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Abstract. The chemical composition and water uptake char-resentative aerosol hygroscopic parametgk. Calculated
acteristics of sub-micrometre atmospheric particles over themix values ranged from 0.19 to 0.84 during the first flight
region of the Aegean Sea were measured between 25 Auguand from 0.22 to 0.80 during the second flight. Air masses of
and 11 September 2011 within the framework of the Aegeandifferent origin as determined by back trajectory calculations
Game campaign. High temporal-resolution measurements ofan explain the spatial variation in chemical composition and
the chemical composition of the particles were conductedcyix values of the particles observed in the region.

using an airborne compact time-of-flight aerosol mass spec-

trometer (cToF-AMS). These measurements were performed

during two flights from the island of Crete to the island of

Lemnos and back. A hygroscopic tandem differential mo-1 Introduction

bility analyser (HTDMA) located on the island of Lemnos

was used to measure the ability of the particles to take upé\tmospheric aerosol particles affect the global radiative bal-
water. The HTDMA measurements showed that the particlegnce of the earth by directly absorbing and scattering solar
in the dominant mode were internally mixed, having hygro- radiation (i.e. direct effectdaywood and Bouche2000),
scopic growth factors that ranged from 1.00 to 1.59 whenand indirectly by acting as cloud condensation nuclei (i.e. in-
exposed to 85% relative humidity. When the aircraft flew direct effect;Ogren and Charlsori993). Scattering and ab-
near the ground station on Lemnos, the cToF-AMS measureSorption of atmospheric particles strongly depends on their
ments showed that the organic volume fraction of the parti-Size and chemical composition, which are often characterised
cles ranged from 43 to 56 %. These measurements corrobdy high variability as a result of the large diversity of their
rate the range of hygroscopic growth factors measured by th&ources and the different physicochemical processes they are
HTDMA during that time. Good closure between HTDMA involved in during their lifetime ldallquist et al, 2009. The

and cToF-AMS measurements was achieved when assumi,@\emical composition of the particles also defines their hy-
that the organic species were less hygroscopic and had an agfoscopicity, i.e. their ability to take up water, which in turn
erage density that corresponds to aged organic species. Usirfg" affect their interaction with incoming solar radiation. To
the results from the closure study, the cToF-AMS measurePredict the hygroscopic behaviour of pure or mixed inor-

ments were employed to determine vertical profiles of a rep-ganic particles one can use basic thermodynamic principles
(e.g.Clegg et al. 1998. For particles that consist of organic
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11596 S. Bezantakos et al.: Chemical composition and hygroscopic properties of aerosol particles

species or mixtures of organic and inorganic compoundswere performed by an HTDMA system located on the is-

however, existing knowledge does not allow accurate predicland of Lemnos in the northern region of the Aegean Sea.

tions of their hygroscopicity. This limited understanding is Good closure between cToF-AMS and HTDMA measure-

one of the greatest uncertainties in determining the role ofments (agreement withie:5 % uncertainty) was achieved

atmospheric aerosols on climate. when the aircraft flew in the vicinity of the ground station.
To overcome the complexities involved in associating theUsing the parameterisation from the closure study, we em-

chemical composition of atmospheric particles with their hy- ploy the cToF-AMS measurements to determine vertical pro-

groscopic behaviourPetters and Kreidenwei007) pro- files of the hygroscopic parameteix of the particles in the

posed the use of a single hygroscopic parametéhe value  region.

of k is zero for completely insoluble but wettable particles

whose water activity is not affected by water adsorbed on

their surface. For typical atmospheric soluble-salt particles? Methods

such as ammonium sulfate or sodium chloride, the value of oL . . .
A combination of airborne chemical composition and

« '5.0'53 and 1.12, respectyely, whereas for secondary ory round-based hygroscopicity measurements of aerosol par-
ganic aerosols (SOAs) it typically ranges between 0.0 ancﬁcles over the Aegean Sea was performed from 25 August

0.2 (Eetters z_ind Kreidenwei2007. Us_lng the parametecr to 10 September 2011. The equipment and the data analysis
and information about the hygroscopic behaviour of the pure : . .
ethods are briefly presented in the following paragraphs.

chemical species, one can make a good first approximation of!
the wa.ter uptake charagteristics of internally mixeq particles., 4 Experimental
Particles observed in remote areas are typically sus-
pended in the atmosphere long enough to reach an internally 1.1  Airborne measurements
mixed state through coagulation and condensation of gaseous
species fleintzenberg1989. This is typically the case for The airborne measurements involved a total of three flights
the wider area of eastern Mediterranean, and particularly thérom Crete to Lemnos and back with the FAAM BAel146
region over the Aegean Sea, during July and August wheraircraft (cf. Tombrou et al.2012. The cToF-AMS was op-
the prevailing northern winds (i.e. the Etesians) carry pol-erational in only two of these flights; namely flights b637
luted air masses from central Europe, the Balkans (includingand b641 performed on 1 and on 4 September, respectively.
northern Greece), and the Black Sédil{alopoulos et al. Detailed paths of these flights are shown in Fig. 1. In both
1997 Lelieveld et al, 2002. The polluted air masses blend cases the aircraft took off from Chania Airport, on Crete and
with natural primary and secondary particles, resulting in in-headed east before turning north towards the island of Lem-
creased particle concentrations commonly observed in the reros. The first flight took place from 09:00 to 13:45UTC on 1
gion (Salisbury et al.2003. September. During that flight, the altitude of the aircraft was
Although information about the size, the concentration, above 300 m on its way to Lemnos (eastern leg of the flight).
and the integrated chemical composition of particles foundTo capture the vertical variation of the chemical composition
over the southern Aegean region has been extensively resf the particles along this path, the aircraft performed two
ported in the literature (e.d<oulouri et al, 2008 Kalivitis missed approaches: one over the central Aegean Sea, and one
et al, 2008, high temporal resolution measurements of their over the island of Lemno§¢mbrou et al.2012. The second
hygroscopicity and/or chemical composition has been ratheflight took place from 11:13 to 15:38 UTC on 4 September.
scarce Pikridas et al.2010. To the best of our knowledge, During that flight, the altitude of the aircraft along the leg
only Stock et al.(2011) have carried out measurements us- from Crete to Lemnos (i.e. the part over the eastern Aegean
ing a hygroscopic tandem differential mobility analyser (HT- Sea) was at lower altitude, almost constantly at 150 m above
DMA) system at Finokalia on the island of Crete. During that sea level (a.s.l.). The flight leg from Lemnos to Crete (i.e. the
study the observed hygroscopic growth factors of particlespart over the western Aegean Sea) was in general at altitudes
having dry mobility diameters of 50, 80 and 150 nm rangedabove 2.3 km during both flights, except for a small period
from 1.12 to 1.59 when exposed at 90 % relative humidity. during the second flight when the aircraft flew at 160 m a.s.l.
In this work we report high temporal resolution chemi- on the southeast of Athens. Considering that the marine at-
cal composition and hygroscopicity measurements of parti-mospheric boundary layer (MABL) was below 1km, some
cles in the atmosphere over the Aegean Sea. Chemical conparts of the flights were within and some above it.
position measurements of non-refractory fine aerosol parti- The non-refractory submicron chemical composition of
cles were conducted using an airborne compact time-of-flighthe aerosol particles was determined by a cToF tyfené-
aerosol mass spectrometer (cToF-AMS) onboard the UKgaratna et al.2007 Drewnick et al, 2009 AMS (Aero-
BAe-146-301 Atmospheric Research Aircraft, which was op-dyne Research Inc.) onboard the aircraft. Details of the air-
erated through the Facility for Airborne Atmospheric Mea- borne cToF-AMS instrument and the algorithm used for the
surement (referred to as the FAAM BAe-146 aircraft from analysis of the measurements are providetMorgan et al.
this point onwards). Particle hygroscopicity measurementg2010. In brief, air was sampled through a Rosemount inlet
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composition-dependent collection efficiency were applied
Vigla according to the parameterisation introduced Middle-
brook et al.(2012.

2.1.2 Ground measurements

The ground-based hygroscopicity measurements were con-

Island of Lemnos ducted at a station located 420 m a.s.l. in the area of Vigla,
< ™ N 7 on the northwestern part of the island of Lemnos’@3 N,
41 MThessaloniki ~ N it s 25° 04 E; cf. Fig. 1). The area is far from any major city
< ?g ; and from local anthropogenic sources. A custom-made HT-
/|~ Flight b641 4 DMA system Rader and McMurry1986 and a commer-

aor cially available scanning mobility particle sizer (SMPS, TSI

Model 3034;Wang and Flagari990 were used to measure
the hygroscopic growth factor and the size distribution of the
particles, respectively. For these measurements, ambient air
was sampled through a 6-m long copper tube (ID =26 mm)
with a total flow rate of 30.0 Ipm at atmospheric conditions.
From this flow, 0.3 Ipm were sampled by the HTDMA system
and 1.0lpm by the SMPS. A silica-gel diffusion drier was
used upstream of the two systems in order to maintain the
relative humidity (RH) of the sampled flow at 33 %. The
SMPS system measured the particle size distribution from 10
to 487 nm, whereas the HTDMA measured the hygroscopic-
ity of the particles having dry diameters from 50 to 170 nm.
The HTDMA system consisted of two differential mobil-
. y 1 ity analysers (DMAsKnutson and Whitby1975, and a con-
I" Island of Crete densation particle counter (CPC, TSI Model 30234glzen-
22 24 26 28 burg and McMurry 1991). The first DMA (DMA-1, TSI
Longitude 3080) included &°Kr aerosol neutraliser and a closed-loop
system for recirculating the sheath flow. The second DMA
Fig_. 1. Map of Greece sh_owing the island of Lemnos and the lo- (DMA-2) employed a custom-made system for the sheath
Cﬁt"_’r; ofdth_lt_ehgroudnd sc;anor; a}, Vlglahon tthhz nortt:w%?ltern g?)rttohfflow recirculation with an RH controller (cBiskos et al,
the island. € rea ana green lines snow pains owe Yy
FAAM BAe-146 aircraft on flights b637 and b641, performed on 1 %0966)' For each measurement, the_ voltage on DMA.'.l was
and 4 September, respectively. adjusted to select dry aerosol partlcle_s havmg_ mobility d|-_
ameters from 50 to 170 nm. The quasi-monodisperse parti-
cles downstream of DMA-1 were conditioned within a single
Nafion-tube humidity exchanger (Perma Pure Model MD-
110) to a constant RH of 85 %. The size distribution of the

cf. Foltescu et a).1995, mounted on the aircraft fuselage. NuMidified particles was then measured by DMA-2 and the
Inside the AMS an aerodynamic lending et al, 2009 was CPC. The aerosol and the sheath flows for both DMAs were

used for focusing the sampled particles onto the heated su@-3 @nd 3.01pm, respectively.
face, which was maintained at 680. The vapours result- ~ 1he RH and temperature of the aerosol flow down-

ing from volatilising the particles on the heated surface wereStré@m the humidity exchanger and of the sheath flow in

then ionised using electron impact at 70 eV, and the ion frag PMA-2 were measured by two humidity/temperature sensors
otronic Model SC-05). A proportional-integral-derivative

ments were analysed by a quadruple mass spectrometer &R

specific ions, including Nﬁ1 ClI-, NO; SOf[ and organics. (PID) controller was used to control the RH in both flows

The cToF-AMS can measure particles having vacuum aerobY adjusting the flow of a parallel stream of very high RH
0 %) on the outer annulus of each Nafion-tube humid-

dynamic diameters (VADs) in the range from 50 to 700 nm (¢&- 10
(Liu et al, 2007, with a detection limit of ca. 50 ng . ity exchanger. The overall performance of the HTDMA was

The cToF-AMS was calibrated using monodisperse am_tested with ammonium sulfate and sodium chloride particles

monium nitrate particles and the recorded measurementRroduced by atomisation. The uncertainty of the particle size
were analysed using the fragmentation table approath ( Measurements by the system was less than 1% whereas RH
lan et al, 2003 2004 with the modifications introduced variations were within less than 2 % of the set point.

by Aiken et al. (2009. Corrections for variations in the

391

38

Latitude

377

36

351

(a forward-facing, sub-isokinetic inlet with sampling effi-
ciency close to unity for particles600 nm; for more details
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2.2 Data analysis monodisperse modes, depending on the hygroscopic vari-
ability of the particles.
221 SMPS measurements To distinguish between modes that may correspond to dif-

) , ferent particle populations in a systematic way, we employed
The inversion of the SMPS measurements was performeg,. TpmAfit algorithm Gtolzenburg and McMurry1988
using the Aerosol Instrument Manager software (AIM, TSI ¢4, jnyerting the HTDMA measurements. The algorithm uses
version 6.0), including correction for multiply charged par- ,q |east squares method to fit Gaussian-shaped transfer func-
ticles. The inverted particle-number size distributions wereyions to the measured response of the system. To locate the
then analysed using a curve-fitting algorithm similar to that ye 51 positions and the associated particle-number concen-
described irHussein et al(2009. This algorithm employed  ¢a4ions that give the best fit, the algorithm employs a search
the least squares method to fit the sum of up to three 1093 tine that is based on a number of convergence criteria and
normal distributions to the measurements. The first ognor-¢,nstraints. When a chi-square function of the fit residual
mal distribution corresponded to particles having a geometypanges by less than 0.1% and each of the fitted parame-
ric mean mobility diameter from 10.0 to 25.0 nm (nucleation (g gjters by less than 10% of its respective estimated un-
mode), the second from 25.1 to 90.0 nm (Aitken mode), andcetainty, the TDMATit algorithm is considered to have con-
third from 90.1 to 500.0 nm (accumulation mode). The geo-yerged to the best fit. Measurements inverted also by the TD-
metric standard deviation of each lognormal distribution wasy; ainy algorithm developed bysysel et al(2009 gave hy-

allowed to vary between 1.2 and 2.1. The algorithm startsyoscopic growth factors that agreed within less th@n5 %
by fitting a tri-modal lognormal distribution to the measure- with those calculated by TDMASit.

ments, and successively tests the possibility of reducing itto o, the analysis of the HTDMA measurements, we as-
a blj or to a uni-modal dlst.rlbutlon based on the estlmateqsumed that all the particles have a spherical shape when se-
partlcle-.number concentration of 'each mode, the; geometriga e by DMA-1, and that particle shrinkage due to the pres-
mean diameter, and the geometric standard deviation of thgce of yolatile species (e.g. ammonium nitrate) was negligi-
neighbouring modes. ble. Under these assumptions, measured hygroscopic growth
factors less than 1.0, comprising ca. 3% of all the measure-

2.2.2 HTDMA measurements
ments, were excluded.

The hygroscopic growth factog, determined by the HT-
DMA measurements is given by

dm(RH)
dm,dry

2.2.3 Determining hygroscopic growth factors from the
AMS measurements

g(RH) = , (1) The hygroscopic growth factor of internally mixed parti-

cles, gmix, can be estimated using the AMS measurements
wheredm(RH) andd,, qry are the geometric mean mobility as Kreidenweis et a).2008
diameters of the sampled particles at the hydrated state (i.e. 1

— _ o 3
RH= 85 %) measu.r'ed by DMA-2 and the CPC, and at the drygmiX(RH) _ <1+ Kmix( w )) ’ 3)
state, i.e. the mobility diameter selected by DMA-1, respec- 1—ow

tively. The RH at the inlet of DMA-1 varied between 27 and wherea,, is the water activity of the solution droplet, which

33 %, having an average value of 30 % during the entire pe'neglecting the Kelvin effect is equal to RH/100, angly is

riod of the measurements. As a result, the measured growtthe hygroscopic parameter of the mixed particles given by
factor can be more accurately expressed as
Kimix = ) €iki. 4
i

dm(85%)

dm(30%) .
Heree; = Vsi/ Vs andk; are the volume fraction and the hy-

Heredm(30%) is the nominal mobility diameter of the par- groscopic parameter of the ith chemical species of the parti-
ticles selected by DMA-1, andy(85%) is the mobility di-  cles, with Vg being the volume occupied by that species and
ameter measured by DMA-2 and the CPC of the HTDMA Vs the dry volume of the particle.
system. To estimate the volume fractions of each species of the par-

Internally mixed monodisperse particles of uniform chem- ticles from the cToF-AMS mass measurements, we first de-
ical composition will grow to the same size when subjectedtermined the molar fractions of the ions and then those of the
to identical RH conditions downstream of DMA-1. Exter- chemical compounds comprising the particles using the ion
nally mixed particles, on the other hand, can grow to sizespairing algorithm proposed Wyilinis et al.(1987%), and later
that may or may not be distinguishable in the HTDMA scans. simplified byGysel et al(2007). In this simplified algorithm,
In this case, the size distribution of the humidified monodis-by setting the fraction of nitric acid to zero, the molar frac-
perse particles can exhibit a single mode that is significantlytion of ammonium nitrate is equal to the molar fraction of ni-
broadened compared to that of the dry sample, or distinctrate ions. The rest of the ammonium ions are assigned to the

2(85%30%) = (2
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Table 1. Hygroscopic parameteks and densitiep used in thec- ground station ranged from 17.7 to 29® and from 16 to
Kéhler theory (Eq. 3). 87 %, respectively.
Chemical species K o (kgm3) 3.1 Measurements in the atmosphere over the ground
station
(NH4)2S0y 0.53 1769
NH4HSO, 0.56* 1720 As described in Sect. 2.1, the size distributions and the hy-
NH4NOs 0.68 1780 groscopicities of the particles were continuously measured
H2504_ 0.97 . 1830 at the ground station during the entire period of the cam-
Organics 0.00-0.20  1200-1708 paign. During each flight, the FAAM BAe146 aircraft flew
2 Petters and Kreidenwe{g007; in the vicinity of the ground station (i.e£300 m above or
c S;ﬁ(';jfs{ - Z:‘é%ég below the station and within a radius of 30 km) for approx-
d Biskos et al(2009. imately 10 to 15min. The measurements performed by the

airborne cToF-AMS during these two time windows were
used to check the closure between hygroscopicity and chem-

sulfate ions, and depending on the ammonium to sulfate raical composition measurements. The following paragraphs
tio, the molar fractions of sulfuric acid, ammonium bisulfate Provide an overview of the ground-based measurements and
and ammonium sulfate are determined. To convert the moléhe closure study.

fractions to volume fractions, we used the bulk densities for

every chemical species as summarised in TablBuplissy

et al, 2011). The respective hygroscopic parameters are als
shown in Table 1PRetters and Kreidenwei2007, Biskos et
al., 2009. For the organic compounds commonly present in
atmospheric particles, the densiby.g, and hygroscopic pa-
rameterxorg, can vary from 1200 to 1700 kgm (Hallquist

et al, 2009, and from 0.0 to 0.2Retters and Kreidenweis
2007, respectively.

3.1.1 Particle size distributions

%he evolution of the 1 h averaged particle size distributions

measured by the SMPS, together with time series of the num-

ber concentration of particles having dry mobility diameter

in the ranges of 50-80, 80—100 and 100-170 nm, for all the

days of the experiment are shown in Fig. 2. The total number

concentration of the particles having diameters from 10 to

487 nm varied from ca..4 x 10 to 1.0 x 10* particlescn3,

with median value of B x 10%. Aimost 72.1 % of the sam-

. ] ples exhibited bi-modal distributions, whereas 14.2% and

3 Results and discussion 13.7% of them showed uni-modal and tri-modal distri-
- ) - ) ) . butions, respectively. The total particle number concentra-

The prevailing synoptic conditions during the entire period iy in the nucleation mode varied from7ix 102 to 3.2 x

of the measurements correspond mainly to north easteryy particlescm3, with a median value of .7 x 1(?, in the

lies surface winds over the Aegean Sea, being associatelgjdtken mode from 17x 10 to 7.1x 10° particles cmm3, with

with a large-scale surface anticyclone. From 30 August 05 madian value of.D x 103, and in the accumulation mode

3 September, however, the wind speeds were substantially,m 18 x 102 to 34 x 10° particlescnt3, with a median

lower with northwesterly directions. In particular, during the | o) ,e of 90 x 102. Most often the particles were observed in
flight performed on 1 September (flight b637), a large-scaleyhe ajtken and the accumulation modes during the entire pe-
surface anticyclone prevailed over southeastern Europe, prgjo of the measurements. Particle size distribution measure-
ducing fair weather conditions and a moderate flow from mants over the region of the Aegean Sea are only available
the north-east sector over the Aegean Sea. During the flighty ihe station of Finokalia on Cret®ikridas et al.2010.
performed on 4 September (flight b641), the low pressurésccording to that study, the average total number concentra-

pattern that prevailed over southeastern Europe, in combingjp, of particles having mobility diameters from 10 to 500 nm
tion with the anticyclone over Balkans, resulted in a strong,yas ca. 27 x 103 particlescnt3, which is very similar to the
channelled surface-wind flow over the Aegean Sea. Aver-.,centrations measured on Lemnos.

age wind speeds of up to 20 mswere measured at alti-  £rom 30 August to 3 September, the majority of the par-
tudes 150m a.s.l, but diminished above 4.5km. When th&;c|es resided in the accumulation and the Aitken modes.
aircraft flew in the vicinity of the station on Lemnos, the The rest of the period was characterised by wider size dis-
surfacle winds were from southwest direction and lower thanyip ,tions with particles residing also in the nucleation mode
Sms™ during the first flight, and from northeast directions (; & particles having diameter smaller than 25 nm). This pat-
with speeds ranging from 9.5 to 13 m'sduring the second e i well correlated with the variability in the origin of the
flight. The surface temperature and RH at the ground stationjr masses arriving at the station (cf. discussion in Sect. 3.2

on Lemnos during the two missed approaches were 28 angd,4 back-trajectory calculations shown in Fig. S1).
21°C, and 45 and 75 %, respectively. For the entire period of

the measurements, the surface temperature and the RH at the

www.atmos-chem-phys.net/13/11595/2013/ Atmos. Chem. Phys., 13, 1139508 2013
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% 3, Fig. 3. Size distribution measurements of the humidified monodis-
oe 2r perse particle samples recorded by the HTDMA system. Particles
< 0 i LA N AR having dry mobility diameters of 70 (green), 90 (red), and 150 nm
19/08 24/08 29/08 03/09 08/09 12/09 (blue) selected by DMA-1 at 38 3% RH were exposed to 85 %
Date RH and measured by DMA-2 and the CPC. Symbols represent the

) ) ) ] o actual measurements and lines the fitted curves determined by the
Fig. 2. _Evolutlon_ of normalls_e_d, hpurly averaged size distributions TpMmAFIT algorithm. One hygroscopic mode is observed in all the
of particles having dry mobility diameters from 10 to 4876@),  measurements, corresponding to growth factors of 1.22, 1.22 and
and temporal variation of the respective number concentration 51 for the 70-. 90- and 150-nm dry particles, respectively.
of particles residing in the nucleation, Aitken and accumulation

modes(b) throughout the whole period of the Aegean-Game field
campaign. @

d,(30%) = 50-80 nm
L7F o d,(30%)=80-100 nm

m

o d,(30%)=100-170 nm

m

3.1.2 Particle hygroscopicity

Characteristic raw measurements by the ground-based HT-
DMA are shown in Fig. 3. The recorded size distributions
correspond to particles having dry mobility diameters (i.e. di-
ameters selected by DMA-1) of 70, 90, and 150 nm after be-
ing exposed to 85 % RH. The respective hygroscopic growth
factors g(859430%) of those samples are 1.22, 1.22, and
1.21. In almost all the HTDMA measurements, the geomet-
ric standard deviation of the size distribution of the humid-
ified particles was similar to that of the dry ones, indicat- 7
ing that the samples were internally mixed. This is expected-
in remote areas with no major local anthropogenic particle
sources. ‘
Figure 4 shows the hygroscopic growth factors LPVAAA o
£(85%|30 %) measured by the HTDMA (Fig. 4a) together 2308 28008
with the measured (SMPS data) number concentrations of ] ) ) )
the particles having dry diameters in the ranges selected bglg. 4.Time series of the hygro_scoplc growth factors of atmospheric
DMA-1 (Fig. 4b) during the entire period of the campaign. erosol particles measured with the HTDM#) and number con-

Th i d in th diff tcl centrations of the particles having dry mobility diameters in the
€ measurements are grouped in three different C asse?anges sampled by the HTDM#) at the ground station on Lem-

depending on the dry mobility diameters selected by DMA- ,o'|sjand. Aerosol particles are grouped in three different regions
1: green circles and curve correspond to measurements Qfased on their dry mobility diameters: from 50 to 80 nm (green cir-
particles having dry mobility diameters from 50 to 80 nm, cles and curve), from 80 to 100 nm (red squares and curve), and
red squares and curve from 80 to 100 nm, and blue diamond8om 100 to 170 nm (blue diamonds and curve).

and curve from 100 to 170 nm. Note that although the dry

diameter was selected to be close to the peak of the most

dominant mode of the particle size distribution as measured

Hygroscopic Growth Factor g(85%]|30%)

d,,(30%) = 50-80 nm
d,,(30%) = 80-100 nm
d,,(30%) = 100170 nm

ation

Concentr:

(x 103particles cm

31/08 03/09 06/09 09/09 12/09
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by the SMPS, measurements of dry particles in other modes 1.0
were randomly sampled to investigate potential differences

in their hygroscopicity. For the Aitken (19 % of the samples) ¢ ¢
and accumulation (81% of the samples) mode particles,
the average growth factors were 1.18 (ranging from 1.00

2
to 1.56) and 1.21 (ranging from 1.00 to 1.59), respectively. g 06
The average growth factor for all particle sizes was 1.20, =
having a minimum value of 1.00 and a maximum of 1.59. = 04
Periods with particles of high (from 25 to 30 August), low é
(from 30 August to 2 September) and moderate (from 2t0 9 3 0.2
September) variation in the growth factor can be identified
in the HTDMA measurements. This difference is well 0.0 . : : :
correlated with the variability in the origin of the air masses 11:58 12:01 12:04 12:07 12:10
arriving at the station. During the days with the low variation Time (hours; UTC)
in particle hygroscopicity, the air masses reaching the station 1.0
had almost the same origin (i.e. the Black Sea), as indicated |:|st04

in Fig. S1 in the Supplement. 0.8 I so,
Although the selected dry diameters correspond to differ-
ent periods during the campaign, they exhibit very similar = I:l‘NH4’ZSO4
growth factors when comparing nearby measurements. Con-£ *¢ [ ]organics
sidering also that the variability and the average growth fac- S
tors corresponding to particles having different dry diameters 2 0.4
are also very similar, in most of the cases, suggests that theres
is no noticeable variation of chemical composition as a func- 3
tion of particles size. It should also be pointed out that the
selected dry particles had diameters in the range from50to , , /
170 nm, within which the contribution of the Kelvin effect to 13:12 13:15 13:18 1321
the hygroscopic growth of the particles is negligitBiskos Time (hours; UTC)

et al, 2006k Park et al, 2009). Fig. 5. Cumulative volume fractions of the chemical species com-

The average hygroscopic growth factor measured in ourprising the particles in the atmosphere over the ground station on

work is ca. 12 % lower compared to those reportedyck | emnos Island during the flights performed on 1 September (flight
et al.(2013), who also employed an HTDMA system at Fi- 1637)(a) and on 4 September (flight b64@). The volume frac-
nokalia, on the island of Crete, from 12 August to 20 Octo- tions are estimated by the ion pairing algorithm and the chemical
ber 2005. The hygroscopic growth factors of particles hav-composition measurements from the airborne cToF-AMS.

ing dry diameters 50, 80, and 150 nm observed during that

study ranged from 1.12 (nearly hydrophobic particles) to

1.59 (more hygroscopic particles). Considering that thosehe total particle dry volume, whereas ammonium sulfate and
HTDMA measurements were conducted at 90 % RH usingammonium bisulfate accounted for the rest. Although the
thex-Kohler theory (i.e. Egs. 3 and 4), we calculate the cor-volume fraction of the organic species was similar during
responding growth factors at 85 % RH to be in the range fromboth days, the inorganic fraction of the particles was more
1.08 to 1.43. Although this range is similar to that observedacidic during the flight on 1 September (Fig. 5a). Consid-
in our study, the occurrence frequency of the more hygro-ering that during both flights the chemical composition of

action

Fr

scopic particles reported Hytock et al.(2011) was signifi-  the particles did not show high variability with size (data not
cantly higher (of the order of 84 to 90 %) compared to that in shown), the cToF-AMS measurements can be considered as
our study (i.e. ca. 35%). representative for the entire particle size range and therefore

can be used to predict the hygroscopic growth of the particles

3.1.3 Particle chemical composition and hygroscopicity — using thex-Kdhler theory.
The comparison between predicted (i.e. using Egs. (3) and

Figure 5 shows the chemical composition of the atmospherid4) and the cToF-AMS measurements) and measured (i.e. us-
particles when the aircraft was flying within a 30 km radius ing Eqg. (2) and the HTDMA measurements) hygroscopic
from the ground station and between 100 and 700 m alti-growth factors is shown in Fig. 6. The particles measured
tude (i.e. ca300 m from the altitude of the ground station). by the HTDMA had dry mobility diameters of 100 nm. To
The reported volume fractions are estimated by applying theaccount for the fact that the relative humidity of the dry sam-
ion pairing algorithm to the cToF-AMS measurements (cf. ple was 30 %, and therefore the particles entering the HT-
Sect. 2.2.3). The organic species comprised almost 50 % oDMA may have already had some water due to their acidity
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1.8 . - - - of organic species as indicated from the literature;Hdl-
a2l @ o Predictions using the x-Kéhler theory] lquist et al, 2009, we increaseda g from 0 up to the value
and the cToF-AMS Measurements that the predicted hygroscopic growth factors agreed with the
1.6} ] B o )
o Measurements using Eq. 5 measured ones Wlthén 5%. In a similar manner, we increased
and the HTDMA Measurements 1 Porg from 1200 kgnT= by keepmg’(m’g =0. From the result-

ing ranges okorg and porg, We used the mean values as the

%% T %% 1T, ﬁ ELT] %% L most representative for each day. Following this procedure

7 we estimatedorg=0.03 andporg=1300 kg nT3 during the
flight on 1 September, andyg= 0.1 andoorg= 1400 kg 3
during the flight on 4 September. Evidently, the organic frac-
tion of the particles observed during the closure on 4 Septem-

Hygroscopic Growth Factor

li(1)'58 . o o N ber was more hygroscopic and slightly more dense compared
' ' Time (hours; UTC) ' to that on 1 September. In either case, the organi_c fractiqn
1.8 - of the particles was far less hygroscopic than the inorganic
L ® o Predictions using the x-Kohler theory. fraction, resulting in a reduction of the amount of water they
g e and the cToF-AMS Measurements could uptake as compared to their pure inorganic counter-
E ’ o Measurements using Eq. 5 parts.
s 15T and the HTDMA Measurements
o o .
S |4k T 3.2 Measurements in the atmosphere over the
2 %%%%%%%%%%%%%%% Aegean Sea
S 1.3¢
é 1.2F 1 In the paragraphs that follow we provide an overview of the
T n cToF-AMS chemical composition measurements conducted
' over the Aegean Sea during the two flights of the campaign,
1953 315 1318 1321 and employ them to predict the representative hygroscopic
Time (hours; UTC) parameter of the particles using th&ohler theory.

Fig. 6. Hygroscopic growth factors measured by the HTDMA 3 51  Particle chemical composition
(black dots) and predicted by-Kohler theory using the chemi-

cal composition measurements from the airborne cToF-AMS (redT

squares) when the aircraft was flying close to Vigla station on 1. . . .
(flight b637) September 20&) and on 4 (flight b641jb) Septem- ticles observed during the entire flights on 1 and 4 September

ber 2011. The HTDMA growth factors correspond to particles hav- are shown in Figs. 7 and 8,_respect|vely. During the fl|ght on
ing dry mobility diameter of 100 nm, whereas the chemical compo-1 September (data shown in Fig. 7), the volume fraction of
sition corresponds to particles having Vacuum Aerodynamic Diam-Sulfuric acid, ammonium bisulfate, and ammonium sulfate
eters (VADs) in the range 50-700 nm. Error bars represent the 2 %anged from zero to 0.86, with a median value of zero; from
uncertainty in the RH measurements. zero to 0.66, with a median value of 0.22; and from zero to
1.00, with a median value of 0.31; respectively. In two of the
four vertical paths of the flight (i.e. above the central Aegean
Sea and above the island of Lemnos), the acidity of the par-
ticles appeared to increase with increasing height, indicating
that the concentration of ammonia was very low at high al-

he volume fractions of the compounds comprising the par-

(cf. Biskos et al. 2009 Engelhart et a).2011) and/or their
organic content (cfMarcolli et al, 2004, we calculate the
absolute growth factor at 85 % RH as

dm(85%  dn(30% dn(85%) titudes, as had been observed in other regions &mgngler
g(85%) = = X ; ;
dm.dry dm.dry dm(30%) et al, 1990. The volume_fractlon _of ammonium sulfate was
— 2(30%) x 2(85%30%). ) almost zero at lower altitudes, rising to 0.5 at 2.5km a.s.l.

This pattern was inverted in the two vertical paths above
Hereg(85%30%) is the measured growth factor (cf. Eq. 2) Crete. The volume fractions of ammonium bisulfate in this
andg(30% is the growth factor of the particles entering the case were high at lower altitudes 700 m a.s.l.) and, with
HTDMA at 30% RH. The latter is estimated using the  the exception of a couple of points (one around 2.0 and one
Kohler theory and the composition measurements provided.7 km a.s.l.), decreased with increasing height. In all cases,
by the cToF-AMS. The estimated30%) values varied from  the concentration of }50, was almost zero for the entire
1.03 to 1.06 during the specific measurements. flight, with the exception of a few measurements higher than
For the predicted growth factors shown in Fig. 6, we used4.0 km a.s.l. over Crete.

the fixedx andp values for the inorganic species shown in ~ As shown by back trajectory calculations (cf. Fig. S2),
Table 1. The values dforg and porg were determined as fol-  low-altitude air masses arriving over the north or central
lows. By keepingcorg=1200kg nT3 (i.e. the lowest density Aegean Sea originated from eastern Europe and the wider
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Fig. 7. Composition of the non-refractory compounds measured by the cToF-AMS during the flight performed on 1 September 2011 (flight
b637) over the Aegean Sea. The reported volume fractions $&04 (a), NH4HSO, (b), (NH4)2SO4 (c) and organic matte(d) are
estimated using the mole fractions determined by the cToF-AMS measurements and the simplified ion pairing algorithm proposed by Gysel
et al. (2007).
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Fig. 8. Composition of the non-refractory compounds measured by the cToF-AMS during the flight performed on 4 September 2011 (flight
b641) over the Aegean Sea. The reported volume fractions $&0T4 (a), NHzHSO, (b), (NH4)2S0Oy (c) and organic matte(d) are
estimated using the mole fractions determined by the cToF-AMS measurements and the simplified ion pairing algorithm proposed by Gysel
et al. (2007).
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Black Sea region. These air masses appeared to carry partiaving median volume fractions of 0.44 and 0.54 for alti-
cles of very low acidity, as shown in Fig. 7. The low-altitude tudes below and above 2.0 km, respectively. Compared to the
air masses arriving over Crete, on the other hand, originatedlight on 1 September, the vertical distributions of the sec-
either from the marine environment or from the mainland, ond flight (i.e. 4 September) exhibited a higher uniformity.
but in both cases they passed over the wider Athens regioriThis can be explained by the fact that the air masses arriving
This can explain the high acidity of the particles observedin many regions over the study area all originated from cen-
at lower altitudes in that area. Acidic particles formed or di- tral/western Europe and followed similar paths (cf. Fig. S3in
rectly emitted from anthropogenic activities in the region of the Supplement).
Athens travelled over the central Aegean Sea towards Crete.
The acidity of these particles did not change significantl _ -
during adv):action as a?esult of the low conce%trati?)ns of an)1/-3'2'2 Particle hygroscopicity
monia over the marine environmerglérisse et aJ.2009.
Acidic particles coming from eastern Europe (i.e. those ar-Using the bulk chemical composition measurements dis-
riving over the north Aegean Sea) have a greater chance afussed above, we calculated vertical profiles of the aerosol
being neutralised due to the higher concentration of ammonidnygroscopic parameteix (Eq. 4) during the two flights (cf.
over the mainland. Figs. 9 and 10). For these calculations we used the hygro-

The organic volume fraction of the particles observed dur-scopic parameters and the densities of the organic fraction of
ing the flight conducted on 1 September ranged from zero tdhe particles derived from the closure study (k@,g: 0.03,
0.74, with a median value of 0.46. Their vertical variability porg=1300kg m3 andkorg=0.1, porg= 1400 kg n7* for the
during all four vertical parts of the flight was similar, starting flights conducted on 1 and 4 September, respectively; cf.
with low values at the lower altitudes, increasing at interme-Sect. 3.1.3 and Fig. 6), and assumed that all the samples were
diated heights and decreasing again at even higher levels. Thaternally mixed. During the flight on 1 September (Fig. 9),
height of the layers with particles of high organic fractions the hygroscopic parameter ranged from 0.19 to 0.84, with a
differed from place to place, with the highest layer observedmedian value of 0.31. The hygroscopic parametgg within
over the central Aegean Sea. Considering that the air massdébe MABL (i.e. up to 1 km a.s.l.) exhibited a decreasing trend
arriving over Lemnos and the central Aegean Sea during thevith increasing altitude over the southern and central Aegean
respective missed approaches have passed over urban, ruéa (Fig. 9a—c). At higher altitudeg,ix showed a noticeably
and marine environments, and that their origin was similarhigher variability, with values ranging from 0.21 at lower al-
(i.e. from eastern Europe), the organic fraction of the parti-titudes to 0.84 at altitudes above 4 km where the particles
cles could be either biogenic or anthropogenic. were highly acidic. The vertical variability ofmix over the

The chemical composition of the particles observed dur-northern Aegean Sea was significantly lower, having values
ing the flight on 4 September is shown in Fig. 8. During that that ranged from 0.19 to 0.38. Overall, the hygroscopic pa-
flight the aircraft flew at lower altitudes from Crete to Lem- rameternmnix below the MABL was higher over the southern
nos (eastern leg of the flight) and at higher altitudes fromAegean sea due to the influence of air masses arriving from
Lemnos to Crete (western leg of the flight). Three of the the wider Athens region, as described in Sect. 3.2.1.
four vertical parts of the flight in this case ended at substan- The vertical profiles of the hygroscopic parameters pre-
tially higher altitudes (ca. 4.0km a.s.l.) compared to thosedicted for the flight on 4 September are shown in Fig. 10. In
of the first one. The vertical part of the flight over the cen- this case, the calculategx values ranged from 0.22 to 0.80,
tral Aegean Sea was limited to ca. 1.0 km. The volume frac-with a median value of 0.36, which is comparable to that cal-
tion of sulfuric acid, ammonium bisulfate, and ammonium culated for the first flight. However, the vertical variability of
sulfate ranged from zero to 0.79, with a median value ofxmix for altitudes even up to 2—3 km was significantly lower
zero; from zero to 0.69, with a median value of 0.10; andcompared to that observed during the first flight. The median
from zero to 0.97, with a median value of 0.35; respectively.value ofkmnix was of the order of 0.3 for the whole region as
Similarly to the measurements recorded during the flight ona result of the low acidity (i.e. the inorganic fraction of the
1 September, particle acidity increased with increasing aljparticles was mostly ammonium sulfate) and relatively low
titude. In this case, however, the particles observed at caorganic volume fractions of the particles. The variability of
2.5km a.s.l. (i.e. similar to the altitude of the eastern leg ofkmix was higher at higher altitudes, with values reaching up
the first flight) were even more acidic, having a3, vol- to 0.80. This increase is explained by the increasing acidity
ume fraction that reached values as high as ca. 0.4. High volef the particles, i.e. their higher volume fraction of sulfuric
ume fractions of NHHSO, were observed at a layer between acid with increasing altitude, as shown in Fig. 8a.
1.0 and 2.0km a.s.l. over the west/northwest of Crete. Despite the part that the measurements are performed in a

The respective fractions for the organic compounds of themarine environment of the Aegean Sea, the estimated median
particles during the flight conducted on 4 September rangedmix values, during both flights, reside well within the range
from 0.03 to 0.84, with a median value of 0.48. An increasingmeasured in urban and rural regioMdei et al, 2010 and
particle organic content is observed with increasing altitude,modelled by for continental Europ®iingle et al.2010.
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Fig. 9. Vertical profiles of the estimated hygroscopic parametgyig of aerosol particles observed over southwestajrsoutheaster(b),

central(c) and northerr{d) Aegean Sea, during ascends (up triangles) and descends (down triangles) performed on the flight of 1 September
2011 (flight b637). The inset shows the locations corresponding to the vertical profilgggothown in the different subplots. The hy-
groscopic parameters are calculated usingcti@hler theory (Eqg. 3) and the bulk chemical composition measurements from the airborne
cToF-AMS. For the calculations we assumed that the particles were internally mixed, and that all the organic spegigs#@a3 and

porg = 1300 kg n 3. The error bar represents the spread of the estimagtgdvalues when adopting the level of uncertainty used in our
closure study.

4 Conclusions of the ground station. For these cases, the most represen-
tative values ofkorg and porg Were respectively 0.03 and

_ » 1300 kgnt? for the flight on 1 September (b637), and 0.10
Measurements of the chemical composition and hygroscopz 4 1400 kgm3 for the flight on 4 September (b641).
icity of atmospheric particles were conducted over the re- 1o naricles observed over the wider region of the Aegean
gion of the Aegean Sea using a CToF-AMS onboard thege, qyring the two flights exhibited high variability in their
FAAM BAe-146 aircraft, and a ground-based HTDMA sys- ity and organic volume fraction, which can be attributed
tem located on a remote station on the island of Lemnosy, yiterences in the origin of the air masses arriving in the

The HTDMA measurement.s showeq that th? mean hygro'region. During the flight conducted on 1 September, the air
scopic growth factor of particles having dry diameters from ., ses arriving over the northern and central Aegean Sea had
50to 170nm was ca. 1.2, and that the aerosol samples Wetgiqins ranging from eastern Europe, the Black Sea, and the

internally mixed during the entire period of the campaign. g,jians, while those arriving over Crete had passed near the
Good closure between cToF-AMS and HTDMA MEASUTe- qiry of Athens, transferring anthropogenic emissions. During

ments was achieved when the aircraft flew in the vicinity
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Fig. 10. Vertical profiles of the estimated hygroscopic parametgyig of aerosol particles observed over southwestajisoutheaster(b),

central(c) and northerr{d) Aegean Sea, during ascends (up triangles) and descends (down triangles) performed on the flight of 4 September
2011 (flight b641). The inset shows the locations corresponding to the vertical profilggcofshown in the different subplots. The hy-
groscopic parameters are calculated usingeti@hler theory (Eg. 3) and the bulk chemical composition measurements from the airborne
cToF-AMS. For the calculations we assumed that the particles were internally mixed, and that all the organic spegigs=had and

porg = 1400 kg n 3. The error bar represents the spread of the estimagfgdvalues when adopting the level of uncertainty used in our
closure study.

the flight conducted on 4 September, air masses originated Using the particle parametetgrg and porg Obtained from
mainly from western and central Europe and the wind pat-the closure study when the aircraft flew in the vicinity of
terns were more uniform and representative of the summethe ground station, the cToF-AMS chemical composition
period in the region. For both flights we observed that themeasurements were used to estimate vertical profiles of the
organic species accounted for almost 50 % of the volume ofaerosol single hygroscopic parametgy. Although the me-
the particles, and that their acidity increased with increasingdian hygroscopic parameter was not significantly different
altitude. Higher spatial uniformity of the chemical composi- for both flights (i.e. 0.31 and 0.36 during the flights on 1
tion of the particles was observed during the second flight amnd 4 September, respectively), its vertical variability was
a result of the low variability in the origin and the paths of higher during the first flight. This can be explained by the
the air masses arriving in the region. The acidity of the parti-high diversity in the origin of the air masses arriving in the
cles observed during that flight was significantly high at high study region, and the contribution of polluted air from the
altitudes, exhibiting HSO4 volume fractions of up to 0.4. wider Athens area over the southern Aegean Sea during that
flight. Despite that the measurements were performed in a the
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