, in the BL and FT. A large difference in CN concentration
can be observed in Fig. 2 and in Table 2. The total aerosol concentrations (N10) are20

between 1300 and 7090 cm−3 within the BL and between 400 and 930 cm−3 within the
FT. These results are consistent with other airborne measurement studies (Hamburger
et al., 2010; Mirme et al., 2010). As the sources of primary particles are mostly located
in the BL and air exchange between BL and FT is rather limited, concentrations of
particles are higher in the BL compared to the FT.25
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N10 concentrations are more variable in the BL (especially for air masses coming
from E-EUR sector during LP conditions) mainly due to the spatial heterogeneities of
particle sources. In the FT, the presence of aerosol particles is linked to long range
transport, thus, N10 concentrations are less variable. However, the variability of the N10
concentrations measured in the FT for E-EUR sector during HP conditions is large5

compare to other air mass sectors. This may be due to variabilities of the meteoro-
logical conditions (wind speed, cloud presence, etc.) and of the sector the air mass
is originating from (i.e. E-EUR with a relative frequency of 96 %). Differences between
BL and FT observations are particularly related to life times of particles in these lay-
ers. Indeed, in the boundary layer, particles are freshly emitted while in the FT, particle10

properties tend to be homogenised during long range transport via cloud processing,
coagulation, and sedimentation, etc. (Raes et al., 2000; Williams et al., 2002).

The air mass sectors which are supposed to be the more polluted ones are E-
EUR and S-EUR due to the residence of air masses over important industrial areas
in Poland, Northern Germany, Spain and France. As expected the median N10 concen-15

trations in these two air mass sectors are higher compared to those in the other air
mass sectors except in the BL during cyclonic conditions. Indeed, the N10 concentra-
tions associated to the cleanest air mass sectors (P and NE-EUR) are surprisingly high
in the BL during cyclonic conditions. In fact, these high values are caused by numerous
ultra fine particles (N3−10) which reaches 5400 cm−3 in P air masses and 3200 cm−3 in20

NE-EUR air masses while the N50 are low (1390 and 2900 cm−3, see Table 2).

4.2 Aerosol size distribution

Average particle number size distributions obtained from the SMPS are shown in Fig-
ure 3. In general, these number size distributions have been averaged according to
air mass origins and subsequently fitted with 3 modal log-normal distributions. Ta-25

ble 3 presents the characteristics of the lognormally fitted size distributions. During
the whole campaign, measured distributions (Fig. 3) are generally trimodal in the BL,
composed of a nucleation mode DNucl < 30 nm, an Aitken mode (30<DAitken < 60 nm)
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and an accumulation mode (100<DAcc < 175 nm), and bimodal in the FT, composed
of an Aitken and an accumulation mode. The nucleation mode, only observed in the
boundary layer (Fig. 3a), is centered between 22 and 28 nm during anticyclonic con-
ditions (Fig. 3c) as well as during cyclonic conditions (Fig. 3d). The concentrations
of these nucleation modes particles are high (>3000 cm−3) in clean air masses (NE-5

EUR and P), very low (<200 cm−3) in NW-EUR air masses and intermediate (around
1000 cm−3) in polluted air masses (E-EUR and S-EUR).

The Aitken mode is observed either in clean and polluted air masses in the BL as well
as in the FT. In the BL, the log normal characteristics of the Aitken mode are similar:
the median diameters are between 33.5 and 59.5 nm, the standard deviation ranges10

between 1.35 and 1.48 and the concentrations are between 327 and 1975 cm−3. In the
FT, the mean diameter of the Aitken mode (between 35.8 and 55.3 nm) are similar to
those observed in the BL.

The large difference found for N10 concentration, between BL and FT levels, is also
observed for the concentrations of accumulation mode particles. Indeed, these con-15

centrations are higher than 1200 cm−3 in the BL (except for NW-EUR air masses) com-
parable with ground site observations reported in Hamburger et al. (2010) and lower
than 850 cm−3 in the FT.

A comparison of the median diameter observed during both meteorological condi-
tions highlights that the median diameter of the accumulation mode is larger in the free20

troposphere during anticyclonic conditions, by a factor between 1.1 and 1.7. These
changes are quantitatively consistent with (Hamburger et al., 2010). Moreover,in two
air masses under cyclonic conditions (E-EUR in the BL and P in the FT), the size
distributions could be represented by only one broad (σ >= 1.8) accumulation mode
(95–128 nm). These observations indicates that that particles have resided a longer25

time in the atmosphere during which they have grown by coagulation, merging of two
modes, condensation of gases and interactions with clouds.

For each size distribution presented in Fig. 3, the total volume concentration was cal-
culated by integrating the size spectrum, assuming a spherical shape for the particles.
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These total volume concentrations are reported in Table 4 with the volume concentra-
tion of refractory particles similarly calculated from the heated SMPS. Significant differ-
ences in the calculated volume concentrations are observed for the different air mass
sectors. E-EUR and S-EUR air masses passing over industrial and densely populated
areas have the highest aeosol loadings (>9.59 µm3 cm−3 in the BL and >3.48 µm3 cm−3

5

in the FT). Interestingly, low aerosol loadings are associated with air masses passing
over United Kingdom in the BL (NW-EUR : 0.71 µm3 cm−3). In the FT, clean air was
observed in NE-EUR (lowest volume concentrations <0.46 µm3 cm−3) consistent with
previous results of Van Dingenen et al. (2005). The fraction of refractory matter, given
by the ratio of the refractory volume over total volume of sampled particles (Table 4), is10

higher in the FT than in the BL during cyclonic conditions. These latter results should
be related to larger concentrations of condensable gases close to the different sources
present in the BL versus the presence of more refractory particles (dust or sea salt
particles) from long range transport in the FT.

4.3 Aerosol chemical composition and mass concentration15

The average relative concentrations for organic, nitrate, sulfate, ammonium and chlo-
ride measured by the AMS are given in Fig. 4 as a function of the air mass origin. Mass
concentrations of non-refractory submicron particles corresponding to the sum of all
these components are plotted in Fig. 5. The mass concentration of refractory material
is estimated by using the size distribution of particles (Dp <500 nm) sampled down-20

stream a thermo-desorption column (V-SMPS), by assuming that refractory particles
are spherical and by using a density of 1.8 g cm−3 determined by Slowik et al. (2007).
The mass concentration of refractory and non-refractory material are then added and
plotted in Fig. 5.

In the BL, two different groups of air mass sectors can be distinguished according25

to the particle chemical composition independently of the synoptic conditions: Group I
(E-EUR and S-EUR) and Group II (NW-EUR and NE-EUR). For the Group II, we ob-
serve high nitrate concentrations (>5 µg m−3) and the chloride concentrations reaching
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0.61 and 0.25 µg m−3 for 0.61 and 0.25 µg m−3 for NW-EUR and NE-EUR, respectively.
associate with an increase in chloride concentration may originate from natural (marine
aerosol) or anthropogenic sources (industry exhaust). The refractory material concen-
tration is six times higher during NE-EUR periods (1.48 µg m−3) than during NW-EUR
periods (0.24 µg m−3). (1.48 µg m−3) than during NW-EUR periods (0.24 µg m−3). Obvi-5

ously, this reflects the fact that the NE-EUR sector is more influenced by anthropogenic
aerosol contributions, while marine aerosol contributions are much more important
during NW-EUR periods. The aerosol relative and absolute chemical compositions of
Group I is similar to the one observed in or around a highly polluted urban area (Mex-
ico city) during the Milagro airborne campaign (DeCarlo et al., 2008). Organics are the10

major component (about 50 %) and nitrates are the second most important component
(20 %). Sulfate and ammonium relative concentrations are about

In the BL, air masses originating from S-EUR sector have the highest mass con-
centration (29 µg m−3) and the highest refractory material material level (5.24 µg m−3)
consistent with the highest aerosol volume concentrations in the polluted air masses.15

In particular, the absolute concentrations of organics reach 18 µg m−3 corresponding
to values generally observed in different urban areas like (Zhang et al., 2005), Mexico
City (Volkamer et al., 2006) or Zurich (Lanz et al., 2007). The NW-EUR air masses
were found to be much cleaner according to the volume concentration and the refrac-
tory material level (0.24 µg m−3). However, the total mass concentration (16 µg m−3) is20

still high and corresponds to roughly 50 % of the upper value.
In the FT, the air mass characteristics highlighted by the volume concentration are

consistent with those given by the total mass concentration. Indeed, the highest values
of the mass concentration are associated with E-EUR air masses while the lowest are
associated with NE-EUR air masses while the S-EUR air masses are enriched in re-25

fractory material (2.01 µg m−3). A clear signature can be seen for the chemical compo-
sition of particles originating from NE-EUR during anticyclonic conditions. Indeed, the
predominant chemical components of 90 % of the measured mass concentration of non
refractory aerosol are sulfate and ammonium. The remaining 10 % mass concentration
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measured by the AMS is composed mainly of nitrate and organics. Moreover, the or-
ganic absolute fractions for NE-EUR are low (>0.05 µg m−3) which is comparable to
results of a study on background rural aerosol particles (Hock et al., 2008). This par-
ticular chemical composition might be linked to the presence of high concentrations
of condensable inorganic gases, i.e. dimethylsulphide or H2SO4, over the sea. In situ5

measurements performed at coastal sites Rinaldi et al. (2009); Asmi et al. (2010) high-
light that the major components (>60 %) of aerosol particles with diameter smaller
than 800 nm are sulfate and ammonium. These observations in the BL seems to be
comparable to the EUCAARI results in the FT. Thus, the comparison of these results
might show a strong relationship between the BL and the FT, but as no measurements10

of NE-EUR were performed in the BL during anticyclonic conditions, this cannot be
proven.

The comparison between BL and FT measurements reveals different behaviour as
a function of the synoptic conditions. During cyclonic conditions in the FT, the nitrate
contribution decreases significantly by a factor of 0.6 while the sulfate fraction increases15

by a factor of 1.5, for Group I air mass (E-EUR and W-EUR).
The relative fraction of refractory material in the aerosol composition has been cal-

culated for polluted air masses (E-EUR and S-EUR) as well as for clean air masses
(others) in both layers. The average refractory material fraction is about 5.5 % for clean
air masses and 13.8 % for polluted air masses in the BL, while, in the FT, this frac-20

tion is high (between 10.8 % and 61.8 %) for clean air masses and similar (13.2 %) to
those observed in the BL for polluted air masses. FLEXPART simulations point towards
many biomass burning events only during clean air mass periods which might lead to
this unusualy large fraction of refractory material. The refractory material similarities
between both layers in polluted air masses is probably due to fast occasional mixing of25

both layers. Recent studies (Venzac et al., 2008, 2009) show that mixing between both
layers may be enhanced through the residual layer.
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4.4 CCN properties

To characterize the relationship between cloud condensation nuclei (CCN) and cor-
responding aerosol populations, the CCN/CN ratio can be introduced as a measure
of hygroscopicity of the aerosol population. However, since measurements made with
both CPCs include numerous ultra-fine particles which are not likely to act as CCN,5

the total CN concentration cannot be used as a reference for the aerosol concentra-
tion. Thus, taking into account an average value of 50 nm as the minimum activation
diameter for aerosol particles of continental origin, SMPS measurements were used to
provide the N50 concentration required to calculate a CCN/N50 ratio. The evolution of
the CCN/N50 ratio as a function of air mass groups sampled during EUCAARI is shown10

in Figure 6. As this ratio is highly dependent on the aerosol concentrations, also the
CCN number concentrations have been plotted (black points) for all air mass groups.
During the anticyclonic conditions, no CCN data have been acquired in the NE-EUR
sector air masses.

In the BL, the values of the CCN/N50 ratios (0.17-0.22) are similar for all air mass15

groups and for both cyclonic and anticyclonic conditions while the CCN concentrations
range from very low values (<70 cm−3, for NW-EUR sector) to high values (1570 cm−3

for W-EUR sector). The lowest values of the CCN/N50 ratio are associated with aerosol
originating from marine sources while higher values are associated with higher con-
centrations of larger particles (Fig. 3). Despite the CCN/N50 ratio is rather constant20

(around 0.2) consistent with the same chemical composition of particles. Thus we can
assume that particle size and/or atmospheric dynamics is not playing a major role in
this case. The measurement variability, i.e. 120 %, is similar for all air mass groups ex-
cept in NW-EUR air masses, in which it is higher, likely because of very low CCN and
N50 concentrations.25

In the FT, the CCN concentrations (65–420 cm−3) at most three times lower than
values observed in the BL and the N50 concentrations are at least three times lower
than in the BL concentrations. Hence, the CCN/N50 ratio is higher in the FT (0.19–0.44)
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than in the BL. Because the number size distribution of aerosol particles do not show a
smaller fraction of particles in the activation range (50–100 nm) in the FT compared to
the BL, higher CCN/N50 in the FT can be partly related to the chemical composition of
aerosol particles showing a significant increase in relative and absolute concentrations
of soluble material in the FT as compared to the BL. The alteration of particles surface5

properties by a coating formed during their transport (Clarke et al., 2004; Zhang et al.,
2005; Ekman et al., 2006; Matsuki et al., 2010) may explain this increase of solubility.

One can note that, in the BL as well as in the FT, the highest CCN concentrations are
measured for the most polluted sectors (E-EUR and S-EUR, Fig. 6) while the highest
CCN/N50 ratio values are measured for polar air masses in the FT.10

4.5 Optical properties

Figure 7 presents the ratio of the total scattering coefficient measured by the neph-
elometer to the number concentration of optically active particles with diameter larger
than 150 nm. This normalised ratio corresponds to the average scattering efficiency of
one optically active particle, i.e. the particle scattering cross-section. A few measure-15

ments with very low values of the scattering coefficient (<5Mm−1), mainly found for
two different air mass sectors (NE-EUR and NW-EUR), have been removed, since the
scattering cross-section cannot be safely derived for these data. During anticyclonic
conditions, only observations from E-EUR are presented, both in the BL and in the FT.
The average scattering cross-section of a particle is about 0.026 µm−2 in the BL and20

0.052 µm−2 in the FT. Thus, particles sampled in the FT scatter light two times more
efficiently than particles sampled in the BL.

During cyclonic situations, the average scattering cross-section is lower than
0.064 µ m−2 in the BL. The maximum value is associated with polar air masses while
minimum values (about 0.032 µ m−2) are calculated for NE-EUR and E-EUR sectors. It25

is interesting to note that aerosol particles from the more (E-EUR) and the less (NE-
EUR) polluted air masses have the same scattering efficiency.
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In the free troposphere, the average values of the scattering cross section is larger
than 0.04 µ m−2 but the general trend, according to the different air masses, is to-
tally the opposite of the one observed in the boundary layer. Indeed, the average
scattering cross-section of aerosol particles from polar air masses is the weakest
(0.048 µ m−2) while for polluted air masses (E-EUR and S-EUR) values are higher5

(around 0.13 µ m−2). When comparing values observed in the BL and in the FT during
cyclonic conditions, one can conclude that the scattering cross-sections of particles
are 4 times higher in the FT than in the BL for the polluted air masses (E-EUR, W-
EUR), while they are 1.33 time higher in the BL than in the FT for polar air masses. As
the optical impact of aerosol particles are dependant on the surface properties, these10

considerable differences between both layers are probably a consequence of different
coating. Indeed, the presence of aerosol particles in the FT is connected to long range
transport leading to the presence of more or less complete coating on the aerosol par-
ticle surface (Falkovich et al., 2004; Zhang et al., 2005; Ekman et al., 2006; Roger,
2009; Matsuki et al., 2010). In contrast, aerosol particles in the BL have had less time15

to be altered since emission (Doran et al., 2007).
To complete this set of optical parameters, the scattering Angström exponent (Kim et

al., 2004) as well as the scattering asymmetry factor (Sagan and Pollack, 1967) have
been calculated. The Angström exponent is determined from the spectral dependance
measured by the nephelometer between two wavelengths (450 nm and 650 nm). The20

Angström exponent is often used as a qualitative indicator of aerosol particle size, with
values greater than 2 indicating small particles associated with combustion byproducts,
and values less than 1 indicating large particles like sea salt and dust (Dubovik et al.,
2002; Kim et al., 2004). The asymmetry parameter, g, is a numerical value related
to the difference between forward-scattered and backward-scattered electromagnetic25

radiation in the atmosphere. Because of the computational inefficiency of using exact
scattering phase functions, g is often used to parameterize the phase function in the
two-stream radiation transfer approximation.
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For air masses with large scattering coefficient values (>5 M m−1), the average asym-
metry factor values are between 0.60 and 0.80. This parameter is thus not relevant to
distinguish between different air masses (Coming soon ref from JC Roger). However,
plotted as a function of the scattering Angström exponent (Fig. 8), some tendencies
can be pointed out. Indeed, the scatterplot in Figure 8 shows two domains, one corre-5

sponding to low Angström exponents (<0.35) and thus larger particles, and the second
one to higher Angström exponents (>0.45) related to finer particles. Both cases occur
in the FT while only cases with high Angström exponent are observed in the BL. The
majority of particles observed in the FT, associated with low Angström exponents, are
large particles which is consistent with long range transport processing. The majority10

of particles observed in the FT, associated with low Angström exponents, are large
particles which is consistent with long range transport processing and with dust plume
originating from North Africa. Moreover, the high negative values of the Angström ex-
ponent is found to be related to ’frozen’ particles which are spectrally white. Indeed, the
total liquid water is found to be maximum and the temperature is found to be the mini-15

mum when the Angström exponent values are negative. The large Angström exponent
value are associated with fine particles which is consistent with the proximity to emis-
sion sources. Some of the particles sampled in the FT have similar optical properties
as particles sampled in the BL, probably due to fast exchange between both layers as
suggested earlier.20

5 Conclusions

A comprehensive set of instruments performing meteorological, cloud microphysics
and aerosol physico-chemical and optical measurements was integrated on the French
research aircraft ATR-42 for the EUCAARI intensive observation period. The measure-
ments obtained document clear relations between aerosol properties and air mass ori-25

gins. Based on backward calculations with a Lagrangian particle dispersion model, the
observed air masses were classified into five sectors according to their predominent
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residence times in these sectors. Moreover, measurements performed under anticy-
clonic (during first half of the campaign duration) and cyclonic (during second half of the
campaign duration) synoptic conditions were distinguished and analyzed separately.

The observations reveal a strong difference of N50 particle number concentrations
between the boundary layer (BL) and the free troposphere (FT). In particular, N50 con-5

centration are about five times higher within the BL as compared to those observed
within the FT. Observed size distributions are rather trimodal in the BL (nucleation,
Aitken and accumulation modes) and generally bimodal in the FT (Aitken and accumu-
lation modes). In the FT, significant refractory material fractions, derived from volatility
measurements, were observed during cyclonic conditions. This is probably the conse-10

quence of a long-range transport of biomass burning particles and/or the fast mixing of
air from the BL into the FT as it has been observed for polluted air mass cases. This
fast occasional mixing has been confirmed by the similarities found for aerosol optical
properties in both layers.

Polluted air masses are characterised by high total number particle concentrations15

and low concentrations of fine particles (N10−50). In the BL, the total mass concentration
as well as the aerosol chemical composition are similar to those observed in highly
polluted areas, like for example in the region around Mexico City DeCarlo et al. (2008).
The relative chemical composition of particles within polluted air masses is dominated
by organics (about 50 %) and nitrates (20 %) with notable amounts of sulfate.20

Non-polluted air masses, in general originating from polar and Scandinavian regions,
are characterised by high total particle concentrations most likely due to new particle
formation events occurring over the sea. The chemical composition of particles within
polar air masses in the BL are characterised by significant amounts of chloride and
nitrate species most likely from NH4Cl probably originating from marine sources, in the25

BL, and by the strong influence of sulfate and ammonium (>90 % of the AMS compo-
nents) linked to the presence of high contents of condensable gases over Scandinavia.

The comparison of observations carried out during both synoptic conditions (an-
ticyclonic, cyclonic) highlights an increase of the median diameter of accumulation
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particles during anticyclonic conditions consistent with Hamburger et al. (2010). More-
over, differences in chemical properties have been observed as a function of mete-
orological conditions when comparing measurements in both layers. During cyclonic
conditions, the nitrate concentrations are significantly lower and sulfate concentrations
increase in the FT compared to chemical composition of particles in the BL. In contrast,5

during anticyclonic conditions, the sulfate and the ammonium concentrations are rela-
tively higher in the FT compared to those observed in the BL. Finally, during cyclonic
conditions, the average values of the scattering cross-section (as well as the particle
surface concentrations) for particles in the FT are higher than those in the BL, probably
due to the coating of particles during the long range transport.10
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Table 1. Averaged meteorological parameters observed in the boundary layer (BL) and in the
free troposphere (FT) for different episodes during anticyclonic (HP) and cyclonic (LP) condi-
tions.

RH ( %) Pot. T (K) % of time occurring
HP LP HP LP HP LP

BL

NW-EUR 64 – 102 – 33 –
S-EUR – 76 – 57.1 – 13

NE-EUR – 66 – 84.4 – 65
E-EUR 45 22.5 92.2 87.7 67 19

P – 74 – 89.6 – 3

FT

NW-EUR – – – – – –
S-EUR – 54 – 61.4 – 54

NE-EUR – 20 – 107.8 4 23
E-EUR 43 67 109.2 57.1 96 18

P – 10 – 114.5 – 5

– = Not Observed
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Table 2. Median number concentration in the boundary layer (BL) and in the free troposphere
(FT) during anticyclonic (HP) and cyclonic (LP) conditions. N10 : CN concentration for particles
larger than 10nm measured with the CPC3010, N50 : CN concentration for particles larger than
50nm measured with the SMPS and N500 : CN concentration for particles larger than 500nm
measured with the PCASP.

N10 (cm−3) N50 (cm−3) N500 (cm−3)
HP LP HP LP HP LP

Boundary Layer

NW-EUR 1300 – 150 – 5 –
S-EUR – 4800 – 5400 – 56

NE-EUR – 5970 – 2900 – 40
E-EUR 5490 3135 3240 5820 28 76

P – 7090 – 1390 – 33

Free Troposphere

NW-EUR – – – – – –
S-EUR – 930 – 660 – 20

NE-EUR 660 400 80 260 0 2
E-EUR 865 920 680 940 11 29

P – 440 – 325 – 19
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Table 3. Log-normal characteristics of the number size distributions shown on Figure 3. Ni rep-
resents the concentration, Di is the geometric mean diameter and σ i is the standard deviation
of the particle mode i (mode 1 = nucleation; mode 2 = Aitken; mode 3 = accumulation).

HP LP
Mode Ni (cm−3) Di (nm) σ i Ni (cm−3) Di (nm) σ i

BL

NW-EUR
1 186 25 1.16 – – –
2 327 33.50 1.37 – – –
3 138 151.2 1.6 – – –

S-EUR
1 – – – 735 22.7 1.29
3 – – – 6150 111.7 1.79

NE-EUR
1 – – – 3280 28.2 1.32
2 – – – 1360 56.9 1.35
3 – – – 1750 145.8 1.63

E-EUR
1 1095 25.2 1.34 – – –
2 1975 59.5 1.48 5900 95 1.88
3 1905 163.7 1.49 – – –

P
1 – – – 3540 28 1.40
3 – – – 1205 131 1.71

FT

NW-EUR
1 – – – – – –

S-EUR
2 – – – 260 40.5 1.39
3 – – – 835 106.5 1.91

NE-EUR
2 215 35.8 1.42 190 42.3 1.34
3 45 115.9 2 220 103.6 1.70

E-EUR
2 895 47 2 380 55.3 1.41
3 605 174.8 1.52 835 141.5 1.65

P
3 – – – 360 128 1.80
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Table 4. Overview of total and refractory particle volume concentrations (integrated from the
size distribution measurements) and volume fraction of refractory matter.

Total volume (µm3 cm−3) Refractory particle volume (µm3 cm−3) Refractory fraction (%)
HP LP HP LP HP LP

BL

NW-EUR 0.71 – 0.13 – 18 –
S-EUR – 47.84 – 2.90 – 6

NE-EUR – 8.56 – 0.82 – 9
E-EUR 9.59 19.31 1.44 1.70 15 9

P – 5.32 – 0.83 – 15

FT

NW-EUR – – – – – –
S-EUR – 3.48 – 1.12 – 32

NE-EUR 0.30 0.46 0.72 0.17 – 36
E-EUR 4.11 3.95 0.64 1.10 15 28

P – 1.91 – 0.30 – 16
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Fig. 1. Identification of the geographical sectors used for the clas-
sification of the origin of the air mass trajectories

Fig. 1. Identification of the geographical sectors used for the classification of the origin of the
air mass trajectories.
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16 Crumeyrolle et al.: Aersosol properties characterization with the ATR-42 during the EUCAARI campaign

(a) (b)

(c) (d)

Fig. 2. Total CN concentration (Dp>10nm) as a function of the air mass origin in the free troposphere during anticyclonic (a) and during
cyclonic (b) conditions as well as in the boundary layer during anticyclonic (c) and during cyclonic (d) conditions. Lower and upper limits
of the box correspond to 25% and 75% percentiles, bottom and top whiskers the 0% and 100%. Middle bars indicate the median.

Fig. 2. Total CN concentration (Dp >10 nm) as a function of the air mass origin in the free
troposphere during anticyclonic (a) and during cyclonic (b) conditions as well as in the boundary
layer during anticyclonic (c) and during cyclonic (d) conditions. Lower and upper limits of the
box correspond to 25 % and 75 % percentiles, bottom and top whiskers the 0 % and 100 %.
Middle bars indicate the median.
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(a) (b)

(c) (d)

Fig. 3. Number particle size distribution (10nm<Dp<500nm) as a function of the air mass origin in the free troposphere during anticyclonic
condition (a) and during cyclonic condition (b) as well as in the boundary layer during anticyclonic condition (c) and during cyclonic
condition (d).

Fig. 3. Number particle size distribution (10 nm<Dp <500 nm) as a function of the air mass ori-
gin in the free troposphere during anticyclonic condition (a) and during cyclonic condition (b) as
well as in the boundary layer during anticyclonic condition (c) and during cyclonic condition (d).
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18 Crumeyrolle et al.: Aersosol properties characterization with the ATR-42 during the EUCAARI campaign

(a) (b)

(c) (d)

Fig. 4. Bar plot of average relative concentrations of non-refractory submicron aerosol as measured by AMS as a function of the air mass
origin in the free troposphere during anticyclonic condition (a) and during cyclonic condition (b) as well as in the boundary layer during
anticyclonic condition (c) and during cyclonic condition (d).

Fig. 4. Bar plot of average relative concentrations of non-refractory submicron aerosol as mea-
sured by AMS as a function of the air mass origin in the free troposphere during anticyclonic
condition (a) and during cyclonic condition (b) as well as in the boundary layer during anticy-
clonic condition (c) and during cyclonic condition (d).
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(a) (b)

(c) (d)

Fig. 5. Mass concentration of submicron non-refractory aerosol as measured by AMS as a function of the air mass origin in the free
troposphere during anticyclonic condition (a) and during cyclonic condition (b) as well as in the boundary layer during anticyclonic condition
(c) and during cyclonic condition (d). Lower and upper limits of the box correspond to 25% and 75% percentiles, bottom and top whiskers
the 0% and 100%. Middle bars indicate the median. Black points represent the total mass concentration (including the mass of refractory
material derived from its volume distribution and a density of 1.8 g cm−3).

Fig. 5. Mass concentration of submicron non-refractory aerosol as measured by AMS as a
function of the air mass origin in the free troposphere during anticyclonic condition (a) and
during cyclonic condition (b) as well as in the boundary layer during anticyclonic condition (c)
and during cyclonic condition (d). Lower and upper limits of the box correspond to 25 % and
75 % percentiles, bottom and top whiskers the 0 % and 100 %. Middle bars indicate the median.
Black points represent the total mass concentration (including the mass of refractory material
derived from its volume distribution and a density of 1.8 g cm−3).
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20 Crumeyrolle et al.: Aersosol properties characterization with the ATR-42 during the EUCAARI campaign

(a) (b)

(c) (d)

Fig. 6. CCN/N50 ratio (left scale) as a function of the air mass origin in the free troposphere during anticyclonic condition (a) and during
cyclonic condition (b) as well as in the boundary layer during anticyclonic condition (c) and during cyclonic condition (d). Black points
represent the median CCN concentration (right scale).

(a) (b)

(c) (d)

Fig. 7. Scattering cross-section calculated at 550nm for particles larger than 150nm as a function of the air mass origin in the free troposphere
during anticyclonic condition (a) and during cyclonic condition (b) as well as in the boundary layer during anticyclonic condition (c) and
during cyclonic condition (d). Lower and upper limits of the box correspond to 25% and 75% percentiles, bottom and top whiskers the 0%
and 100%. Middle bars indicate the median.

Fig. 6. CCN/N50 ratio (left scale) as a function of the air mass origin in the free troposphere
during anticyclonic condition (a) and during cyclonic condition (b) as well as in the boundary
layer during anticyclonic condition (c) and during cyclonic condition (d). Black points represent
the median CCN concentration (right scale).
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20 Crumeyrolle et al.: Aersosol properties characterization with the ATR-42 during the EUCAARI campaign

(a) (b)

(c) (d)

Fig. 6. CCN/N50 ratio (left scale) as a function of the air mass origin in the free troposphere during anticyclonic condition (a) and during
cyclonic condition (b) as well as in the boundary layer during anticyclonic condition (c) and during cyclonic condition (d). Black points
represent the median CCN concentration (right scale).

(a) (b)

(c) (d)

Fig. 7. Scattering cross-section calculated at 550nm for particles larger than 150nm as a function of the air mass origin in the free troposphere
during anticyclonic condition (a) and during cyclonic condition (b) as well as in the boundary layer during anticyclonic condition (c) and
during cyclonic condition (d). Lower and upper limits of the box correspond to 25% and 75% percentiles, bottom and top whiskers the 0%
and 100%. Middle bars indicate the median.

Fig. 7. Scattering cross-section calculated at 550nm for particles larger than 150 nm as a func-
tion of the air mass origin in the free troposphere during anticyclonic condition (a) and during
cyclonic condition (b) as well as in the boundary layer during anticyclonic condition (c) and
during cyclonic condition (d). Lower and upper limits of the box correspond to 25 % and 75 %
percentiles, bottom and top whiskers the 0 % and 100 %. Middle bars indicate the median.
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Fig. 8. Asymmetry factor as a function of the scattering Angström
coefficient both obtained from the nephelometer measurements (at
550nm) in the boundary layer (red circles) and in the free tropo-
sphere (black triangles).

Fig. 8. Asymmetry factor as a function of the scattering Angström coefficient both obtained from
the nephelometer measurements (at 550 nm) in the boundary layer (red circles) and in the free
troposphere (black triangles).
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