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Summary

Aerosol particles affect the Earth's climate directly by absorbing or scattering
solar radiation and indirectly by acting as cloud condensation nuclei. The contribution of
the aerosol effects on the global climate depends on their size and chemical composition
which in turn defines their hygroscopicity (i.e. the ability to take up water). Despite that
thermodynamic models can be used to accurately predict the hygroscopic behavior of
particles consisting of inorganic matter, existing knowledge leads to inaccurate
predictions in cases of particles consisting purely of organic or mixtures of inorganic and
organic matter. The use of the hygroscopic parameter x allows more accurate
approximation of the hygroscopic behavior of mixed particles when the hygroscopicity
and the volume fraction of each species composing the particle are known. However, the
estimation of atmospheric aerosols hygroscopicity poses difficulties due to their complex
and diverse chemical composition which varies spatially and temporally. Thus, high
temporal resolution, direct observations of particles hygroscopicity and/or chemical
composition in different regions are needed in order to reduce the uncertainties of their
impact on the climate.

In part | of this work we provide direct observations on the hygroscopic behavior
of atmospheric aerosols over remote and suburban regions, located in Greece. Measured
particle hygroscopic properties are directly compared to their estimated hygroscopicity,
which is derived by their chemical composition. Measurements were conducted at the
remote site of Vigla, located on the island of Lemnos in the Aegean sea and at two
suburban sites, located near Patras and Athens.

Particles measured at the remote site of Vigla exhibited moderate hygroscopicity,
which is indicative of particles consisting of a mixture of inorganic and organic matter,
which was corroborated by measurements of their chemical composition. The later were
conducted using an airborne platform with an array of instruments for studying particles
physicochemical properties, which during that time was flying over the wider region of
the Aegean Sea. The good closure between the particles chemical composition derived
hygroscopicity (airborne platform) and the measurements (ground station) allowed for the
further estimation of particles hygroscopicity in the wider Aegean Sea region. The spatial

variation of the estimated aerosol hygroscopicities was attributed to the different origins
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and paths of the air masses reaching the region, which in turn had a major effect in
particles chemical composition.

Particles measured at the suburban sites of Patras and Athens showed differences
in their hygroscopic properties. Particles sampled at Patras exhibited moderate
hygroscopic behavior, more or less similar to other rural regions of continental Europe,
while in contrast, those sampled in Athens exhibited significant temporal variation,
ranging from moderate to highly hygroscopic. Particles estimated hygroscopicity (derived
by chemical composition measurements conducted on both sites) gave better closure with
the measurements at Patras suburban site than the one located near Athens. Responsible
for the latter differences could be either the existence of refractory, highly hygroscopic
matter, which cannot be chemically detected with the methods used, or the presence of
certain organic species which are more hygroscopic than the common found organics in
the atmosphere.

The second part of the thesis provides means and methods of improving the
techniques used in determining particles physicochemical properties. The motivation in
trying to improve or find new methods/equipment is directly linked with the importance
of their study and serves the scope of providing measurements of higher spatial/temporal
resolution which could be achieved by:

e Reducing the time needed for each measurement, thus increasing the
temporal resolution of the measurements.

e Reducing the size/weight of the measuring equipment, thus improving
its mobility, allowing easier and faster transport, leading to higher
spatial resolution.

e Reducing the cost allowing the development of a more extended
network for monitoring aerosol physicochemical properties.

In this part we studied the performance of a cost effective and highly portable,
simple cylindrical geometry particle segregator, made by electrostatic dissipative
materials (EDMs). Apart from characterizing its performance we provided a semi-
empirical equation for estimating particle size, based on particles penetration through the
EDM-segregator and the main physical principles behind its operation. This work

revealed the possibility of substituting parts of the equipment, which is mostly used in



nowadays for the determination of size dependent particle physicochemical properties
(e.g. hygroscopicity or volatility), thus reducing their cost and increasing their portability.



Hepidnyn

Ta aiwpovpeva copatidn ennpedlovv 10 KA TG YNNG GUEGH OTOPPOPAOVTOS 1)
okeddlovtag TNV NAOKY] oKTVORoAMA KOt EUPEGO EVEPYDVTAS OC TVUPNVEG CLUTVKVAOGTG
ocuwépwv. H ouvelo@opd avtdv Tov emdplcemy TOV OlOPOVUEVOV COUATIOIMV GTO
mayKOoo kAo eEaptdrot omd to péyefog Kot TV ¥NUKT ToVG GVOTOGN, 1) OToio LE TNV
oelpa g kaBopilel TNV VYPOSKOTIKOTNTA TOVS (ONA. TNV KAVOTNTE TOLG VO ATOPPOPOVY
vepo). Tlapodtt Oeppodvvopikd povtédlo pmopovv va ypnoiporomboiv yuo va tpoAréyouvv
EMOKPIPDOG TNV VYPOGKOTIKT GUUTEPUPOPA COUATIOIWV TOV ATOTEAOVVTOL OId avOpyovn
VAN, M vrapyovcsa yvaon odnyel oe un okpPeig mpoPAéyelg ce TEPUTTAOGEIS TOV TA
ocopatiow amrotehovvtal Kabapd amd opyavikni 1 omd Uiypato avopyavng Kol 0pyoviKig,
VAng. H ypnon g vypooKomiKNng TapapéTpou K ETITPEMEL TNV OKPIPESTEPT TPOGEYYIoN
NG VYPOGKOTIKNG CUUTEPLPOPES TOV OVALKTOV COUATIOIMY, OTOV 1 VYPOCKOTIKOTNTA
Kol TO0 KAAGHo 6ykov Tov kB ynukov €idovg mov amotelel T0 coUATION, eivol YVOOTA.
[Tapodra avtd, 1 EKTIUNON TG VYPOCKOTIKOTNTOS TOV ATHLOCPOIPIKOV COUOTIOIMV EVEXEL
OVOKOALEG, AOY® NG TEPITAOKNG KOl OIPOPETIKNG YNUIKNG TOLVG CLGTOONG, 1| Omoio
TOIKIAN yopkd Kot ypovikd. o avtd ypedlovtal, VYNNG ypoviknig avdivong, o'
evbelog mTopaTNPNOELS TG VYPOOKOMIKOTNTOS TMV COUOTIOIOV KOUT TNG YNUIKNG TOLG
oVOTOONG OE OWPOPETIKEG TEPLOYEG, UE OKOTMO va peiwbovv ot afePardtnteg tov
EMOPAGEDMY TOVG GTO KALLLOL.

210 TPAOTO HEPOG LTS TNG epYyaciag mapsyovtal am' gvbeiag mapatnpnoeg NG
VYPOGKOTIKNG GUUTEPPOPES TOV  OTHOGOOIPIKMOV  OWPOVUEVOV COUATOIOV  OE
OTOLOKPVGUEVEG Kol TEPLOOTIKEG TTEPLOYES TG EAAGOaG. Ot HeTpOV LEVEG VYPOCKOTIKES
W0 TEG TOV cOUOTWIOV cuykpivovtal VB pe TNV EKTILMOUEVN VYPOCKOTIKOTNTA
TOVG, M OO0 TPOKVATEL OO TNV YNLKTH Tovg cvotacn. Ot perproelg deEnydnocav ctov
amopakpucuévo otabud g BiyAag, o omoiog Ppioketon oto vnoi g Anpvov, cto
Avyaio TTéhayog kot og 600 TEPLOGTIKOVG GTAOOVS, OV Ppickovtor TAnciov g [Tatpog
Kot TG AOnvac.

Ta copatidie mov petpinkav otov omopaKpucpévo otofud e Biylag
eMESEIEOV LETPLOL VYPOCKOMIKOTNTO, EVOEIKTIKY Y10, COUOTIOWN OV OmoTEAOVVTIOL Omd
LELYHOL avOpYOvNG Ko OPYOVIKNG VANG, KATL TO omoio emPefarddnke amd Tig HETPNOELS

™mg YMUKNG Tovg cvotaocng. Ot tedevtaieg deénydnoav YPNOLOTOIOVTIOS Lo EVOEPLOL
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mAoteopue.  (0EPOCKAPOC) TOoL  £pepe WANODOC OpYAVOV Yoo TNV UEAETN TOV
(QULOIKOYNUIK®OV WOI0TATOV TOV OWPOVUEVOV GOUATIOIOV Kot 1| 0Toio KoTd TV 1010
YPOVIKT] TEPI0O0 TETOVGE TAV® amd TNV €upvTEPN TEPLoyn tov Atryaiov IleAdyovc. H
KOAN ocupeovia peTald TG VYPOCKOTIKOTNTOS TOL VTOAOYIGTNKE Omd TNV YNUIKN
oLOTOCT, TOV CONATOIOV (0EPOCKAPOS) Kol TV HETPNoE®V (oTabpdg €8dpouc)
EMETPEYE TNV TEPUTEP® EKTIUNGT TNG VYPOCSKOTIKOTNTOS TOV OLOPOVUEVOV COUATIOIOV
Yo OAOKANPN MV guptepn mepoyny tov Atyaiov. H ywpwn mowiopopeio tov
EKTIUDOUEVOV  VYPOCKOMIKOTNTOV TMV OUOPOVUEVOV COUATWOIOV 0omodddnke oTig
OLOPOPETIKES APETNPIES KOl OLOPOUES TV 0EPLOV Hal®V TOL EPTAVAY GTNV TEPLOYN], Ol
oToleg e TNV Gepd Tovg emnpéalov EvTova TNV YNUIKT 6OGTACT TOV COUATIOIMV.

Ta copatidio mov peTtpndnkay 6tovg TePLacTiKovs otadpovg g IdTpag kot g
ABMvag €de1&av d1popEG MG TPOG TIC VYPOCKOTIKEG TOVS 1010TNTEG. To cmUATIOWN TOV
petpnOnkav oty Idtpa enédeiCav pérpia vYPooKOmKOTNTO, TOPOHOl Alyo TOAD e
OLTNV TTOVL TOPOTNPEITOL GE MUINCTIKES/AYPOTIKEG TEPLOYES TNG NTEPWTIKNG Evpdnng,
evo avtifeta avTtd Tov peTpnOnkav oty AONva en€dEE0V GNUOVTIKY] XPOVIKT LETAPOAN,
KOHovOpEVa amd HETPimg g VYNAA vypookomikd. H extipumdpevn (Baon tov petpioewv
™G YNUIKNG TOVG oVLOTAONG OV O1EENYON Kot 6TOVG VO GTAOUOVS) VYPOGKOTIKOTNTO
OLOYETIOTNKE KOAMTEPQ |LE TIG LETPNOELS GTOV TEPLUOTIKO oTafud g [ldtpoag amd ot oe
avtov mov Ppiokovtav Kovtd otnv ABnva. Yzmevbuveg yio Tig tedevtaieg dlapopég Oa
umopovcav vo givon gite n vVapén Topipayns, VYNANG VYPOSKOTIKOTNTAS VANG, 1| OToia
elval advvaTov va. aviyvevtel ynuikd pe Tig peboddovg mov ypnotpomomdnkay, €ite n
TOPOVGIN. GLYKEKPYEVOV OPYOVIKOV EVOGEWV, Ol 0omoieg elval MOAD TEPIGGOTEPO
VYPOGKOTIKES OO OTL O1 OPYOVIKES EVADGELG TOV Bpickovial cuVIOMS GTNV ATUOCPAIPA.

210 dgbtePO PEPOG ATNG TG dTPIPNS Tapéyovat Tpomot kot puéBodot yuo v
BeAtioon TV TEYVIKMOV TOL YPNCLOTOOVVTOL Y10, TOV KAOOPIGUO TOV PLGIKOYNUIKOV
WomTov TV dwpovpeveov copotdiov. To kivintpo oty mpoomdBeio Peitimong M
avedpeons vEmv HEBOO®V/EEOTMGLOD GUVOELETOL GUECH LE TNV CNUAVIIKOTNTO TNG
HEAETNG TOVG Kot eEumnpetel TOV OKOMO TOL VO TOPEYEL UETPNOELS LE LYMAOTEPT
YOPIKN/YPOVIKT 0VAALGT), KATL TOV PUTopel va emtevyDel pe:

e Tnv peiwon tov avaykaiov ypdvov ya kdbe pétpnon, avédvovtag £Tot

TNV YPOVIKT OVAAVGCT] TOV LETPTCEMV.



e Tnv peiwon 1oV Pdpovg/peyéBovg TOL  PETPNTIKOL  EEOTAGHOV,
BEATIOVOVTOG TNV KIVNTIKOTNTO TOV, EMITPEMOVTOG ELKOAOTEPT KoL
TaYOTEPT LETAPOPA, 0ONYDVTAG £TGL GE VYNAOTEPT YWOPIKT AVAAVOT).

e Tnv pelwon tov kboTOLG, EMUTPEMOVTIOS TNV OvATTVEN €VOG  TO
EKTETOUEVOV OIKTVOVL YL TNV TAPOKOAOVONCT TV  QLGIKOYTNLUK®OV

WOOTATOV TOV AEPOAVUATOV.

Ye avtd 1o pépog peietnOnke 1 amdd0oM €VOG OTNVOD KOl GOPNTOV, OTANG
KUAWVOPIKNG YEOUETPIOG TOEVOUNTY COUOTOIWV, 0 0T010g PTIAYTNKE Od LAKA d1AYVONG
otatikov mAektpiopo® (electrostatic dissipative materials; EDMSs). Exktdég omd tov
YOPAKTNPIGUO TNG AITOO00NGC, TOPEXETAL KOL L0 NUL-EUTEIPIKN £EI0mON Yo TNV eKTiUNom
oV peyeéhoug twv copatdiov, Pacilopevn oty 01€icdvoT ToVE HECH TOL TOEVOUNTY
EDM, xabd¢ kot o1 facikég puokég apyEg Tom amd TV Asltovpyia Tov. Avti 1 epyocio
avédelce v mbovotnto TG OVTIKATACTOONG  TUNUatwv — eEomMopol,  mov
YPNOOTOLEITON KVPIWG OTIC HEPEG LAG Y10 TOV TPOGIOPIGUO PLGIKOYNUIKAOV 1010 THTOV
TOV cOUATOIOV, 01 omoieg eoptdvion amd o HEYeddg Tovg (.Y, VYPOSKOTIKOTNTA 1|

TINTIKOTNTA), LELDVOVTAG £TGL TO KOGTOC TOVS KOl dLEAVOVTAG TV POPNTOTNTA TOVC.



A. Introduction

1 Atmospheric aerosol particles

The term aerosol is used to define suspended solid or liquid particles in a gas,
having sizes that vary from a few nanometers to a few hundreds of micrometers (Hinds et
al., 1999). Aerosol particles may directly emitted (primary aerosols) in the atmosphere or
result as the products of physicochemical processes converting gases to particles
(secondary aerosols; Seinfeld and Pandis, 2006). While their origin is both natural and
anthropogenic, the contribution of the later is constantly increasing since the beginning of
the industrial revolution primarily due to the increased usage of fossil fuels for supporting
the modern way of living (Raes et al., 2000).

Aerosols affect earth's climate directly by absorbing or scattering incoming solar
radiation (Haywood and Boucher, 2000) and indirectly by acting as Cloud Condensation
Nuclei (i.e., indirect effect; Ogren and Charlson, 1992). Both these effects depend on
particles size and chemical composition, which both vary spatially and temporarily as a
result of the large diversity of their sources and the different physicochemical processes
they are involved in during their lifetime (Hallquist et al., 2009). Particles chemical
composition also defines their ability to take up water (i.e. hygroscopicity), which in turn

affects their size, optical properties and their ability to act as CCN.

2 Aerosols hygroscopic growth

Particles that take up water (i.e. hygroscopic) exhibit an increase in their size
when exposed to increased relative humidity (RH) environment. Therefore the term
hygroscopic growth factor (g) is often used to quantify particles growth due to water

uptake and is expressed as:

d(RH
g(RH)="22, (1)
dry

where d(RH) and dqry are diameters of the sampled particles at the hydrated and at
the dry state, respectively.

Most common, atmospheric relevant, inorganic species will spontaneously
transform from solid particles to droplets if they are exposed to RH above a certain

threshold, namely the deliquescence RH (DRH; Seinfeld and Pandis, 2006). However,
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the same particles while in the liquid state will reform into solids at lower RH than the
DRH, exhibiting a hysteresis effect. The RH threshold at which particles in the droplet
state will reform into solids is called the efflorescence RH (ERH; Seinfeld and Pandis,
2006). Both DRH and ERH depend on particles chemical composition. Particles
hygroscopic growth after the DRH or if in droplet state before ERH, can be predicted by
the Kohler theory (Kohler, 1936):

40,qMyy )

pwRTd(RH) @

Sp =ays exp(

where Sg stands for the water saturation (RH/100), aws IS the water activity for the
specific solution, o.q IS the surface tension of the solution droplet, My and py are
respectively the density and molar weight of water, R is the universal gas constant and T
the absolute temperature. The exponential term (kelvin term) accounts for the increase in
relative vapor pressure, compared to the one over a flat surface, caused by particles
curved surface. Kelvin term provides a correction in the hygroscopic behavior of particles
smaller than ca. 100 nm.

While basic thermodynamic models (e.g. Clegg et al., 1998) are used to
accurately predict the hygroscopic behavior of pure or mixed inorganic species, the
complexity of the atmospheric particles which mainly consist of mixtures of inorganic
and organic species limits their usage. To overcome these complexities involved in
associating the chemical composition of atmospheric particles with their hygroscopic
behaviour Petters and Kreidenweis (2007) proposed the use of a single hygroscopic

parameter x. Particles hygroscopic growth factor can be then expressed as:

1/3
g (RH) = (1 + K (ﬁj;w)) , 3)
with
= | exp (ote e ) ) @)
D~Too \ P \&rp,drm '

Here oy, denotes the surface tension of pure water, equal to 0.072 J m™.



In this way, a x value of zero is assigned to hydrophobic (i.e. completely insoluble
but wettable) particles while most typical atmospheric soluble-salt particles have higher
values (e.g. 0.53 and 1.12 for ammonium sulfate and sodium chloride, respectively) and
most secondary organic aerosols (SOASs) lay in the range between zero and 0.3 (Petters
and Kreidenweis 2007). In the case that aerosol particles are consisted by a mixture of
different species their hygroscopic parameter x can be calculated by their chemical

composition as follows:
K = 2i&ikKi, (5)

where & = Vi/Vs and k; are the volume fraction and the hygroscopic parameter of the ith
chemical species comprising the particles, with Vg being the volume occupied by that
species and Vsthe volume of the dry particle.

3 Measurement techniques of aerosols hygroscopicity

A variety of experimental methods has been employed for measuring particles
hygroscopic behavior by measuring the changes in particle properties due to water
absorption. More specifically, these methods involve changes in particle mass (e.g.
Electrodynamic balance EBDs; Peng and Chan, 2001), changing in particles optical
properties(e.g. wet/dry nephelometry; Mclnnes et al., 1998) and in particles electrical
mobility diameter (e.g. Hygroscopic Tandem Differential Mobility Analyzer; HTDMA;
Rader and McMurry, 1986). The later offers high precision, near real-time measurements
of changes in particles electrical mobility diameter after exposing them to elevated RH
conditions and is considered the method of choice for sub micrometer particles. It mainly
consists of two Differential Mobility Analyzers (DMAs; Knutson and Whitby, 1975), and
a Condensation Particle Counter (CPC, TSI Model 3772; Stolzenburg and McMurry,
1991). Figure 1.1 depicts the operating principle of the HTDMA. In brief, the particles in
the sample flow are initially dried and passed through a bipolar charger before entering
the first DMA (DMA-1) that produces a monodisperse aerosol flow. The monodisperse
particles downstream DMA-1 are then exposed to elevated RH conditions inside the
humidifier before their size is measured by the second DMA (DMA-2) and the CPC.
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Figure 1.1: Schematic illustration of the HTDMA measuring principle.

While all of the above methods are used for measuring particle hygroscopic
properties at sub-saturation conditions (i.e. RH<100%) a CCN counter (CCNC) is able to
provide information on particle hygroscopicity at the super-saturation regime, by directly
counting particles that are CCN active. In order to achieve super-saturated conditions a
CCNC exposes particles which are surrounded by a saturated (i.e. RH=100%) sheath
flow inside a wet ceramic column. A temperature gradient is maintained within the
column resulting in water vapour supersaturation. According to their size in dry
conditions and chemical composition, aerosols will become CCN active above a certain
supersaturation, namely critical supersaturation (S;). CCN active particles are then

optically counted downstream of the growth chamber by an Optical Particle Counter

(OPC).

3.1 Development of a custom-made HTDMA

A custom made HTDMA was developed as part of this work incorporating
commercially available and custom made parts. The first DMA (DMA-1, TSI 3080)
includes a ®Kr aerosol neutralizer and a closed-loop system for recirculating the sheath

flow. The second DMA (DMA-2) employs a custom-made system for the sheath flow
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recirculation (cf. Biskos et al., 2006). The system also uses two nafion-tube humidity
exchangers (Perma Pure Model MD-110), three humidity/temperature sensors (two
Rotronic Model SC-05 and one Rotronic Model HC2-C05), two multi input-output cards
(Multifunction Data Acquisition cards; National Instruments models NI USB 6211 and
6008), two Mass Flow Controllers (Sierra Mass-Trak 810), one air pump and one laptop
computer. The voltage on DMA-1 was adjusted to select dry aerosol particles of a
specific mobility diameter. Automatic, time scheduled voltage selection on DMA-1 was
also used to provide the ability of sampling more than one particle sizes in regular time
circles during field measurements. The quasi monodisperse particles downstream were
conditioned inside a nafion humidity exchanger to a constant RH value (usually between
85 and 87%), before the measurement of their size distribution by DMA-2 and the CPC.
The RH of sheath flow in DMA-2 was maintained at the same level with the one of the
aerosol flow after passing through the second nafion humidity exchanger.

Responsible for maintaining both the sheath and aerosol RHs upstream DMA-2 at
the desired level, was a closed loop automatic control system. In brief the RHs upstream
DMA-2 were constantly monitored using two RH/T sensors. The flows of two parallel
streams of very high RH (ca. 100%) on the outer annuluses of the two nafion-tube
humidity exchangers were properly adjusted, using the two mass flow controllers, in
order to reduce the difference between the measured and desired RH. For optimal
performance two software proportional-integral-derivative (PID) controllers were
incorporated for this purpose.

Parts of the HTDMA and the system as a whole were tested in laboratory
conditions after its assembly and before each field application. In particular the
classification accuracy of both DMAs of the HTDMA system was tested with
Polystyrene latex spheres (PSLs) and found to be within 1% accuracy in respect of
classification size. The automatic humidification/control system was able to control both
the sheath and aerosol RH within a +2% accuracy. Hygroscopic growth factors at RHs
ranging from 20 to 94% (i.e. humidogramms) of sodium chloride and ammonium sulfate
particles were measured and compared with the theory to verify the overall performance

of the system.
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3.2 Measurements of particle hygroscopicity at both sub and super
saturation regimes

In part of this work a Continuous Flow Streamwise Thermal Gradient CCN
Chamber (CFSTGC; Roberts and Nenes, 2005; CCNC from now on for simplicity
reasons) was employed downstream DMA-1 of the HTDMA system (c.f. Fig. 1.2). With
this setup we were able to simultaneously provide size resolved hygroscopicity
measurements at both sub- and super-saturated conditions. The instrument was operated
in “Scanning Flow CCN Analysis” (SFCA) mode, in which the flow rate in the growth
chamber changes over time, while a constant streamwise temperature difference is
maintained. This causes supersaturation to change continuously, allowing the rapid and
continuous measurement of supersaturation spectra with high temporal resolution (~60-
120 seconds and potentially even less) without being affected by shifts in activation
kinetics and aerosol composition (Moore and Nenes, 2009). The flow rate during
measurements was increased linearly between a minimum flow rate (Qmin ~ 300ccm) and
a maximum flow rate (Qmax ~ 1000ccm) over a ramp time of 60 seconds. The flow was
maintained at Qnax for 10 seconds and then linearly decreased to Qmin Over the same ramp
time. Finally, the flow rate was held constant at Qmin for 10 more seconds and the scan
cycle is repeated. Droplet concentrations and size distributions at the OPC are

continuously measured during this scan with a 1 s integration time.
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Fig 1.2. Experimental setup of HTDMA-CCNC combo. In brief, dried aerosols were sampled, neutralized
by a %Kr neutralizer and size selected inside DMA-1. Part of the monodisperse flow
downstream DMA-1 was passed through a nafion humidifier, where its RH was increased to
87 +£2%, before measured by DMA-2 and the CPC. The rest of the monodisperse flow was
directed through the CCNC, where it was super-saturated from 0.1 to 1.0% with water vapors.
Particles that activated as Cloud Condensation Nuclei were detected downstream by an

Optical Particle Counter.

The super-saturated conditions within the CCNC were calibrated in terms of the
temperature difference between the inlet and the outlet (AT = 5 °C), the instantaneous
flow rate and the overall flow rate range. The relationship between super-saturation and
instantaneous flow rate was determined by the procedure described by Moore and Nenes
(2009). According to that, size-classified ammonium sulfate particles from DMA-1 were
introduced into the CCNC whose flow and thus the range of super-saturated conditions,
was scanned. For each particle size, the critical super-saturation value S; above which
particles act as CCN was obtained from Kohler theory (Moore et al., 2012a). The

calibration measurements were fitted with sigmoidal curves where the inflection point,
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corresponding to the S of the selected ammonium sulfate particles, was used to determine
the critical activation flow rate Qso. The absolute uncertainty of the calibrated CCNC
super-saturation is estimated to be £0.04% (Moore et al., 2012a; 2012b).

The CCN activity of the particles is characterized by the activation ratio given by:

CCN _ a, —a,

R, a, + -
CN 1+(Q/Qg) ™ , (6)

where CCN and CN are the activated and total particle concentrations, while ao, ai, a,
and Qs are constants that describe the minimum, maximum, slope and inflection point of
the sigmoidal, respectively, while Q is the instantaneous volumetric flow rate. Ideally, ao
is zero and a; is expected to be unity; however, values for a; varied throughout the
measurement period depending on the selected aerosol particle size and the mixing state.
The inflection point (i.e. Qso or “critical flow rate”), corresponds to the instantaneous
flow rate, that produces a level of super-saturation within the CCNC, required to activate
the measured monodisperse aerosol. An example of a CCN activity spectrum with the

sigmoidal fit and its defined parameters is depicted in Fig. 1.3.
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Fig. 1.3: Example of an ambient CCN activity spectrum (at constant 47) with sigmoidal fit and its defined

parameters.

4 Motivation

The earth's climate is changing more rapidly than in other geological periods due

to human intervention in the planet's "thermostat”, which in simple terms is the energy
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balance between the radiation that the planet is exposed to (i.e. incoming solar energy)
and the amount that returns back to space either by reflection or by secondary radiative
reemission (i.e. infrared radiation due to earth's temperature). The main mechanisms
behind this balancing act involve the reflection of incoming solar radiation (albedo), its
absorption by earth's surface and the absorption of reemitted infrared radiation by the
atmosphere. The latter is known as the “greenhouse™ effect. During the last few decades a
large attempt is made in order to better understand the ways that the modern human
civilization affects the planet's climate and predict the consequences of our actions.
During this short, in terms of historical time, period we have already concluded that the
release of certain gases (“'greenhouse gases") in the atmosphere causes an increase in its
potential to absorb more infrared radiation and thus an increase in the temperature of the
planet. Climate models have been employed to study the complex interactions involved
in the planet's energy balance and predict the evolution of what we use to call "climate
change". Atmospheric aerosols play a key role in earth's climate and therefore the study
of their effects in climate is intense.

Although the uncertainties regarding the effects of aerosols in the global climate
have been reduced during the last few years, these uncertainties remain relatively high in
contrast to other sources of climate change (IPCC, 2014). Climate models are largely
affected by inaccurate particle hygroscopic properties, leading to uncertain estimation of
the aerosol indirect effect on a global scale (Lohmann and Ferrachat, 2010). For this
reason monitoring of their properties in different locations and with high temporal
resolution is important for reducing these uncertainties. Part | of this work is dedicated in
studying aerosols hygroscopicity, in remote and sub-urban locations of Greece. Part 1l
provides the means of improving the methods/techniques of determining their properties

in order to improve spatial and temporal resolution of these measurements.
4.1 Aerosols hygroscopic properties at a remote location and over the
Aegean Sea

Particles observed in remote areas are typically suspended in the atmosphere long
enough to reach an internally mixed state through coagulation and condensation of

gaseous species (Heintzenberg 1989). This is typically the case for the wider area of
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Eastern Mediterranean, and particularly the region over the Aegean Sea, during July and
August when the prevailing northern winds (i.e., the Etesians) carry polluted air masses
from central Europe, the Balkans (including Greece), and the Black Sea (Mihalopoulos et
al., 1997; Lelieveld et al., 2002). The polluted air masses blend with natural primary and
secondary particles, resulting in increased particle concentrations commonly observed in
the region (Salisbury et al, 2003).

Although information about the size, the concentration, and the integrated
chemical composition of particles found over the southern Aegean region has been
extensively reported in the literature (Koulouri et al., 2008; Kalivitis et al., 2008), high
temporal resolution measurements of their hygroscopicity and/or chemical composition
has been rather scarce (Pikridas et al., 2010).

In this work we report high temporal resolution chemical composition and
hygroscopicity measurements of particles in the atmosphere over the Aegean Sea.
Chemical composition measurements of non-refractory fine aerosol particles were
conducted using an airborne compact time-of-flight aerosol mass spectrometer (cToF-
AMS). Particle hygroscopicity measurements were performed by an HTDMA system
located in the northern region of the Aegean Sea. Good closure between cToF-AMS and
HTDMA measurements (agreement within +5% uncertainty) was achieved when the
aircraft flew in the vicinity of the ground station. Using the parameterisation from the
closure study, we employ the cToF-AMS measurements to determine vertical profiles of

the hygroscopic parameter x of the particles in the region.

4.2 . Hygroscopic Properties and Mixing State of Ultrafine Aerosol
Particles in Urban Background Sites

In contrast to remote, urban areas are affected by long range transported particles
and by the ones that are produced by local sources. The large variability of their
composition combined with the insufficient suspension time of the latter (i.e. new formed
particles) could result in particles that are externally mixed (Alfarra et al., 2004). This is
typically the case for most of the suburban areas of major cities, where wind direction
could significantly affect the observable particles. The suburban areas of Patras and

Athens were selected as measuring sites, due to their proximity in large cities, forests, sea
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and rural areas. To the best of our knowledge , the only data available for suburban
environments in the broader region of Southeastern Europe and especially for the
mainland of Greece are those reported by Petdja et al. (2007), which measured the
hygroscopicity of sub 50 nm particles in a suburban site close to Athens.

In this work we report and compare, hygroscopicity, mixing state, and CCN
activity measurements of particles in the atmosphere over the two suburban areas of
Patras and Athens. Hygroscopicity measurements below saturation were conducted using
one HTDMA while particles CCN activity was measured at various super-saturation
ratios by a CCNC. The HTDMA and the CCNC were combined in order to measure the
hygroscopic properties of the same dry mobility diameter particles in different saturation
conditions. The mixing state of the particles, obtained by appropriate analysis of the
HTDMA measurements, was corroborated by wind back-trajectories calculations. High
resolution, near real time, chemical composition measurements of non-refractory fine
aerosol particles were conducted using a High Resolution Time-Of-Flight Aerosol Mass
Spectrometer (HR-ToF-AMS) and were used for a better estimation of the hygroscopic
properties of particles organic fraction. The above results were also compared by the
estimated hygroscopic parameters, when off-line chemical composition of particles

having diameters smaller than 2.5 um (PM,) was used.

4.3 . A Cost-Effective Electrostatic Precipitator for Aerosol
Nanoparticle Segregation

While in the two previous sections we provide measurements, mainly regarding
atmospheric particles hygroscopic properties, in this section we introduce a simple and
cost effective method for size segregating sub 100 nm aerosols. Measuring their size is
important for assessing their environmental impacts (McMurry, 2000) and investigating
their potential technological applications (Biskos et al., 2008). The most common and
effective method in use, is the employment of DMAs, which have a high resolution,
accuracy and repeatability, but come with the downside of high cost and bulky size,
which limit their widespread application. On the other hand, Diffusion Batteries (DBSs)

can also be used as particle size classifiers (DeMarcus and Thomas, 1952), but a number
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of technical limitations (cf. McMurry, 2000) has made them less favorable for particle
size measurements compared to electrical mobility classifiers.

In this work we employed a tube composed by Electrostatic Dissipative Materials
(EDMs), along which a potential difference was applied. The high surface resistivity
(10% Q/sq) of the EDM tube allows the application of high voltages at its surface which
result in an electrostatic field of varying strength which has a radial and an axial
component. Charged particles, passing through the tube, are removed by electrostatic
deposition caused by the radial field, while the axial field decelerates them, thus
increasing their residence time and their chance for diffusional deposition. The result of
these two processes resembles a combination of a DB and an electrostatic precipitator.
The penetration efficiencies of charged monodisperse particles through the EDM tube
were measured at different voltages, while numerical simulations of the flows and
electric fields inside the tube were used for better understanding the processes of particle
deposition. Most importantly, we provided a semi-empirical equation for predicting

particle size, based in the measured particle relative penetration, flow rate and voltage.
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Abstract

The chemical composition and water uptake characteristics of sub-micrometre
atmospheric particles over the region of the Aegean Sea were measured between 25
August and 11 September 2011 within the framework of the Aegean Game campaign.
High temporal-resolution measurements of the chemical composition of the particles
were conducted using an airborne compact time-of-flight aerosol mass spectrometer
(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 mobility
analyser (HTDMA) located on the island of Lemnos was used to measure the ability of
the particles to take up water. The HTDMA measurements showed that the particles in
the dominant mode were internally mixed, having hygroscopic growth factors that
ranged from 1.00 to 1.59 when exposed to 85 % relative humidity. When the
aircraft flew near the ground station on Lemnos, the cToF-AMS measurements showed
that the organic volume fraction of the particles ranged from 43 to 56 %. These
measurements corroborate the range of hygroscopic growth factors measured by the
HTDMA during that time. Good closure between HTDMA and cToF-AMS
measurements was achieved when assuming that the organic species were less
hygroscopic and had an average density that corresponds to aged organic species. Using
the results from the closure study, the cToF-AMS measurements were employed to
determine vertical profiles of a representative aerosol hygroscopic parameter xmix.
Calculated kmix values ranged from 0.19 to 0.84 during the first flight and from 0.22 to
0.80 during the second flight. Air masses of different origin as determined by back
trajectory calculations can explain the spatial variation in chemical composition and mix

values of the particles observed in the region.



1. Introduction

Atmospheric aerosol particles affect the global radiative balance of the Earth by
directly absorbing and scattering solar radiation (i.e., direct effect; Haywood and
Boucher, 2000), and indirectly by acting as Cloud Condensation Nuclei (i.e., indirect
effect; Ogren and Charlson, 1992). Scattering and absorption of aerosol particles strongly
depends on their size and chemical composition, which are often characterised by high
variability as a result of the large diversity of their sources and the different
physicochemical processes they are involved in during their lifetime (Hallquist et al.,
2009). The chemical composition of the particles also defines their hygroscopicity, i.e.
their ability to take up water, which in turn can affect their interaction with incoming
solar radiation. To predict the hygroscopic behaviour of pure or mixed inorganic particles
one can use basic thermodynamic principles(e.g. Clegg et al., 1998). For particles that
consist of organic species or mixtures of organic and inorganic compounds, however,
existing knowledge does not allow accurate predictions of their hygroscopicity. This
limited understanding is one of the greatest uncertainties in determining the role of
atmospheric aerosols on climate.

To overcome the complexities involved in associating the chemical composition
of atmospheric particles with their hygroscopic behaviour Petters and Kreidenweis(2007)
proposed the use of a single hygroscopic parameter x. The value of « is 0 for completely
insoluble but wettable particles whose water activity is not affected by water adsorbed on
their surface. For typical atmospheric soluble-salt particles such as ammonium sulphate
or sodium chloride the value of « is 0.53 and 1.12, respectively, whereas for secondary
organic aerosols (SOAs) it typically ranges between 0.0 and 0.2 (Petters and
Kreidenweiss, 2007). Using the parameter x, and information about the hygroscopic
behaviour of the pure chemical species, one can make a good first approximation of the
water uptake characteristics of internally mixed particles.

Particles observed in remote areas are typically suspended in the atmosphere long
enough to reach an internally mixed state through coagulation and condensation of
gaseous species (Heintzenberg 1989). This is typically the case for the wider area of
Eastern Mediterranean, and particularly the region over the Aegean Sea, during July and

August when the prevailing northern winds (i.e., the Etesians) carry polluted air masses
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from central Europe, the Balkans (including Greece), and the Black Sea (Mihalopoulos et
al., 1997; Lelieveld et al., 2002). The polluted air masses blend with natural primary and
secondary particles, resulting in increased particle concentrations commonly observed in
the region (Salisbury et al, 2003).

Although information about the size, the concentration, and the integrated
chemical composition of particles found over the southern Aegean region has been
extensively reported in the literature (Koulouri et al., 2008; Kalivitis et al., 2008), high
temporal resolution measurements of their hygroscopicity and/or chemical composition
has been rather scarce (Pikridas et al., 2010). To the best of our knowledge, only Stock et
al. (2011) have carried out measurements using a hygroscopic tandem differential
mobility analyser (HT-DMA) system at Finokalia on the island of Crete. During that
study the observed hygroscopic growth factors of particles having dry mobility diameters
of 50, 80 and 150 nm ranged from 1.12 to 1.59 when exposed at 90 % relative humidity.

In this work we report high temporal resolution chemical composition and
hygroscopicity measurements of particles in the atmosphere over the Aegean Sea.
Chemical composition measurements of non-refractory fine aerosol particles were
conducted using an airborne compact time-of-flight aerosol mass spectrometer (cToF-
AMS) onboard the UK BAe-146-301 Atmospheric Research Aircraft, which was
operated through the Facility for Airborne Atmospheric Measurement (referred to as the
FAAM BAe-146 aircraft from this point onwards). Particle hygroscopicity measurements
were performed by an HTDMA system located in the northern region of the Aegean Sea.
Good closure between cToF-AMS and HTDMA measurements (agreement within 5%
uncertainty) was achieved when the aircraft flew in the vicinity of the ground station.
Using the parameterisation from the closure study, we employ the cToF-AMS
measurements to determine vertical profiles of the hygroscopic parameter xmix of the

particles in the region.

2. Methods
2.1 Instrumentation

2.1.1 Airborne measurements
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The airborne measurements involved a total of three flights from Crete to Lemnos
and back with the FAAM BAel146 aircraft (cf. Tombrou et al., 2012). The cToF-AMS
was operational in only two of these flights; namely flights b637 and b641 performed on
1 and on 4 September, respectively. Detailed paths of these flights are shown in Fig. 1. In
both cases the aircraft took off from Chania Airport, on Crete and headed east before
turning north towards the island of Lemnos. The first flight took place from 09:00 to
13:45 UTC on 1 September. During that flight, the altitude of the aircraft was above 300
m on its way to Lemnos (eastern leg of the flight). To capture the vertical variation of the
chemical composition of the particles along this path, the aircraft performed two missed
approaches: one over the central Aegean Sea, and one over the island of Lemnos
(Tombrou et al., 2012). The second flight took place from 11:13 to 15:38 UTC on 4
September. During that flight, the altitude of the aircraft along the leg from Crete to
Lemnos (i.e. the part over the eastern Aegean Sea) was at lower altitude, almost
constantly at 150 m above sea level (a.s.l.). The flight leg from Lemnos to Crete (i.e. the
part over the western Aegean Sea) was in general at altitudes above 2.3 km during both
flights, except for a small period during the second flight when the aircraft flew at 160 m
a.s.l. on the southeast of Athens. Considering that the marine at mospheric boundary

layer (MABL) was below 1 km, some parts of the flights were within and some above it.
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Fig. 1. Map of Greece showing the island of Lemnos and the location of the ground station at Vigla on the
northwestern part of the island. The red and green lines show the paths followed by the FAAM BAe-146
aircraft on flights b637 and b641, performed on 1 and 4 September, respectively.

The non-refractory submicron chemical composition of the aerosol particles was
determined by a cToF type (Canagaratna et al., 2007; Drewnick et al., 2005) AMS
(Aerodyne Research Inc.) onboard the aircraft. Details of the airborne cToF-AMS
instrument and the algorithm used for the analysis of the measurements are provided in
Morgan et al. (2010). In brief, air was sampled through a Rosemount inlet (a forward
facing, sub-isokinetic inlet with sampling efficiency close to unity for particles <600 nm;

for more details cf. Foltescu et al., 1995), mounted on the aircraft fuselage. Inside the
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AMS an aerodynamic lens (Wang et al., 2005) was used for focusing the sampled
particles onto the heated surface, which was maintained at 600 °C. The vapours resulting
from volatilising the particles on the heated surface were then ionised using electron
impact at 70 eV, and the ion fragments were analysed by a quadruple mass spectrometer
for specific ions, including NH,", CI, NO3, SO4* and organics. The cToF-AMS can
measure particles having vacuum aerodynamic diameters (VADS) in the range from 50 to
700 nm (Liu et al., 2007), with a detection limit of ca. 50 ng m*.

The cToF-AMS was calibrated using monodisperse ammonium nitrate particles
and the recorded measurements were analysed using the fragmentation table approach
(Allan et al., 2003, 2004) with the modifications introduced by Aiken et al. (2008).
Corrections for variations in the composition-dependent collection efficiency were

applied according to the parameterisation introduced by Middlebrook et al. (2012).
2.1.2 Ground measurements

The ground-based hygroscopicity measurements were conducted at a station
located 420 m a.s.l. in the area of Vigla, on the northwestern part of the island of Lemnos
(39° 58' N, 25° 04' E; cf. Fig. 1). The area is far from any major city and from local
anthropogenic sources. A custom-made HTDMA system (Rader and McMurry, 1986)
and a commercially available scanning mobility particle sizer (SMPS, TSI Model 3034;
Wang and Flagan, 1990) 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 1.0 Ipm 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 3043 %.
The SMPS system measured the particle size distribution from 10 to 487 nm, whereas the
HTDMA measured the hygroscopicity of the particles having dry diameters from 50 to
170 nm.

The HTDMA system consisted of two differential mobility analysers (DMAS;
Knutson and Whitby, 1975), and a condensation particle counter (CPC, TSI Model
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3022A; Stolzenburg and McMurry, 1991). The first DMA (DMA-1, TSI 3080) included a
®Kr aerosol neutraliser and a closed-loop system for recirculating the sheath flow. The
second DMA (DMA-2) employed a custom-made system for the sheath flow
recirculation with an RH controller (cf. Biskos et al., 2006a). For each measurement, the
voltage on DMA-1 was adjusted to select dry aerosol particles having mobility diameters
from 50 to 170 nm. The quasi-monodisperse particles 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 humidified particles was then
measured by DMA-2 and the CPC. The aerosol and the sheath flows for both DMAs

were 0.3 and 3.0 Ipm, respectively.

The RH and temperature of the aerosol flow downstream the humidity exchanger
and of the sheath flow in DMA-2 were measured by two humidity/temperature sensors
(Rotronic Model SC-05). A proportional-integral-derivative (PID) controller was used to
control the RH in both flows by adjusting the flow of a parallel stream of very high RH
(ca. 100 %) on the outer annulus of each Nafion-tube humidity exchanger. The overall
performance of the HTDMA was tested with ammonium sulfate and sodium chloride
particles produced by atomisation. The uncertainty of the particle size measurements by
the system was less than 1 % whereas RH variations were within less than 2 % of the set

point.
2.2. Data Analysis
2.2.1. SMPS Measurements

The inversion of the SMPS measurements was performed using the Aerosol
Instrument Manager software (AIM, TSI version 6.0), including correction for multiply
charged particles. The inverted particle-number size distributions were then analyzed
using a curve-fitting algorithm similar to that described in Hussein et al. (2005). This
algorithm employed the least squares method to fit the sum of up to three lognormal
distributions to the measurements. The first lognormal distribution corresponded to
particles having a geometric mean mobility diameter from 10.0 to 25.0 nm (nucleation
mode), the second from 25.1 to 90.0 nm (Aitken mode), and third from 90.1 to 500.0 nm
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(accumulation mode). The geometric standard deviation of each lognormal distribution
was allowed to vary between 1.2 and 2.1. The algorithm starts by fitting a tri-modal
lognormal distribution to the measurements, and successively tests the possibility of
reducing it to a bi- or to a uni-modal distribution based on the estimated number
concentration of each mode, the geometric mean diameter, and the geometric standard
deviation of the neighbouring modes.

2.2.2. HTDMA Measurements

The hygroscopic growth factor, g, determined by the HTDMA measurements is
given by

g(RE)="0000 1)
where dn(RH) and dmgary are the geometric mean mobility diameters of the sampled
particles at the hydrated state (i.e., RH = 85%) measured by DMA-2 and the CPC, and at
the dry state, i.e., the mobility diameter selected by DMA-1, respectively. The RH at the
inlet of DMA-1 varied between 27 and 33%, having an average value of 30% during the
entire period of the measurements. As a result the measured growth factor can be more

accurately expressed as

A (85%)

g(85%30%)="2 5. )

Here dn(30%) is the nominal mobility diameter of the particles selected by DMA-1, and
dn(85%) is the mobility diameter measured by DMA-2 and the CPC of the HTDMA
system.

Internally mixed monodisperse particles of uniform chemical composition will
grow to the same size when subjected to identical RH conditions downstream of DMA-1.
In this case, the size distribution of the humidified monodisperse particles can exhibit a
single mode that is significantly broadened compared to that of the dry sample, or distinct
monodisperse modes, depending on the hygroscopic variability of the particles.

To distinguish between modes that may correspond to different particle
populations in a systematic way we employed the TDMAVfit algorithm (Stolzenburg and

McMurry, 1998) for inverting the HTDMA measurements. The algorithm uses the least
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squares method to fit Gaussian-shaped transfer functions to the measured response of the
system. To locate the peak positions and the associated concentrations that give the best
fit, the algorithm employs a search routine that is based on a number of convergence
criteria and constrains. When a chi-square function of the fit residual changes by less than
0.1% and each of the fitted parameters alters by less than 10% of its respective estimated
uncertainty, the TDMACit is considered to have converged to the best fit. Measurements
inverted also by the TDMAInv algorithm developed by Gysel et al. (2009) gave
hygroscopic growth factors that agreed within less than £2.5 % with those calculated by
TDMA(it.

For the analysis of the HTDMA measurements, we assumed that all the particles
have a spherical shape when selected by DMA-1, and that particle shrinkage due to the
presence of volatile species, (e.g. ammonium nitrate) was negligible. Under these
assumptions, the measured hygroscopic growth factors less than 1.0, comprising ca. 3 %

of all the measurements, were excluded.

2.2.3. Determining hygroscopic growth factors from the AMS measurements
The hygroscopic growth factor of internally mixed particles, gmix, Can be
estimated using the AMS measurements as (Kreidenweis et al., 2008)

1/3
Z i (RH) = (1 + Komix (“—W)) , (3)

1-ay,

where a,, is the water activity of the solution droplet, which neglecting the Kelvin effect

is equal to RH/100, and xnix is the hygroscopic parameter of the mixed particles given by
Kmix = Zi & K;. (4)

Here & = Vii/Vs and «; are the volume fraction and the hygroscopic parameter of the ith
chemical species of the particles, with Vs being the volume occupied by that species, and
Vs the dry volume of the particle.

To estimate the volume fractions of each species of the particles from the cTOF-
AMS measurements we first determined the molar fractions of the ions and the then those
of the chemical compounds comprising the particles using the ion pairing algorithm
proposed by Pilinis et al. (1987) and later simplified by Gysel et al. (2007). In this
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simplified algorithm by setting the fraction of nitric acid to zero, the molar fraction of
ammonium nitrate is equal to the molar fraction of nitrate ions. The rest of the
ammonium ions are assigned to the sulfate ions, and depending on the ammonium to
sulfate ratio, the molar fractions of sulfuric acid, ammonium bisulfate and ammonium
sulfate are determined. To convert the mole fractions to volume fraction we used the bulk
densities for every chemical species as summarized in Table 1 (Duplissy et al., 2011).
The respective hygroscopic parameters are also shown in Table 1 (Petters and
Kreidenweis, 2007). For the organic compounds commonly present in atmospheric
particles, the density, porg, and hygroscopic parameter, xoq, can vary from 1200 to 1700
kg m® (Hallquist et al., 2009), and from 0.0 to 0.2 (Petters and Kreidenweis, 2007),
respectively.

Table 1. Hygroscopic parameters k and densities used in the
k-Kohler theory (Eq. 3).

Chemical species K Density (kg m™)
(NH,),S0, 0.53° 1769°
NH,HSO, 0.56 1720°
NH;NO; 0.68" 1780°

H,SO, 0.97° 1830°
Organics 0.00-0.20" 1200-1700°

& Petters and Kreidenweis (2007);
*Duplissy et al. (2011);
“Hallquist et al. (2009);

“Biskos et al. (2009).

3. Results and Discussion
The prevailing synoptic conditions during the entire period of the measurements

correspond mainly to north easterlies surface winds over the Aegean Sea, being
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associated with a large-scale surface anticyclone. From 30 August to 3 September,
however, the wind speeds were substantially lower with northwesterly directions. In
particular, during the flight performed on 1 September (flight b637), a large-scale surface
anticyclone prevailed over southeastern Europe, producing fair weather conditions and a
moderate flow from the north-east sector over the Aegean Sea. During the flight
performed on 4 September (flight b641), the low pressure pattern that prevailed over
southeastern Europe, in combination with the anticyclone over Balkans, resulted in a
strong channelled surface-wind flow over the Aegean Sea. Average wind speeds of up to
20 m s™ were measured at altitudes 150 m a.s.l, but diminished above 4.5 km. When the
aircraft flew in the vicinity of the station on Lemnos, the surface winds were from
southwest direction and lower than 5 m s™ during the first flight, and from northeast
directions with speeds ranging from 9.5 to 13 m s™ during the second flight. The surface
temperature and RH at the ground station on Lemnos during the two missed approaches
were 28 and 21°C, and 45 and 75 %, respectively. For the entire period of the
measurements, the surface temperature and the RH at the ground station ranged from
17.7 t0 29.6 °C and from 16 to 87 %, respectively.

3.1. Measurements in the Atmosphere over the Ground Station

As described in Sect. 2.1, the size distributions and the hygroscopicities of the
particles were continuously measured at the ground station during the entire period of the
campaign. During each flight, the FAAM BAel146 aircraft flew in the vicinity of the
ground station (i.e. £300 m above or below the station and within a radius of 30 km) for
approximately 10 to 15 min. The measurements performed by the airborne cToF-AMS
during these two time windows were used to check the closure between hygroscopicity
and chemical composition measurements. The following paragraphs provide an overview

of the ground-based measurements and the closure study.

3.1.1. Particle Size Distributions

The evolution of the 1 h averaged particle size distributions measured by the
SMPS, together with time series of the number 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

34



experiment are shown in Fig. 2. The total number concentration of the particles having
diameters from 10 to 487 nm varied from ca. 4x10? to 1.0x10 particles cm™ with median
value of 1.9x10°. Almost 72.1% of the samples exhibited bi-modal distributions, whereas
12.4% and 13.7% of them showed uni-modal and tri-modal distributions, respectively.
The total particle number concentration in the nucleation mode varied from 1.7x10? to
3.2x10° particles Cm'3, with a median value of 7.7x10%, in the Aitken mode 1.7x10° to
7.1x10° particles cm™, with a median value of 1.0x10° and in the accumulation mode
from 1.8x10° to 3.4x10° particles cm™, with a median value of 9.9x10%. Most often the
particles were observed in the Aitken and the accumulation modes during the entire
period of the measurements. Particle size distribution measurements over the region of
the Aegean Sea are only available for the station of Finokalia on Crete (Pikridas et al.,
2010). According to that study, the average total number concentration of particles
having mobility diameters from 10 to 500 nm was ca. 2.7x10° particles cm™, which is
very similar to the concentrations measured on Lemnos. From 30 August to 3 September,
the majority of the particles resided in the accumulation and the Aitken modes. The rest
of the period was characterised by wider size distributions with particles residing also in
the nucleation mode (i.e. particles having diameter smaller than 25 nm). This pattern is
well correlated with the variability in the origin of the air masses arriving at the station

(cf. discussion in Sect. 3.2 and back-trajectory calculations shown in Fig. S1).
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Fig. 2. Evolution of normalised, hourly averaged size distributions of particles having dry mobility
diameters from 10 to 487 nm (a), and temporal variation of the respective number concentration of particles
residing in the nucleation, Aitken and accumulation modes (b) throughout the whole period of the Aegean-

Game field campaign.

3.1.2. Particle Hygroscopicity
Characteristic raw measurements by the ground-based HTDMA are shown in Fig.

3. The recorded size distributions correspond to particles having dry mobility diameters
(i.e. diameters selected by DMA-1) of 70, 90, and 150 nm after being exposed to 85 %
RH. The respective hygroscopic growth factors g(85%30%) of those samples are 1.22,
1.22, and 1.21. In almost all the HTDMA measurements, the geometric standard
deviation of the size distribution of the humidified particles was similar to that of the dry

ones, indicating that the samples were internally mixed. This is expected in remote areas

with no major local anthropogenic particle sources.
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Fig. 3. Size distribution measurements of the humidified monodisperse particle samples recorded by the
HTDMA system. Particles having dry mobility diameters of 70 (green), 90 (red), and 150 nm (blue)
selected by DMA-1 at 30+£3 % RH were exposed to 85 % RH and measured by DMA-2 and the CPC.
Symbols represent the actual measurements and lines the fitted curves determined by the TDMAFIT
algorithm. One hygroscopic mode is observed in all the measurements, corresponding to growth factors of
1.22, 1.22 and 1.21, for the 70-, 90- and 150-nm dry particles, respectively.

Figure 4 shows the hygroscopic growth factors g(85%|30%) measured by the
HTDMA (Fig. 4a) together with the measured (SMPS data) number concentrations of the
particles having dry diameters in the ranges selected by DMA-1 (Fig. 4b) during the
entire period of the campaign. The measurements are grouped in three different classes
depending on the dry mobility diameters selected by DMA-1: green circles and curve
correspond to measurements of particles having dry mobility diameter from 50 to 80 nm,
red squares and curve from 80 to 100 nm, and blue diamonds 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 by the SMPS, measurements
of dry particles in other modes 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 to 1.56) and 1.21 (ranging from 1.00 to 1.59), respectively. The
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average growth factor for all particle sizes was 1.20, having a minimum value of 1.00 and
a maximum of 1.59. Periods with particles of high (from 25 to 30 August), low (from 30
August to 2 September) and moderate (from 2 to 9 September) variation in the growth
factor can be identified in the HTDMA measurements. This difference is well correlated
with the variability in the origin of the air masses arriving at the station. During the days
with the low variation in particle hygroscopicity, the air masses reaching the station had
almost the same origin (i.e. the Black Sea), as indicated in Fig. S1 in the Supplement.

Although the selected dry diameters correspond to different periods during the
campaign, they exhibit very similar growth factors when comparing nearby
measurements. Considering also that the variability and the average growth factors
corresponding to particles having different dry diameters are also very similar, in most of
the cases, suggests that there is no noticeable variation of chemical composition as a
function of particles size. It should also be pointed out that the selected dry particles had
diameters in the range from 50 to 170 nm, within which the contribution of the Kelvin
effect to the hygroscopic growth of the particles is negligible (Biskos et al., 2006b; Park
et al., 2009).
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Fig. 4. Time series of the hygroscopic growth factors of atmospheric aerosol particles measured with the
HTDMA (a) and number concentrations of the particles having dry mobility diameters in the ranges
sampled by the HTDMA (b) at the ground station on Lemnos Island. Aerosol particles are grouped in three
different regions based on their dry mobility diameters: from 50 to 80 nm (green circles and curve), from
80 to 100 nm (red squares and curve), and from 100 to 170 nm (blue diamonds and curve).

The average hygroscopic growth factor measured in our work is ca. 12 % lower
compared to those reported by Stock et al. (2011), who also employed an HTDMA
system at Finokalia, on the island of Crete, from 12 August to 20 October 2005. The
hygroscopic growth factors of particles having 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 those HTDMA measurements were conducted at
90 % RH using the k-Kohler theory (i.e. Egs. 3 and 4), we calculate the corresponding
growth factors at 85 % RH to be in the range from 1.08 to 1.43. Although this range is
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similar to that observed in our study, the occurrence frequency of the more hygroscopic
particles reported by Stock et al. (2011) was significantly higher (of the order of 84 to 90
%) compared to that in our study (i.e. ca. 35 %).

3.1.3. Particle Chemical Composition and Hygroscopicity

Figure 5 shows the chemical composition of the atmospheric particles when the
aircraft was flying within a 30 km radius from the ground station and between 100 and
700 m altitude (i.e., ca. = 300 m from the altitude of the ground station). The reported
volume fractions are estimated by applying the ion pairing algorithm (cf. sect. 2.2.3) to
the cTOF-AMS measurements. The organic species comprised almost 50% of the total
particle dry volume, whereas ammonium sulfate and ammonium bisulfate accounted for
the rest. Although the volume fraction of the organic species was similar during both
days, the inorganic fraction of the particles was more acidic during the flight on 1
September (Fig. 5a). Considering that during both flights the chemical composition of the
particles did not show high variability with size (data not shown), the cToF-AMS
measurements can be considered as representative for the entire particle size range and
therefore can be used to predict the hygroscopic growth of the particles using the -

Kohler theory.
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Fig. 5. Cumulative volume fractions of the chemical species comprising the particles in the atmosphere
over the ground station on Lemnos Island during the flights performed on 1 September (flight b637) (a) and
on 4 September (flight b641) (b). The volume fractions are estimated by the ion pairing algorithm and the

chemical composition measurements from the airborne cToF-AMS.

The comparison between predicted (i.e. using Egs. (3) and (4) and the cToF-
AMS measurements) and measured (i.e. using Eq. (2) and the HTDMA measurements)
hygroscopic growth factors is shown in Fig. 6. The particles measured by the HTDMA
had dry mobility diameters of 100 nm. To account for the fact that the relative humidity

of the dry sample was 30 %, and therefore the particles entering the HTDMA may have
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already had some water due to their acidity (cf. Biskos et al. 2009; Engelhaart et al.
2011), and/or their organic content (c.f. Marcolli et al., 2004), we calculate the absolute
growth factor at 85% RH as

dm(85/o) dm(30%) ., dm(85%) _

0
g(85 /) mydry dm,dry d m(30%)

=0(30%) x 2(85%|30%). (5)

Here g(85%|30%) is the measured growth factor (cf. Eg. 2), and g(30%) is the growth
factor of the particles entering the HTDMA at 30% RH. The latter is estimated using the
k-Kohler theory and the composition measurements provided by the ¢cTOF-AMS. The
estimated g(30%) values varied from 1.03 to 1.06 during the specific measurements.
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Fig. 6. Hygroscopic growth factors measured by the HTDMA (black dots) and predicted by x-Kéhler

42



theory using the chemical composition measurements from the airborne cToF-AMS (red squares) when the
aircraft was flying close to Vigla station on 1 (flight b637) September 2011 (a) and on 4 (flight b641) (b)
September 2011. The HTDMA growth factors correspond to particles having dry mobility diameter of 100
nm, whereas the chemical composition corresponds to particles having Vacuum Aerodynamic Diameters
(VADs) in the range 50—700 nm. Error bars represent the 2 % uncertainty in the RH measurements.

For the predicted growth factors shown in Fig. 6, we used the fixed x and p values
for the inorganic species shown in Table 1. The values of xq and porg Were determined as
follows. By keeping xog = 1200 kg m™ (i.e. the lowest density of organic species as
indicated from the literature; cf. Hallquist et al., 2009), we increased xorg from O up to the
value that the predicted hygroscopic growth factors agreed with the measured ones within
5 %. In a similar manner, we increased porg from 1200 kg m™ by keeping Korg = 0. From
the resulting ranges of g and porg, We used the mean values as the most representative
for each day. Following this procedure we estimated xog = 0.03 and porg = 1300 kg m>
during the flight on 1 September, and xoq = 0.1 and porg = 1400 kg m™ during the flight
on 4 September. Evidently, the organic fraction of the particles observed during the
closure on 4 September was more hygroscopic and slightly more dense compared to that
on 1 September. In either case, the organic fraction of the particles was far less
hygroscopic than the inorganic fraction, resulting in a reduction of the amount of water

they could uptake as compared to their pure inorganic counterparts.
3.2. Measurements in the Atmosphere over the Aegean Sea

In the paragraphs that follow we provide an overview of the cToF-AMS chemical
composition measurements conducted over the Aegean Sea during the two flights of the
campaign, and employ them to predict the representative hygroscopic parameter of the

particles using the x-Kohler theory.

3.2.1. Particle Chemical Composition
The volume fractions of the compounds comprising the particles observed during

the entire flights on 1 and 4 September are shown in Figs. 7 and 8, respectively. During
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the flight on 1 September (data shown in Fig. 7) the volume fraction of sulfuric acid,
ammonium bisulfate, and ammonium sulfate ranged from zero to 0.86 with a median
value of zero; from 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
particles appeared to increase with increasing height, indicating that the concentration of
ammonia was very low at high altitudes, as had been observed in other regions (e.g.
Spengler et al., 1990). The volume fraction of ammonium sulfate was almost zero at
lower altitudes, rising to 0.5 at 2.5 km a.s.l. This pattern was inverted in the two vertical
paths above Crete. The volume fractions of ammonium bisulfate in this case were high at
lower altitudes ( <700 m a.s.l.) and, with the exception of a couple of points (one around
2.0 and one 3.7 km a.s.l), decreased with increasing height. In all cases, the
concentration of H,SO4 was almost zero for the entire flight, with the exception of a few
measurements higher than 4.0 km a.s.l. over Crete.

As shown by back trajectory calculations (cf. Fig. S2), low-altitude air masses
arriving over the north or central Aegean Sea originated from eastern Europe and the
wider Black Sea region. These air masses appeared to carry particles of very low acidity,
as shown in Fig. 7. The low-altitude air masses arriving over Crete, on the other hand,
originated either from the marine environment or from the mainland, but in both cases
they passed over the wider Athens region. This can explain the high acidity of the
particles observed at lower altitudes in that area. Acidic particles formed or directly
emitted from anthropogenic activities in the region of Athens travelled over the central
Aegean Sea towards Crete. The acidity of these particles did not change significantly
during advection as a result of the low concentrations of ammonia over the marine
environment (Clarisse et al., 2009). Acidic particles coming from eastern Europe (i.e.
those arriving over the north Aegean Sea) have a greater chance of being neutralised due
to the higher concentration of ammonia over the mainland.

The organic volume fraction of the particles observed during the flight conducted
on 1 September ranged from zero to 0.74, with a median value of 0.46. Their vertical
variability during all four vertical parts of the flight was similar, starting with low values

at the lower altitudes, increasing at intermediated heights and decreasing again at even
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higher levels. The height of the layers with particles of high organic fractions differed

from place to place, with the highest layer observed over the central Aegean Sea.

Considering that the air masses arriving over Lemnos and the central Aegean Sea during

the respective missed approaches have passed over urban, rural and marine environments,

and that their origin was similar (i.e. from eastern Europe), the organic fraction of the

particles could be either biogenic or anthropogenic.
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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 for
H,SO, (a), NH;HSO, (b), (NH4),SO, (c) and organic matter (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).

The chemical composition of the particles observed during the flight on 4

September is shown in Fig. 8. During that flight the aircraft flew at lower altitudes from

Crete to Lemnos (eastern leg of the flight) and at higher altitudes from Lemnos to Crete
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(western leg of the flight). Three of the four vertical parts of the flight in this case ended
at substantially higher altitudes (ca. 4.0 km a.s.l.) compared to those of the first one. The
vertical part of the flight over the central Aegean Sea was limited to ca. 1.0 km. The
volume fraction of sulfuric acid, ammonium bisulfate, and ammonium sulfate ranged
from zero to 0.79, with a median value of zero; from zero to 0.69, with a median value of
0.10; and from zero to 0.97, with a median value of 0.35; respectively. Similarly to the
measurements recorded during the flight on 1 September, particle acidity increased with
increasing altitude. In this case, however, the particles observed at ca. 2.5 km a.s.l. (i.e.
similar to the altitude of the eastern leg of the first flight) were even more acidic, having a
H,SO, volume fraction that reached values as high as ca. 0.4. High volume fractions of
NHsHSO, were observed at a layer between 1.0 and 2.0 km a.s.l. over the west/northwest
of Crete.

The respective fractions for the organic compounds of the particles during the
flight conducted on 4 September ranged from 0.03 to 0.84, with a median value of 0.48.
An increasing particle organic content is observed with increasing altitude, having
median volume fractions of 0.44 and 0.54 for altitudes below and above 2.0 km,
respectively. Compared to the flight on 1 September, the vertical distributions of the
second flight (i.e. 4 September) exhibited a higher uniformity. This can be explained by
the fact that the air masses arriving in many regions over the study area all originated

from central/western Europe and followed similar paths (cf. Fig. S3 in the Supplement).
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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 for
H,SO, (a), NH;HSO, (b), (NH4),SO, (c) and organic matter (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).

3.2.2. Particle Hygroscopicity
Using the bulk chemical composition measurements discussed above, we

calculated vertical profiles of the aerosol hygroscopic parameter xmix (EQ. 4) during the
two flights (cf. Figs. 9 and 10). For these calculations we used the hygroscopic
parameters and the densities of the organic fraction of the particles derived from the
closure study (i.e. xorg = 0.03, porg = 1300 kg m™ and xorg = 0.1, porg = 1400 kg m™ for the
flights conducted on 1 and 4 September, respectively; cf. Sect. 3.1.3 and Fig. 6), and
assumed that all the samples were internally mixed. During the flight on 1 September
(Fig. 9), the hygroscopic parameter ranged from 0.19 to 0.84, with a median value of
0.31. The hygroscopic parameter xmix Within the MABL (i.e. up to 1 km a.s.l.) exhibited a
decreasing trend with increasing altitude over the southern and central Aegean Sea (Fig.

9a-c). At higher altitudes xmix showed a noticeably higher variability, with values ranging
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from 0.21 at lower altitudes to 0.84 at altitudes above 4 km where the particles were
highly acidic. The vertical variability of xmix Over the northern Aegean Sea was
significantly lower, having values that ranged from 0.19 to 0.38. Overall, the hygroscopic
parameter xmix below the MABL was higher over the southern Aegean sea due to the
influence of air masses arriving from the wider Athens region, as described in Sect. 3.2.1.
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Fig. 9. Vertical profiles of the estimated hygroscopic parameters x.ix Of aerosol particles observed over
southwestern (@) southeastern (b), central (c) and northern (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 profiles of xmix Shown in the different subplots. The hygroscopic
parameters are calculated using the x-Kohler theory (Eq. 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 species had xoq = 0.03 and po = 1300 kg m™. The error bar
represents the spread of the estimated xkmix values when adopting the level of uncertainty used in our

closure study.
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The vertical profiles of the hygroscopic parameters predicted for the flight on 4
September are shown in Fig. 10. In this case, the calculated xmix values ranged from 0.22
to 0.80, with a median value of 0.36, which is comparable to that calculated for the first
flight. However, the vertical variability of xmix for altitudes even up to 2-3 km was
significantly lower compared to that observed during the first flight. The median value of
kmix Was of the order of 0.3 for the whole region as a result of the low acidity (i.e. the
inorganic fraction of the particles was mostly ammonium sulfate) and relatively low
organic volume fractions of the particles. The variability of xmix was higher at higher
altitudes, with values reaching up to 0.80. This increase is explained by the increasing
acidity of the particles, i.e. their higher volume fraction of sulfuric acid with increasing

altitude, as shown in Fig. 8a.
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Fig. 10. Vertical profiles of the estimated hygroscopic parameters i Of aerosol particles observed over
southwestern (a) southeastern (b), central (c) and northern (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 profiles of xnix, Shown in the different subplots. The hygroscopic
parameters are calculated using the x-Kdohler theory (Eq. 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 species had xoq = 0.1 and pgg = 1400 kg m. The error bar
represents the spread of the estimated xmix values when adopting the level of uncertainty used in our closure

study.
Despite the part that the measurements are performed in a marine environment of

the Aegean Sea, the estimated median xmix values, during both flights, reside well within
the range measured in urban and rural regions (Wex et al., 2010) and modelled for

continental Europe (Pringle et al., 2010).

4. Conclusions

Measurements of the chemical composition and hygroscopicity of atmospheric
particles were conducted over the region of the Aegean Sea using a cToF-AMS onboard
the FAAM BAe-146 aircraft, and a ground-based HTDMA system located on a remote
station on the island of Lemnos. The HTDMA measurements showed that the mean
hygroscopic growth factor of particles having dry diameters from 50 to 170 nm was ca.
1.2, and that the aerosol samples were internally mixed during the entire period of the
campaign. Good closure between cToF-AMS and HTDMA measurements was achieved
when the aircraft flew in the vicinity of the ground station. For these cases, the most
representative values of xorg and porg Were respectively 0.03 and 1300 kg m™ for the flight
on 1 September (b637), and 0.10 and 1400 kg m™ for the flight on 4 September (b641).

The particles observed over the wider region of the Aegean Sea during the two
flights exhibited high variability in their acidity and organic volume fraction, which can
be attributed to differences in the origin of the air masses arriving in the region. During
the flight conducted on 1 September, the air masses arriving over the northern and central
Aegean Sea had origins ranging from eastern Europe, the Black Sea, and the Balkans,
while those arriving over Crete had passed near the city of Athens, transferring

anthropogenic emissions. During the flight conducted on 4 September, air masses
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originated mainly from western and central Europe and the wind patterns were more
uniform and representative of the summer period in the region. For both flights we
observed that the organic species accounted for almost 50 % of the volume of the
particles, and that their acidity increased with increasing altitude. Higher spatial
uniformity of the chemical composition of the particles was observed during the second
flight as a result of the low variability in the origin and the paths of the air masses
arriving in the region. The acidity of the particles observed during that flight was
significantly high at high altitudes, exhibiting H,SO,4 volume fractions of up to 0.4.

Using the particle parameters xorg and porg Obtained from the closure study when
the aircraft flew in the vicinity of the ground station, the cToF-AMS chemical
composition measurements were used to estimate vertical profiles of the aerosol single
hygroscopic parameter xmix. Although the median hygroscopic parameter was not
significantly different for both flights (i.e. 0.31 and 0.36 during the flights on 1 and 4
September, respectively), its vertical variability was higher during the first flight. This
can be explained by the high diversity in the origin of the air masses arriving in the study
region, and the contribution of polluted air from the wider Athens area over the southern
Aegean Sea during that flight. Despite that the measurements were performed in the
marine environment of the Aegean Sea, the estimated median hygroscopic parameters

were more representative of continental aerosol particles.
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Supplement
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Figure S1. Wind back trajectories (120-hours long) caclulated by NOAAs HYSPLIT model for the ground station
station located at Vigla on the island of Lemnos at an altitude of 420 m asl. Different colors corespond to back trajec
tories arriving at the station on different dates during the field campaign.
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Figure S2. Wind back trajectories (120-hours long) caclulated by NOAAs HYSPLIT model for the different
positions of the aircraft during the flight on the 1st of September 2011. The calculations have been performed when
the aircraft was over Chania at 09:00 UTC (a), over north of Crete at 10:00 UTC (b), over the central Aegean Sea and
Lemnos at 11:00 and 12:00 UTC, respectively (c), and over the central Aegean Sea and Chania on the way back at
13:00 and 14:00 UTC, respectively (d). Different colors of the trajectories correspond to different flight altitudes: 500

m (red), 1500 m (green), 2500 m (blue), 3500 m (black), and 4500 m (magenta).
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Figure S3. Wind back trajectories (120-hours long) caclulated by NOAAs HYSPLIT model for the different
positions of the aircraft during the flight on the 4th of September 2011. The calculations have been performed when
the aircraft was over Chania at 11:00 UTC (a), over eastern Crete at 12:00 UTC (b), over the Lemnos and northwest

ern of Crete at 13:00 and 14:00 UTC, respectively (c), and over Chania on the way back at 15:00 UTC, respectively

(d). Different colors of the trajectories correspond to different flight altitudes: 500 m (red), 1500 m (green), 2500 m
(blue), 3500 m (black), and 4500 m (magenta).
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C. Hygroscopic Properties and Mixing State of Ultrafine Aerosol
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Abstract

The hygroscopicity and mixing state of atmospheric ultrafine particles over suburban
areas of two large cities in Greece, namely Athens and Patras, were measured using a
combination of a Hygroscopic Tandem Differential Mobility Analyzer (HTDMA) and a
continuous-flow streamwise-thermal-gradient Cloud Condensation Nuclei Counter
(CCNC). The chemical composition of the particles was also measured using a High-
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) and filter
samples. Although both sites are affected by local and long range transported emissions,
the measurements showed that the observed particles were more hygroscopic, more CCN
active and more often externally mixed in Athens than in Patras. The frequency of
externally mixed samples in both cases, was higher when long-range transported air
masses passed above the city centers as indicated by wind back-trajectory calculations.
Closure between HR-ToF-AMS and HTDMA/CCNC using the x-Kohler theory indicated
that the hygroscopicity of the organic fraction of the particles x.q observed in Athens is
higher compared to that observed in Patras and other studies conducted in eastern
Mediterranean region. This can be explained by either the presence of highly hygroscopic
refractory matter or of a more hygroscopic organic fraction than the one assumed in most
field measurements. In both cases, however, the values obtained at sub- and super-

saturation conditions exhibited systematic differences of up to 80%.
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1. Introduction

Atmospheric particles scatter and absorb the incoming solar radiation, thereby
affecting the radiative balance of the Earth in a direct way (Haywood and Boucher, 2000).
In addition, by acting as cloud condensation nuclei (CCN) they can affect the energy
balance of the planet in an indirect way (Ogren and Charlson, 1992). Both the direct and
indirect effect of atmospheric particles on climate depends strongly on their size and
chemical composition, as well as on the amount of water they hold at different
atmospheric conditions. The later is determined by the hygroscopicity of the particles, i.e.
their ability to take up water from the vapour phase when exposed to different relative
humidity (RH) conditions.

Basic thermodynamic models (e.g., Clegg et al., 1998) have been developed for
predicting the hygroscopic behaviour of pure or mixed inorganic particles. However,
existing knowledge provides inaccurate predictions on the hygroscopicity of particles that
consist of organic species or mixtures of organic and inorganic compounds. To simplify
the association of particle chemical composition with hygroscopicity, Peters and
Kreidenweiss (2007) proposed the use of a single hygroscopic parameter x. Typical
atmospheric soluble-salt particles such as ammonium sulphate or sodium chloride have x
values of 0.53 and 1.12, respectively, whereas those of organic compounds lie in the
range between zero and 0.3 (Petters and Kreidenweiss, 2007). For completely insoluble
but wettable particles, whose water activity is not affected by water adsorbed on their
surface, the x value is zero. Using the parameter «, and information about the hygroscopic
behaviour of the pure chemical species, one can make a good approximation of the water
uptake characteristics of mixed atmospheric particles.

The use of a single hygroscopic parameter x proposed by Petters and Kreidenweis
has been one way for describing the hygroscopic behaviour of atmospheric aerosols in
atmospheric-climate models (e.g. Liu and Wang, 2010). For the accurate consideration of
aerosol microphysics processes required to improve the predictability in these models,
however, observations of aerosol hygroscopicity and mixing state are needed for different
regions (Pringle et al., 2010). Such measurements are available for remote environments
in the region of the Aegean Sea and Eastern Mediterranean (Stock et al., 2011,
Bougiatioti et al., 2009 and 2011; Bezantakos et al., 2013). However, to the best of our
knowledge, the only data available for suburban environments in the broader region of

Southeastern Europe and especially for the mainland of Greece are those reported by
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Petdjd et al. (2007), which measured the hygroscopic growth factor of sub 50 nm particles
in a suburban site close to Athens.

In this work we report measurements of the CCN activity, hygroscopicity, and
mixing state of particles observed in the atmosphere over suburban areas in Patras and
Athens. The measurements were conducted using a combination of one Hygroscopic
Tandem Differential Mobility Analyzer (HTDMA; Rader and McMurry, 1986) and a
continuous flow streamwise thermal gradient Cloud Condensation Nuclei Counter
(CCNC; Roberts and Nenes, 2005). Particle chemical composition measurements were
also conducted using a High-Resolution Time-Of-Flight Aerosol Mass Spectrometer (HR-
ToF-AMS; DeCarlo et al., 2006) and filter samplers used to collect particles having
diameters smaller than 2.5 um (PM;5s). The HTDMA and CCNC were coupled so that the
hygroscopic behavior of dry monodisperse particles was measured simultaneously at sub-
and super-saturated conditions. The mixing state of the particles was also derived by the
HTDMA measurements. Closure between the HTDMA/CCNC and chemical composition
measurements was used to estimate the hygroscopicity of the organic fraction of the

particles.

2. Experimental

Hygroscopicity measurements at sub- and super-saturated conditions were
performed from 8 to 26 June 2012 in Patras and from 4 to 26 July 2012 in Athens.
Particles chemical composition was measured during the total sampling period in Patras
and from 12 to 26 July 2012 in Athens. The measuring site at Patras was located at
FORTH/ICE-HT (38.297° N, 21.809° E), at a height of 85 m and ca. 10 km far from the
center of the city. The measuring site in Athens was located in Demokritos GAW station
(37.995° N, 23.816° E), at 250 m height, having a distance of ca. 8§ km from the city
center. The sampling locations were influenced by particles emitted from the cities when
the wind had western and south- to northwestern direction in case of Patras and Athens,
respectively (cf. Fig. 1). Five-day wind back-trajectories, which were calculated on a 6-h
basis using NOAA's HYSPLIT model, were employed to distinguish sub-periods during

which air masses of different origin arrived at the two stations.
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Fig 1. Map of Greece showing the locations of the ground stations in Patras and Athens.

2.1 Instrumentation

An HTDMA and a CCNC were used to measure the hygroscopic properties of
particles in sub- and super-saturated conditions, respectively (cf. Fig. S1 in the
supplement for the details). The whole system sampled air with a total flow rate of 1.8
Ipm. Dried particles were selected by the first Differential Mobility Analyzer (DMA-1;
TSI Model 3080; Knutsen and Whitby 1975) of the HTDMA. The closed-loop sheath
flow and the monodisperse aerosol outlet flow of DMA-1 were 10.8 and 1.8 Ipm, while
the voltage on the central rod was changed every 6 minutes in order to select particles
having mobility diameters of 60, 80, 100 and 120 nm. The aerosol flow upstream DMA-1
was dried to below 35% using a silica gel diffusion drier in Patras site, and below 15%
using a dried air system and a nafion exchange membrane in Athens. A fraction (0.3 Ipm)
of the quasi-monodisperse flow downstream DMA-1 was passed through a nafion-tube
humidity exchanger where its RH was increased to 87%, before the size distribution of the
particles was measured with a second DMA (DMA-2; custom-made DMA using a closed-
loop sheath flow with RH control; cf. Biskos et al., 2006a) and the Condensation Particle
Counter (CPC, TSI Model 3772; Stolzenburg and McMurry, 1991). The RH in both the
aerosol and the sheath flow in DMA-2 was controlled by PID controllers within a £2%
accuracy. Both DMAs in the HTDMA system were calibrated with Polystyrene Latex
(PSL) spheres, while the overall performance of the HTDMA was investigated with
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ammonium sulfate particles. The rest (1.5 Ipm) of the quasi-monodisperse flow
downstream DMA-1 was sampled by the CCNC, which was operated in a scanning flow
mode (Moore and Nenes, 2009). In this mode particles were exposed to super-saturation
conditions that progressively varied from 0.1 to 1.0%, allowing the rapid and continuous
measurement of super-saturation spectra with high temporal resolution. A more detailed
description of the specific CCNC can be found in Bougiatioti et al. (2009).

An HR-ToF-AMS and filter samplers under an impactor with cutoff diameter of
2.5 um were used to determine the chemical composition of the particles. Details of the
HR-ToF-AMS can be found in DeCarlo et al. (2006). In brief, particles are focused by an
aerodynamic lens onto a heated surface, where the non refractory compounds are flash
vaporized at 600°C. The resulted vapours are then ionized using electron impact at 70 eV
and analyzed using mass spectrometry. Particles Vacuum Aerodynamic Diameters
(VADs) are determined by measuring their time of flight (ToF) between a chopper and
the vaporizer surface. The AMS was deployed alternatively between V and W mode
measuring 3 min in each mode. In this work the V mode data are used. The collection
efficiency (CE) was calculated using the algorithm of Kostenidou et al. (2007).

The filter samples were collected daily on quartz pre-treated filters and were

analyzed using ion chromatography for inorganic species of atmospheric relevance.
2.2. Data Analysis

2.2.1. HTDMA Measurements

The hygroscopic growth factor, g, determined by the HTDMA measurements is
given by:

gRE)="70, (1)

ry

where dn(RH) and dqry are respectively the geometric mean mobility diameters of the
sampled particles at the hydrated state (i.e., at RH = 87%) as measured by DMA-2 and the
CPC, and at the dry state as dictated by the settings (i.e., flow rates and voltage) used in
DMA-1.

Internally mixed monodisperse dry particles exposed to elevated RH conditions
within the HTDMA system will grow by the same amount due to water uptake. As a
result they will exhibit a unimodal size distribution when measured by DMA-2 and the

CPC of the HTDMA. Externally mixed dry monodisperse particles, on the other hand,
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may grow to different sizes exhibiting either a wider unimodal or a bimodal size
distribution when measured by the HTDMA. The TDMAfit algorithm (Stolzenburg and
McMurry, 1988) was employed for inverting the HTDMA measurements and
distinguishing between internally and externally mixed aerosols (cf. Bezantakos et al.,
2013). Characteristic HTDMA measurements of internally and externally mixed particles
after data inversion are provided in the supplement (Fig. S2).

2.2.2. CCNC Measurements

The super-saturated conditions within the CCNC were calibrated in terms of the
temperature difference between the inlet and the outlet (AT = 5 °C), the instantaneous
flow rate and the overall flow rate range. The relationship between super-saturation and
instantaneous flow rate was determined by the procedure described by Moore and Nenes
(2009). According to that, size-classified ammonium sulfate particles from DMA-1 were
introduced into the CCNC whose flow, the range of super-saturated conditions, was
scanned. For each particle size, the critical super-saturation value S; above which particles
act as CCN was obtained from Kohler theory (Moore et al., 2012a). The process was
repeated with five different particles sizes. The calibration measurements were fitted with
sigmoidal curves where the inflection point, corresponding to the S; of the selected
ammonium sulfate particles, was used to determine the critical activation flow rate Qso.
The absolute uncertainty of the calibrated CCNC super-saturation is estimated to be
+0.04% (Moore et al., 2012a; 2012b).

The CCN activity of the particles is characterized by the activation ratio given by:

R =N _, & & @)
1+(Q/Qq) ™
where CCN and CN are the activated and total particle concentrations, while ao, a;, a, and
Qso are constants that describe the minimum, maximum, slope and inflection point of the
sigmoidal, respectively, while Q is the instantaneous volumetric flow rate. Ideally, ag is
zero and a; is expected to be unity; however, values for a; varied throughout the
measurement period depending on the selected aerosol particle size and the mixing state.
The inflection point (i.e. Qso or “critical flow rate”), corresponds to the instantaneous flow
rate, that produces a level of super-saturation within the CCNC, required to activate the

measured monodisperse aerosol. Characteristic sigmoid activation curve of particles
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having dry mobility diameter of 120 nm at super-saturated conditions ranging from 0.1 to
1.0% is shown in Fig. S3.

2.2.3. AMS Measurements

The standard HR-AMS data analysis software SQUIRREL v1.51C and PIKA v1.10C
(Sueper, 2011) with Igor Pro 6.22A (Wavemetrics) was used for the AMS data analysis.
For the organic mass spectra we applied the fragmentation table of Aiken et al. (2008)
modifying the m/z ratio 18 and 28 (Kostenidou et, in preparation). Positive Matrix
Factorization, PMF, (Paatero and Tapper, 1994; Lanz et al., 2007) was applied to the
high-resolution organic mass spectra using the m/z ratios 12-200 according to the
approach of Ulbrich et al. (2009). PMF, which is a bilinear unmixing model, reproduces
the measurements as a linear combination of factors to indentify the different organic

aerosol sources.
2.3. Estimation of the hygroscopic parameter

2.3.1. Determining the hygroscopic parameter x from HTDMA measurements
The hygroscopic parameter x can be determined by the hygroscopic growth factor
measured by HTDMA as follows (Kreidenweis et al., 2008):

(grr*1)

ayw/(1-ay)

KHTDMA = 5 3
where g(RH) is the measured hygroscopic growth factor (i.e., at 87% RH in our
measurements) and a, is the water activity of the solution droplet, which can be

calculated by:
-1
. RH 405/q Mw
400 <exp (RTdem(RH))> ' )

Here 64, and M,, are the surface tension and molecular weight of pure water (0.072 J m™
and 1872 kg/mol, respectively), R is the universal gas constant, T is the absolute
temperature, py is the density of water and dy, is the diameter of the particles at elevated
RH. Note that the exponential term, i.e., the Kelvin term, provides only a small correction

for particles larger than 60 nm.
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For externally mixed particles xntoma corresponding to each mode can be
obtained. An average value of the hygroscopic parameter, which is representative of the
hygroscopic properties of the entire particle population, can be also obtained as follows:

_ (gavg(RH)*-1)

KuTDMA = m- ®)
Here gag(RH) is the average hygroscopic growth factor of the entire monodisperse

particle population.

2.3.2. Determining the hygroscopic parameter x from CCNC measurements
The hygroscopic parameter of the particles can also be obtained using the CCNC

measurements (i.e., critical super-saturation) as follows:

443
Kcen = m (6)
where S is the critical super-saturation at which half of the monodisperse particles

activate (cf. sect. 2.2.2), dqry is the dry mobility diameter selected by DMA-1, and

_ 4Myow
" RTpw (7

Here My, ow and p,, are the molecular weight, the surface tension and the density of water,

while R and T are the universal gas constant and temperature of the system, respectively.

2.3.3. Estimating the hygroscopic parameter x from particle chemical composition
measurements
The hygroscopic parameter of the particles can be estimated using measurements

of their chemical composition as follows:

KCHEM = i & Ki - (8)

Here ¢ = Vq/Vs and ; are the volume fraction and the hygroscopic parameter of
the ith chemical species comprising the particles, with Vs being the volume occupied by
that species and Vs the volume of the dry particle. The volume fractions of each species
were estimated using fixed densities for the inorganic compounds (cf. Bezantakos et al.,
2013 and Table 1 therein). To determine the organic volume fraction of the particles the
corresponding density of the organics porg Was derived by combining the HR-ToF-AMS
and the SMPS measurements (cf. DeCarlo et al., 2004). The hygroscopic parameters of
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the inorganic species were taken by Petters and Kreidenweis (2007; cf. Table 1 therein).
For the organic fraction, xorq Was estimated by fitting the predicted hygroscopic
parameters xcruem to that determined by the HTDMA and the CCNC (i.e., Kyrpma and
Kcen, respectively), for the 120-nm particles. The hygroscopic parameter xcpem Wwas
estimated using 2-h averaged size resolved HR-ToF-AMS measurements corresponding
to particles with vacuum aerodynamic diameters (VADs) from ca. 165 to 209 nm. The
reason for using such a wide range of particle sizes was to improve the signal to noise
ratio in the measurements. The fitted hygroscopic parameter of the organic fraction (i.e.
Korg) Was allowed to vary from 0.0 to 0.3 (Kreidenweis et al., 2007).

Values of xorg Were also estimated on a 24-hour basis, were also estimated by
fitting xcnem ODbtained by the off-line chemical composition measurements with the
corresponding 24-h averaged Kyrpmadnd xccn Values. In this case, the mass of the
inorganic fraction of the particles was obtained from the filter samples, while the mass
and density of the organic fraction was obtained by the HR-ToF-AMS. A similar
procedure, as described above was followed to estimate the aerosol hygroscopic
parameter. The simplified ion-pairing scheme described by Gysel et al., (2007), was used
for the measurements conducted in Patras. For the measurements in Athens, due to the
presence of Na*, CI', Ca**, K* in the filter samples we used ISORROPIA 11 (Fountoukis

and Nenes, 2007) for the ion-pairing of the inorganic fraction.
3. Results and Discussion

3.1. Measurements in the atmosphere over the suburban site of Patras

The measuring period in Patras was divided into three distinct sub-periods based
on the origin of the air masses arriving at the monitoring station as determined by 5-day
wind back-trajectories using the NOAA HYSPLIT model. During the first and the third
sub-period (i.e., 8-17 and 24-27 June, respectively) the air masses had western and north
western origin while during the second (18-23 June), their origin was north-eastern.
Discussion of the measurements in the sections that follows is based on the wind patterns

observed in each sub-period.

3.1.1. Particle Hygroscopicity at sub-saturated conditions (HTDMA measurements)
Figure 2 shows the calculated 5-day wind back-trajectories for characteristic days
corresponding to each sub-period, together with the measured growth factor distributions

for 60- and 120-nm particles exposed to 87% RH. On 11 and 26 June (i.e., representative

71



days of the first and the third period) the air masses were passing over the city of Patras
(Fig. 2a and c) carrying local-emitted and long-range transported particles. The observed
aerosols during these days were both internally and externally mixed depending on the
time, with the fraction of the latter being higher for the smaller dry mobility diameters
(i.e., dm,ary = 60 nm) as shown in Fig. 2d, e and h, i. On 20 June (i.e., characteristic day of
the second period) the air masses were not influenced by emissions from the city of Patras
(Fig. 2b). For the entire day both the 60- and 120-nm particles were internally mixed, as
indicated by the sharper measured growth factor distributions (Figs. 2f and g).

11/06/2012 20/06/ 2 26/06/2012

——00:00 ——06:00 12:00 ——18:00 24:00

2(87)30%)

2(8730%)

038
06:00 4 00:00 06:00
Figure 2.
0.0 0.1 02 03

Normalized Concentration

Fig 2. Calculated 5-day wind back-trajectories and the growth factor distributions of 60- and 120-nm
particles, when exposed to 87+2% RH, on 11 (a, d, €), 20 (b, f, g) and 26 (c, h, i) June. Three

characteristic days that represent three distinct sub-periods during the measurements in Patras.

Figure 3 shows 6-h averaged hygroscopic growth factors of particles having dry
mobility diameters of 60, 80, 100 and 120 nm after being exposed at 87% RH, for the
entire period of the measurements in Patras. The particles can be divided in more and less
hygroscopic fractions, depending on whether they exhibit g(87|30%) values above or

below 1.15, as indicated by solid red or open blue circles, respectively. The size of the
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circles in Fig. 3 indicates the relative population of the more or less hygroscopic fraction,
while Table 1 summarizes the median values and the range of the more hygroscopic

relative population in each sub-period.

Table 1. Median values and range (in brackets) of the
number fractions of particles residing in the more
hygroscopic mode (i.e., g(87%|30%) > 1.15) during the
three different sub-periods (P1 8-17 June; P2 18-23

June; P3: 24-27 June) of the measurements in Patras.

Uary P1 P2 P3
(nm)
60 0.90 0.99 0.88
(0.34-1.00)  (0.75-1.00)  (0.47-1.00)
80 0.97 0.98 0.92
(0.60-1.00)  (0.89-1.00)  (0.73-1.00)
100 0.97 1.00 0.97
(0.86-1.00)  (0.92-1.00)  (0.86-1.00)
120 0.97 1.00 0.96
(0.89-1.00)  (0.93-1.00)  (0.89-1.00)

Overall, the majority of the particle population resided in the more hygroscopic
mode. Compared to the larger dry particles investigated in this work, particles having dry
mobility diameters of 60 nm exhibited the highest fraction of less hygroscopic particles.
The variability of the number concentration fraction of the more hygroscopic mode was
decreasing with increasing dry mobility diameter. Higher fractions of particles residing in
the less hygroscopic mode were observed during the first and the third sub-period (i.e., 8-
17 and 24-27 June, respectively) when more than 10% of the aerosol samples were
externally mixed. During these two periods the concentration of the less oxygenated
Hydrocarbon and Cooking-like Organic Aerosol (HOA and COA,
determined by the HR-ToF-AMS (cf.: section 2.2.3) were increased (cf. Fig. S4)

indicating the presence of anthropogenic particles.

respectively)
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The median values and ranges of the hygroscopic growth factors of particles
residing in either the less or the more hygroscopic mode during each sub-period of the
measurements in Patras are summarized in Table 2. The observed particles exhibited
hygroscopic growth factors similar to the ones observed in North Aegean Sea (c.f.
Bezantakos et al., 2013) and 10% lower than the ones observed in South Aegean (c.f.
Stock et al., 2011).

Table 2. Median values and range (in brackets) of externally mixed particles
classified as less hygroscopic (Ih; g < 1.15) and as more hygroscopic (mh; g >
1.15) when exposed to 87% RH, during each sub-period in Patras.

ddry
P1 P2 P3
(nm)
Ih mh Ih mh Ih mh
60 1.10 1.23 1.13 1.24 1.08 1.26
(1.00-1.15) (1.15-1.59) (1.03-1.15) (1.15-1.38) (1.02-1.15) (1.15-1.69)
80 1.05 1.24 1.06 1.24 1.05 1.27
(1.00-1.15) (1.15-1.59) (1.03-1.15) (1.15-1.44) (1.01-1.15) (1.15-1.44)
100 1.05 1.25 1.06 1.24 1.03 1.27
(1.00-1.15) (1.16-1.60) (1.03-1.15) (1.15-1.62) (1.00-1.14) (1.15-1.44)
120 1.04 1.25 1.13 1.24 1.03 1.27

(1.00-1.15) (1.15-1.63) (1.11-1.14) (1.16-1.43) (1.00-1.12) (1.15-1.45)
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Fig 3: HTDMA measurements of 60-, 80-, 100-, 120-nm particles for the entire period of the measurements
in Patras. The size of the symbols (i.e., the size of the circles) is proportional to the number fraction of each
mode. Particles which exhibited hygroscopic growth factor below 1.15 (less hygroscopic) are denoted with

different symbols (i.e. open blue circles). The grayed area marks the second sub-period.

3.1.2. Particle hygroscopicity at supersaturated conditions (CCNC measurements)
The hygroscopic parameters x and activation fractions of the monodisperse
particles determined by the CCNC measurements (i.e., when the particles were exposed to
super-saturated conditions) averaged over 6 h are shown in Figure 4 and summarized in
Table 3. The lowest activation fractions but with the highest variability were observed for
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60-nm particles in all three sub-periods. The larger particle exhibited similar activation
fractions with values almost unity during most of the first sub-period. During the second
and the third sub-period, however, the larger particles exhibited somewhat lower
activation fractions with values as low as 70%. Overall, the activation fraction decreased
with increasing dry mobility diameter from 80 nm. A significant deviation from these
trends were observed on 17 June, where the activation fraction of all the particles was
lower than 50%, possible due to transport of aerosols from wildfires in Balkans from low
altitude winds (cf. Fig. S8).

The variability of xccn increased with increasing particle size but overall exhibited
moderate values that are indicative of mixed particles composed of inorganic and organic
species. Only the largest sampled particles (i.e., those having dry diameters of 100 and
120 nm) exhibited hygroscopic properties representative of pure inorganic particles
during a short period around 22 June. The observed xccn values were not significantly

different than the ones reported by Bougiatioti et al. (2009) for the South Aegean region.

Table 3. Median values together with the range (in brackets) of hygroscopicity
parameters x and activation fractions R, of particles having dry mobility diameters of
60, 80, 100 and 120 nm at various super-saturation conditions, rating from 0.1 to 1.0, in

Patras suburban sampling site.

ddry
P1 P2 P3
(nm)
KceN Ra KceN Ra KceN Ra
60 0.12 0.82 0.10 0.77 0.13 0.83
(0.06-0.23) (0.21-1.00) (0.06-0.24) (0.26-1.00) (0.06-0.19) (0.33-1.00)
80 0.18 1.00 0.20 0.91 0.23 0.88
(0.07-0.39) (0.46-1.00) (0.07-0.36) (0.53-1.00) (0.12-0.32) (0.64-1.00)
100 0.23 1.00 0.27 0.83 0.24 0.87
(0.10-0.51) (0.42-1.00) (0.12-0.60) (0.55-1.00) (0.15-0.40) (0.65-1.00)
120 0.23 1.00 0.26 0.79 0.23 0.84

(0.09-0.66) (0.43-1.00) (0.10-0.71) (0.56-1.00) (0.13-0.44) (0.64-1.00)
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Fig 4. Hygroscopic parameters kccy and their activation fractions (Color bar) of 60-, 80-, 100-, 120-nm

particles, measured by the CCNC in Patras. The grayed area marks the second sub-period.

3.1.3. Predicted hygroscopic parameter k from particles chemical composition

Figure 5 shows 2-h averaged hygroscopic parameters derived from the HTDMA
and CCNC measurements together with predictions using the size resolved particle
chemical composition from the HR-ToF-AMS and the x-Kohler theory as described in
sect. 2.3.3. The hygroscopic parameter of the organic fraction xoy shown in Fig. 5b and
5d, which was allowed to vary between zero and 0.3, was estimated by matching xcpem
with Kgrpma and xcen, respectively. The median values and the range of the estimated
kcrem and xorg Parameters at both sub- and super-saturation conditions for the three sub-

periods are shown in Table 4.
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Table 4. Median values and range (in brackets) of the estimated
aerosol and organic fraction's, hygroscopic parameters (Kcuem
and Korg) at different saturation (S) conditions in Patras. For the
estimation kcuem Was fitted to the measured hygroscopic
parameters of particles having dry mobility diameter of 120 nm

by varying Korg.
S Variable P1 P2 P3
KCHEM 0.2 0.17 0.21
(0.12-0.31) (0.11-0.33) (0.12-0.32)
=
2 Korg 0.00 0.00 0.00
(0.00-0.18) (0.00-0.19) (0.00-0.13)
KCHEM 0.29 0.27 0.27
(0.16-0.49) (0.13-0.47) (0.21-0.35)
5 Korg 0.10 0.13 0.00
S
(9p]

(0.00-0.30) (0.00-0.30) (0.00-0.18)

(0.00-0.30) (0.00-0.30) (0.00-0.11)

The median value of the hygroscopic parameter of the organic fraction xorg
throughout the entire period of the measurements was zero when estimated at sub-
saturated conditions (i.e., by fitting xcxem 10 Kgtpma) In all three sub-periods. Values of
Korg higher than 0.1 were used only in 15% of the cases during the first and the second
sub-period and only in 4% during the third. The corresponding median value of xorg
estimated at super-saturated conditions (i.e., by fitting xcqem to xcenc) was 0.10 and 0.13
during the first and the second sub-period, respectively and zero during the third. During
the first and the second sub-period xoq values of zero were used in 37 and 12%,
respectively. During the third sub-period values of xorg higher than 0.1 accounted for 18%
of the cases.

Differences in estimated xorq Values under different saturation conditions indicate

that the atmospheric organic species exhibit different hygroscopic behavior in sub- and
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super-saturated conditions. Such differences have been observed in other field campaigns
(e.g., Irwin et al., 2010, Wu et al., 2013) providing speculations that they can be attributed
to limitations of the k-Koéhler model and surface tension reductions, non ideality effects in
the solution droplet, co-condensation of semi-volatile species and limited solubility of the
organic species. Similar differences in the sub- and super-saturation hygroscopic
properties were observed in laboratory studies conducted with SOAs (Wex et. al., 2009)
and soot particles coated by organic acids (Henning et al., 2012).
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Fig 5. Comparison of predicted xcqem from the AMS measurements with « derived from HTDMA (K rpaa)
and CCNC measurements (xccn) in Patras. kcpem Was predicted by applying the x-Kohler theory on the size
resolved chemical composition of the particles. The hygroscopic parameter of the organic fraction (xorg) Was

estimated by fitting the predicted xcrem values to the measurements by varying #oy from 0.0 to 0.3.
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A possible correlation between hygroscopicity of the organic fraction (i.e. xorg)
and the degree of its oxygenation or O:C ratio, had been proposed in other field and
laboratory studies, like Chang et al., (2010) and Kuwata et al., (2013). In our case,
however, no correlation was observed between O:C and estimated xorg Values. Despite
that the organic fraction of the particles was dominated by Secondary Oxygenated
Organics as indicated by the HR-ToF-AMS measurements (cf. Fig. S4), in many cases we
had to use a xorg Value of zero to obtain the best fit between the estimated xcrem and the
measured Kyrpma OF Kcen.

To investigate the consistency of our analysis, estimates of xog Were also made
using the chemical composition of PM,s filter samples collected over 24-h and the
procedure described above. In this case xcyem predictions were fitted to 24-h averaged
hygroscopic parameters derived from HTDMA and the CCNC measurements (cf. Fig. S5
and Table S1). The estimated xqrg at sub-saturated conditions (i.e., by fitting xcrem derived
from the filter samples to xutpma) indicated that the organic fraction of the sampled
particles was hydrophobic on 42% of the cases during the first sub-period and larger than
66% during the third and the second. At super-saturated conditions the estimated xorg
corresponded to slightly and mildly hygroscopic organic species. The estimated xorg
values obtained from filter samples indicated that the organic fraction exhibited higher
water affinity when exposed to super-saturated conditions, which is similar to the

observation made when xrq Values were estimated from HR-ToF-AMS measurements.

3.2. Measurements in the atmosphere over the suburban site of Athens

Five sub-periods could be distinguished on the basis of the 5-day wind back-
trajectories calculated by the NOAA HYSPLIT model. During the first sub-period (4 to 8
July) the air masses had northwestern to northeastern origin. The second and the fourth
sub-periods (9 to 10, and from 14 to 23 July, respectively) were characterized of winds
with northeastern direction, while the winds during the third and the fifth period (11 to 14
and 24 to 26 July, respectively) had directions that ranged from northeast to west. It
should be noted that winds carrying air masses coming over the Aegean Sea (i.e. winds
with northeast direction), are less affected by land emissions. The following sections
provide a discussion of the measurements conducted by taking into account the different

wind patterns of each sub-period.

3.2.1. Particle Hygroscopicity at sub-saturated conditions (HTDMA measurements)
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Figure 6 shows the calculated 5-day wind back-trajectories together with the
measured growth factor distributions for 60- and 120-nm particles when exposed to 87%
RH, for three characteristic days. On 4 July (i.e., representative day of the first sub-
period) the air masses reached the sampling site from the northwest or from the north until
ca. 12:00, passing above residential areas, while their direction changed to northeastern
encountering less populated areas in the afternoon (Fig. 6a). The growth factor
distributions measured on 4 July (Figs. 6d and e) indicate the particles were mainly
externally mixed particles with an increased fraction at lower dry mobility diameters (i.e.,
dm = 60 nm) until noon, but switched to mostly internally mixed, coinciding with the
change in wind direction.

On 13 July (i.e., representative day of sub-periods 3 and 5) the air masses had
variable directions and were passing above densely populated city areas before reaching
the sampling site (Fig. 6b). Particles were mostly externally mixed until the early evening
hours (i.e., around 18:00) and internally mixed afterwards, as indicated by the growth
factor distributions (Fig. 6f and g). The fraction of the externally mixed samples was
higher for the smaller dry particles as indicated by the broader growth factor distributions.
On 22 July, which is a representative day of sub-periods 2 and 4, the calculated wind
back-trajectories indicated that the air masses had the same paths passing over the Aegean
Sea throughout the entire day (Fig. 6¢). Particles observed on 22 July were in most of the
cases internally mixed, exhibiting a decreasing fraction of internally mixtures with
decreasing dry mobility diameters (Fig. 6h and i). Despite the different wind origins,
particles appear to be externally mixed in the early morning hours (from ca. 6:00 to

10:00) in all three characteristic days, probably because of the morning traffic.
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Fig 6. Calculated 5-day wind back-trajectories and growth factor distributions of 60- and 120-nm particles,
when exposed to 87+2% RH on 5 (a, d, €), 13 (b, f, g) and 22 (c, h, i) July. These days are characteristic
and represent five distinct sub-periods during the measurements in Athens. Sub-period one is represented by

5 July, sub-periods 3 and 5 by 13 July and sub-periods 2 and 4 by 22 July.

The 6-hour averaged ¢(87|15%) hygroscopic growth factors together with the
relative population (i.e. size of circles) of more or less hygroscopic particles during the
entire period of the measurements in Athens are shown in Fig. 7. The median values and
range of the relative populations of the more hygroscopic fraction for each sub-period is
summarized in Table 5. Compared to the measurements conducted in Patras, externally
mixed particles were observed more often. Overall, the majority of the particles resided in
the more hygroscopic mode. Higher fractions of the more hygroscopic group were
observed during the second and the fourth sub-periods, when the particles were mostly
internally mixed. An extended period of internally mixed aerosol during the fourth sub-
period can be explained by a reduction of anthropogenic emitted particles, since from 14

July a number of inhabitants left the city for their summer vacations.
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Table 5. Median values and range (in brackets) of the number fractions of particles
residing in the more hygroscopic mode (i.e., g(87|15%) > 1.15) during the five different
sub-periods ( P1 4-8 July; P2 9-10 July; P3 11-14 July; P4 14-23 July; P5 24-26 July) of

the measurements in Athens.

Uary P1 P2 P3 P4 P5
(nm)
60 0.81 1.00 0.66 0.98 0.89
(0.17-1.00)  (0.40-1.00)  (0.14-0.97)  (0.27-1.00)  (0.59-1.00)
80 0.88 0.99 0.85 1.00 0.89
(0.26-1.00)  (0.70-1.00)  (0.45-1.00)  (0.47-1.00)  (0.65-1.00)
100 0.88 1.00 0.83 1.00 0.91
(0.48-1.00)  (0.74-1.00)  (0.52-1.00)  (0.66-1.00)  (0.78-1.00)
120 0.90 0.97 0.85 1.00 0.89
(0.51-1.00)  (0.76-1.00)  (0.55-1.00)  (0.63-1.00)  (0.78-1.00)

Interestingly, even during the other sub-periods the fraction of the internally
mixed and hygroscopic particles was higher from ca. 12:00 to 16:00, corroborated by the
decrease of the less oxygenated HOA, COA fractions (i.e. by applying PMF over the HR-
AMS measurements; cf. sect. 2.2.3), during these hours (cf. Fig. S6). The observations
above suggest that the aerosol mixing state could not be attributed to the wind direction
alone but to a combination of the later with other factors like the variation of particles
produced from local and distant sources.

Overall, the hygroscopicity of the sampled particles was higher in Athens than in
Patras. Particles indicated the highest hygroscopic behavior during the second sub-period,
while during the other sub-periods their hygroscopicity was similar. Particles having dry
mobility diameters of 60 nm and that were classified as less hygroscopic, exhibited higher
hygroscopic growth factors compared to the larger particles of the same group, during
sub-periods with higher anthropogenic influence (i.e. during first, third and fifth sub-

periods. The median values and ranges of the hygroscopic growth factors exhibited by
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either less or more hygroscopic particles during each sub-period are summarized in Table

6. The hygroscopic growth factors of the observed 60 nm particles were on average

similar to ones reported by Petdji et al. (2007), however their variability and maximum

values were higher.

Table 6. Median values and range (in brackets) of externally mixed particles classified as less
hygroscopic ( Ih; g < 1.15) and as more hygroscopic (mh; g > 1.15) when exposed to 87% RH,
during each sub-period in Athens.

ddry
(nm) P3
Ih mh Ih mh Ih mh Ih mh Ih mh
60 1.08 1.37 1.05 1.44 1.07 1.36 1.07 1.36 1.07 1.38
(1.04-  (1.17- (1.03- (1.22- (1.04- (1.20- (1.02- (1.18  (1.04- (1.26-
1.13)  1.76)  1.08) 1.87) 1.12) 1.67) 115  1.77) 114)  1.92)
80 1.06 1.38 1.06 1.45 1.06 1.36 1.05 1.36 1.06 1.4
(1.04-  (1.19-  (1.02- (1.23- (1.03- (1.20- (1.01- (1.20- (1.05-  (L.27-
1.11)  1.82) 113) 192) 115 175  1.13) 1.81) 1.14) 1.87)
100 1.05 1.37 1.09 1.44 1.05 1.37 1.07 1.38 1.05 1.38
(1.02- (1.22-  (1.04- (1.23- (1.03- (L.21- (1.03- (1.22- (1L.04-  (L.28-
1.14)  1.84) 111) 187) 1.13) 1.80) 115  190) 1.14)  1.86)
120 1.06 1.39 1.12 1.45 1.05 1.38 1.08 1.39 1.05 1.39
(1.03- (1.23- (1.04- (125~ (1.02- (1.20- (1.05- (1.22- (1.05-  (1.28-
1.15) 185 115 1.87) 1.12) 1.87) 1.14) 191) 1.11)  1.89)
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in Athens. The size of the symbols (i.e., the size of the circles)

In contrast to the observations in Patras, the hygroscopic growth factors of all

particles exhibit highest hygroscopic growths with g
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Fig 7: HTDMA measurements of 60-, 80-, 100-, 120-nm particles for the entire period of the measurements
is proportional to the number fraction of each
mode. Particles which exhibited hygroscopic growth factor below 1.15 (less hygroscopic) are denoted with
different symbols (i.e. open blue circles). The grayed areas mark the second and fourth sub-periods.

samples observed in Athens exhibited a strong diurnal variation throughout the entire
measuring period. As shown in Fig. 8, the hygroscopic growth factors for the 60- and
120-nm exhibited a peak from ca. 12:00 to 16:00 local time. During the same time the
(87%]|15%) reaching up to ca. 2. Such

high values have been either associated with sea-salt particles or organic salts, like



sodium formate or sodium acetate (Peng and Chan, 2001; Wu et al., 2011). Sodium
organic salts have been found to be present in marine environments and are products of
sub-micron sea salt particles reacting with organic acids (Kerminen et al., 1998). The
corroborating wind directions were northeastern in most cases, during those hours, thus

possible carrying particles of marine origin.
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Fig 8. Diurnal variation of the hygroscopic growth factors of internally (a, ¢) and externally (b, d) mixed,
which had dry mobility diameters of 60- (a, b) and 120- nm (c, d), in Athens.

3.2.2. Particle hygroscopicity at super-saturated conditions (CCNC measurements)
The 6-hour averaged activation fractions and hygroscopic parameters of the
monodisperse particles determined by the CCNC are shown in Fig. 9 and summarized in
Table 7. Compared to the xccn Vvalues reported from the measurements in Patras, the
hygroscopicity of the particles in Athens was higher. The lowest activation fractions were
observed for 60-, while the highest for 120-nm particles in all sub-periods. Although

highly hygroscopic particles were observed occasionally during the entire period of the
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measurements, the highest xcen values were systematically observed during the second
sub-period. Particles having dry mobility diameters of 60 nm were the less hygroscopic
while those having 100- and 120- nm were the most hygroscopic in all sub-periods.

Table 7. Median values together with the range (in brackets) of hygroscopicity parameters « and
activation fractions R, of particles having dry mobility diameters of 60, 80, 100 and 120 nm at

various super-saturation conditions, rating from 0.1 to 1.0, in Athens suburban sampling site.

ddry
(nm) P1 P2 P3 P4 P5

Kcen Ra KceN Ra KceN Ra KceN Ra KCCN Ra

60 0.28 0.72 0.33 0.76 0.29 0.49 0.28 0.64 0.35 0.66

0.15-  (0.26-  (0.21- (0.23- (0.14- (0.22- (0.16- (0.13- (0.21-  (0.22-
045) 0094) 052) 096) 050) 0.93) 049) 100) 049)  0.95)

80 0.44 0.84 0.59 0.94 0.37 0.77 0.42 0.91 0.44 0.93

(0.20-  (0.59- (0.30- (0.77- (0.17- (0.46- (0.14- (0.61-  (0.27-  (0.68-
0.67) 1.00) 074) 100) 061) 1.00) 0.70)  1.00) 057)  1.00)

100 0.54 0.87 0.67 0.97 0.47 0.9 0.5 0.99 0.53 1

(0.15-  (0.65- (0.37- (0.81- (0.22- (0.67- (0.24- (0.41- (0.37-  (0.62-
0.84) 1.00) 083) 100) 069) 1.00) 0.76)  1.00)  0.68)  1.00)

120 0.53 0.88 0.54 0.99 0.5 0.99 0.45 1 0.45 1

0.17- (0.71- (0.32- (0.81- (0.17- (0.83- (0.20- (0.80- (0.30-  (0.89-
081) 1.00) 086) 100) 0.83) 1.00) 0.80) 1.00) 0.61)  1.00)
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Fig 9. Hygroscopic parameters kccy and their activation fractions (Color bar) of 60-, 80-, 100-, 120-nm

particles, measured by the CCNC in Athens. The grayed areas mark the second and fourth sub-periods.

3.2.3. Predicted hygroscopic parameter k from particles chemical composition
Estimations of the hygroscopic parameter of the organic fraction xorg 0of the 120-

nm particles when they were exposed to sub- and super-saturated conditions are shown in

Fig. 10. The median values and the range of the estimated xcxem and xorg parameters at

both sub- and super-saturation conditions are shown in Table 8.

Table 8. Median values and range (in brackets) of the estimated
aerosol and organic fraction's, hygroscopic parameters (kcqem and

Korg) at different saturation (S) conditions in Athens. For the
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estimation, kcrem Was fitted to the measured hygroscopic parameters
of particles having dry mobility diameter of 120 nm by varying org.

S Variable P3 P4 P5
KCHEM 0.24 0.29 0.28
(0.12-0.39)  (0.14-0.46) (0.20-0.42)
=
2 Korg 0.09 0.17 0.15
(0.00-0.30)  (0.00-0.30) (0.00-0.30)
KCHEM 0.38 0.39 0.41
(0.32-0.44)  (0.29-0.56) (0.35-0.46)
g
A Korg 0.3 0.3 0.3
(0.2-0.30) (0.05-0.30) (0.12-0.30)

In order to obtain the best fit between the estimated xcyem and the measured Kyrpma OF
kcen We had to use in many cases a xorg Value of 0.3. Higher xorq Values would result in a
better fitting, but to the best of our knowledge this is the highest value for organic species
used in studies of atmospheric relevance. The high hygroscopicity observed with the
HTDMA and the CCN can therefore be attributed to highly hygroscopic refractory
compounds which cannot be detected by the HR-ToF-AMS.

Compared to the xoq Values estimated for the measurements conducted in Patras
the estimated xorg Values in Athens were higher. The corresponding median value of #org
when estimated at sub-saturated conditions was 0.09, 0.17 and 0.15 during the third,
fourth and fifth sub-periods, respectively. During the third sub-period o Values above
0.1 accounted for almost 39%, while during the fourth and the fifth sub-periods xorg Values
less than 0.1 accounted for 28 and 25%, respectively. The corresponding median value of
Korg When estimated at super-saturated conditions was 0.30 in all three sub-periods, while
values of xorg Smaller than 0.3 accounted for 25% of the measurements during the fourth
and 12% during the third and fifth sub-period.
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The estimated xog Values obtained from the off-line chemical composition
measurements (cf. Fig. S7 and table S2) indicated no significant differences with those
obtained from the HR-ToF-AMS, except for the fourth and the fifth sub-period at sub-
and super-saturated conditions, respectively. Since the 24-h average hygroscopicity of the
organic fraction is not radically affected by either using the filter samples or the HR-ToF-
AMS there is the possibility either the mass concentration of refractory matter to be
limited and concentrated on specific hours or the organic components to be more

hygroscopic than the value of 0.30 we assumed.
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4. Conclusions

In this work we report the mixing state and the hygroscopicity of aerosol particles
observed at two suburban sites in the cities of Patras and Athens. The measurements were
performed with dried size-selected particles having diameters from 60 to 120 nm that
were exposed to sub- and super-saturation conditions using a combination of an HTDMA
and a CCNC. Five-day wind back-trajectories were used to distinguish the measurements
in sub-periods depending on whether the air masses arriving at the stations passed over
the cities or not. Chemical composition measurements by an HR-ToF-AMS and PM;s
filter samples were used to estimate the hygroscopic parameter of the organic fraction xorg.

Observing the behavior of the particles when exposed to sub-saturated conditions
indicated that the aerosols over Athens were more often externally mixed and
significantly more hygroscopic than those in Patras. For both stations the majority of the
particles resided in the more hygroscopic mode (i.e., g(87%) > 1.15), while the population
of the less hygroscopic mode (i.e. g(87%) <1.15) was increased during sub-periods with
city influences. A strong diurnal variation in the particles hygroscopic growth factors was

only observable in Athens exhibiting a peak during the early afternoon.

At super-saturated conditions the sampled particles were more CCN active and
more hygroscopic in Athens. In both sampling sites the lowest xccn values and activation
fractions were observed for 60 nm particles while the highest for larger particles (i.e.

particles having dry mobility diameters of 100 and 120 nm.

The estimated hygroscopic parameters of the organic fraction (xorg) using the HR-
ToF-AMS measurements indicated that the organic fraction was more hygroscopic in
Athens than in Patras, and in both cases when the particles were exposed to super-
saturated conditions. In Patras the organic fraction was in many cases hydrophobic when
exposed to sub-saturated conditions and despite the slightly higher median xorg values
which were obtained using the chemical composition provided by filter samples never
exceeded 0.2. However, employing the HR-ToF-AMS measurements to estimate xorg in
Athens resulted in many cases of poor fitting even when we used the maximum o
value of 0.3, especially for super-saturated conditions. Combining this result with the
observation of highly hygroscopic particles we suspected the presence of refractory and

highly hygroscopic matter. However, the use of the chemical composition provided by
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filter samples did not radically altered the resulted xoq Values leading to the possibility of
either limited mass concentration of refractory matter, which was present only for short
periods during the day or of organic components which are more hygroscopic than we

assumed.
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Table S1. Median values and range (in brackets) of the
estimated aerosol and organic fraction's, hygroscopic parameters
(kcrem and xorg) at different saturation (S) conditions in Patras.
For the estimation, wkcpem Wwas fitted to the measured
hygroscopic parameters of particles having dry mobility
diameter of 120 nm by varying Korg.

S Variable P1 P2 P3

KCHEM 0.19 0.16 0.24

(0.14-0.25)  (0.15-0.18)  (0.18-0.27)

ans

Korg 0.02 0.05 0.00
(0.00-0.09)  (0.03-0.08)  (0.00-0.05)
KCHEM 0.29 0.26 0.29
(0.15-0.41)  (0.15-0.38)  (0.26-0.33)
w
C *
B Ko 0.06 0.13 0.05

(0.00-0.30)  (0.00-0.30)  (0.00-0.11)

“Estimation using off-line chemical composition measurements of
PM, 5 (24-h filters).

Table S2. Median values and range (in brackets) of the
estimated aerosol and organic fraction's, hygroscopic parameters
(kchem and Korg) at different saturation (S) conditions in Athens.
For the estimation, wxcuem Wwas fitted to the measured
hygroscopic parameters of particles having dry mobility
diameter of 120 nm by varying «org.

S Variable P3 P4 P5

KCHEM 0.30 0.31 0.35

(0.30-0.30)  (0.27-0.32)  (0.29-0.41)

ans

Korg. 0.12 0.08 0.17

(0.00-0.23)  (0.00-0.30)  (0.17-0.17)
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* 0.40 0.40 0.43

KCHEM

(0.36-0.44)  (0.34-0.44)  (0.41-0.45)

0.30 0.30 0.22

Jadns

Korg

(0.29-0.30)  (0.17-0.30)  (0.13-0.30)

“Estimation using off-line chemical composition measurements of
PM, 5 (24-h filters).
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1. INTRODUCTION

Measuring the size of aerosol particles having diameters smaller than 100 nm (i.e.,
nanoparticles) is important for assessing their environmental impacts (McMurry, 2000)
and investigating their potential technological applications (Biskos et al., 2008). The most
effective way for sizing aerosol nanoparticles is by classifying them based on their
electrical mobility using differential mobility analyzers (DMAs; Knutson and Whitby,
1975). Despite that DMAs can classify particles with a high resolution by simply
changing the potential difference between their two electrodes, their high cost and bulky
size is limiting for widespread applications. Diffusion Batteries (DBs) that distinguish
aerosol particles based on their diffusivity, can also be used as particle size classifiers
(DeMarcus and Thomas, 1952). Although compact designs of DBs have been proposed, a
number of technical limitations (cf. McMurry, 2000) has made them less favorable for
particle size measurements compared to electrical mobility classifiers.

In this letter we introduce a simple and cost-effective method for size segregating
aerosol nanoparticles by employing tubes composed of Electrostatic Dissipative Materials
(EDMs). EDM tubes have surface resistivities that range from 10° to 10%* Q/sq. Applying
a potential difference along the tube creates an electric field of varying strength that has a
radial and an axial component (see the discussion section). This field affects the charged
particles passing through the tube in two ways: the axial field decelerates the particles and
therefore increases their residence time in the tube and their chance for diffusional
deposition to its walls, whereas the radial field removes particles by electrostatic
deposition. As a result of these two processes EDM tubes can be viewed as a combination
of a DB and an electrostatic precipitator (or a crude DMA), with the advantage of being
significantly more simple and inexpensive.

The relative penetration efficiency of the particles passing through an EDM tube
(i.e. the ratio of the particle number concentration at the outlet when a potential difference
is applied along the tube over that when it is grounded) can be predicted using a modified

version of the semi-empirical model employed for diffusion batteries:

b=ax exp(_ﬁ X Ugiff X .uelec) +y X exp(—8 X .uelec)' (1)

Here a, f, y, and J are positive empirical constants, whereas ugisr and peec are
dimensionless parameters accounting for particle deposition by diffusion and electrostatic

forces, respectively. For laminar flow conditions ugis is given by (Hinds, 1999):
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Haief = — (2)
Here, D is the diffusion coefficient of the particles, L is the length of the tube, and Q is the

aerosol volumetric flow rate. In a similar manner, e Can be defined as:

ZnV
Helec = %fg' 3)

where Z;, is the electrical mobility of the particles and fy is a factor accounting for the
dependence of the edge effects of the electric field to geometrical parameters, given by:

fo = (4)

2
7Tdtube

4lyy

Here duwpe IS the inner diameter of the EDM tube and Luy is the distance between the
grounded inlet and the position along the tube where the high voltage is applied.
Expressions for the parameters used to calculate D and Z, are given in Section S1 in the
supplement (SI).
2. EXPERIMENTAL

The EDM tube (Freelin Wade, Model 1A-405-81) used in our tests had a length of
240 mm and inner diameter of 6.4 mm. Three metallic rings were attached along its length
as shown in Figure 1: one at the inlet, one at the outlet, and one at an intermediate point
between the inlet and the outlet. The metal rings at the inlet and the outlet were grounded,
while the intermediate ring was connected to a positive high-voltage power supply (Fug,
Model HCN14-12 500) that can deliver up to 12.5 kV.

The experimental setup for characterizing the classifier consisted of an aerosol
Spark Discharger Generator (SDG; Schwyn et al., 1988), a custom-made DMA (Section
S2 in the SI) with a closed recirculating system for the sheath flow, the EDM-tube and
two Condensation Particle Counters (CPCs; Agarwal and Sem, 1980) as shown in Figure
1. In brief, the SDG was used to produce polydisperse singly-charged silver particles of
variable sizes by adjusting the energy per spark and the carrier gas flow as described by
Tabrizi et al. (2009). Positively-charged, monodisperse particles having electrical
mobility diameters from 10 to 55 nm were obtained after classification by the DMA. The
monodisperse particles were then passed through the EDM tube before their concentration
was measured by an ultrafine CPC (UCPC; TSI Model 3025).
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FIG. 1. Schematic diagram of the experimental setup and the EDM-tube classifier (inset). Metal rings are
attached to the tube for grounding the inlet and the outlet, and for applying a high voltage at an intermediate
point (i.e., 40 mm downstream the inlet) along the tube. A DMA was used to select monodisperse positively
charged silver particles produced by a SDG. The monodisperse particles having electrical mobility
diameters ranging from 10 to 55 nm were then passed through the EDM tube, which was operated at
voltages ranging from zero to 8 kV. The particle number concentration was measured downstream the EDM
tube by a uCPC. A CPC was used to check the stability of the number concentration of the monodisperse

particles upstream the EDM tube.

The relative penetration efficiency through the EDM-tube when the applied

voltage at the intermediate electrode varied from 1 to 8 kV was calculated by:

_ 1 _ (NO-NWV)\ _ N(V)
B(V)=1 ( N(0) )_N(O)' ©)

Here N(0) and N(V) are the average particle number concentrations measured over 60 s by
the uCPC downstream the EDM tube when zero and V volts were respectively applied at
the intermediate electrode. A second CPC (TSI Model 3072) was used to verify that the
particle number concentration upstream the EDM tube was stable throughout the
measurements.
3. RESULTS AND DISCUSSION

Figure 2 shows the measured and predicted relative penetration efficiency of
particles having electrical mobility diameters from 10 to 55 nm that enter the EDM tube.
Measurements are shown for two different aerosol flow rates, 0.32 and 0.76 Ipm, when 1
to 8 kV were applied on the intermediate electrode of the tube. The semi-empirical model

(i.e., Equation 1) was fitted to the measurements using the least squares method, yielding
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the following constants: « = 0.65, = 2668.83, y = 0.35, and ¢ = 4.21. For all particle
sizes and operating conditions tested, the agreement between predictions and
measurements was within 15%, which is in the same range to the uncertainty of our setup.

For a fixed aerosol flow, the larger particles require higher potential differences
between the intermediate ring electrode and the two ends of the EDM tube in order to
decrease their penetration probability. When the potential difference is also fixed, the
relative penetration of the particles increases logarithmically with their size, yielding
curves that become steeper as particle size decreases (Figure 2). The size resolving
capability of the EDM tube is higher in these steep regions of the curves; a feature that is
highly desirable when electrostatic precipitators are used for particle segregation. Another
feature of the EDM tubes that makes them attractive classifiers is that in the steep regions
of the penetration efficiency curves, the relative size resolution is almost constant. This is
verified by the fact that the curves are almost parallel when a logarithmic horizontal axis

is used in the plots shown in Figure 2.

1.0 T—
— K.
! ~ TV
08} /,/’ A 4
o Ar wg-
& o / s
o 7. v
E 0.6 / S 4
c / Q=0.32Ipm
2 = A
§ - 7 L
e I Wy o 1.0kv
& ;] - 4 A 20kV
/,‘ / v 40kV
0.2} ;
1§ @ 4 80kV
/A/.V/. 4
0.0 . : —+—
(b) <=
0.8}
o
=
4 ' Q=0.76 lpm
0.6} L =0.
= F/
s / 1q!
= :
(]
< I .
& /
11
0.2} ‘§‘
//
//'
00—~

"0 5 10 15 20 25 30 35 40 45 50
Particle Mobility Diameter (nm)

110



FIG. 2. Relative penetration efficiency of particles passing through the EDM-tube classifier at a flow rate of
0.32 Ipm (a) and 0.76 Ipm (b). Symbols indicate experimental measurements while lines are produced using
the semi-empirical model (i.e., Equation. 1) described in this work.

Interestingly, the relative penetration efficiency curves of the EDM tube are
steeper compared to those of classical parallel-plate precipitators having the same cross-
sectional area (Section S3 and Figure S1 in the Sl), indicating that they would perform
much better as classifiers. This characteristic can be attributed by the diffusional
deposition of the charged particles, which is enhanced by the axial component of the
electric field that can significantly decelerate the smaller charged particles in the EDM
tube. To further investigate the role of the electric field on the penetration of the particles
through the EMD tube, we used a numerical model to calculate its strength when 1 kV is
applied at the intermediate ring electrode (Section S4 and Figure S2 in the Sl). The
electric field is significantly distorted near the three electrode rings, inducing a radial
component that is extremely strong in their vicinity (i.e., the “Hot Spot” regions indicated
in Figure S2), but decays fast along the axial and radial dimension. This component of the
field attracts the positively charged particles towards the walls right at the edge of the
grounded electrode ring at the inlet of the tube (i.c., “Hot Spot 1) thereby increasing the
probability of their deposition. At the same time, the mean strength of the axial
component of the electric field upstream (Zone 1) and downstream (Zone 2) the high
voltage electrode is 30 and 5.5 kV/m, respectively (Figure S2c). For 10-nm singly
charged particles, this field can reduce the mean convective particle velocity by 0.07 m/s
in Zone 1 and increase it by 0.01 m/s in Zone 2. For typical flow rates used through the
EDM tubes (i.e., in the range of an Ipm), this can substantially increase the residence time
of the particles, if not force them to move opposite to the direction of the flow, in Zone 1
thereby increasing their probability of deposition to the tube walls. This feature is
reflected by the relative penetration efficiency curves that are noticeably steeper

compared to those of parallel plate precipitators as discussed above.

4. CONCLUSIONS
In this work we demonstrate the ability of EDM tubes to be used as effective and
compact electrostatic precipitators that can be employed for size segregation of charged

aerosol nanoparticles, and provide a semi-empirical model to predict their performance.
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These tubes can be considered a combination of a DB and an electrostatic precipitator.
Compared to DBs, where only the flow rate can be adjusted to select particles of different
size, EDM tubes offer higher flexibility as they can segregate particles by simply
adjusting the potential difference along their inner surface. Compared to classical parallel
plate electrostatic precipitators, EDM tubes exhibit steeper cut-off curves. This feature is
highly attractive for their potential use in mobility spectrometers or in tandem systems
downstream a DMA for measuring size-dependent particle properties such as
hygroscopicity and volatility. Considering also their simple design, high portability, and
negligible cost, EDM tubes can open up new opportunities in environmental monitoring
as discussed above.
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SUPPLEMENTARY MATERIAL
S1: Supporting equations for the EDM tube penetration model:

The diffusion coefficient and the electrical mobility of the particles are respectively given
by:

_ kTCc

- 3mndy’ (Sl)
__ neCc
P~ 37”7dp’ (82)

where k is the Boltzmann constant (1.38 x 102 J/K), T is the absolute temperature (T =
298 K for all the calculations described in the letter), # is the air viscocity (1.81 x 10
kg/ms), e is the electron charge (1.6 x 10™° C), n is the number of elementary charges on
the particles, d, is the particle diameter and C. is the Cunningham slip correction factor
given by:

Cc=1+ % x (2.34 +1.05 x exp (—0.39 ‘;—”)) (S3)
Here /. is the air mean free path (66 x 10”° m at atmospheric pressure).

S3: Details of the custom-made DMA used in our experiments:

A cylindrical type DMA having 0.935 and 1.9575 c¢cm inner and outer radii, respectively,
and an effective length of 11.47 cm was used in all the measurements. The sheath flow of
the DMA was driven by a controlled closed loop system which included a blower, a heat
exchanger, a pressure transducer connected to a laminar flow element for measuring the
flow, and a PID controller. A 1:10 aerosol-to-sheath-flow ratio was used throughout all
the experiments.

S3. Comparison EDM-tube and Parallel-Plate ESPs

Figure S1 compares EDM-tube penetration efficiency curves predicted by Eg. 1 with
corresponding curves (i.e., exhibiting the same cut-off diameters at 50% penetration, d50)
for a parallel plate electrostatic precipitators having the same cross-sectional area as

predicted by the modified Deutsch-Anderson equation (Leonard et al., 1967).
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Fig. S1. Comparison between predicted penetration efficiency curves of the EDM tube (solid lines) and of a
parallel plate electrostatic precipitator using the modified Deutsch-Anderson equation (dashed lines). For
the calculations we assumed that both instruments have the same cross sectional area (i.e., 32.15 mm2) and
operate at the same flow rates: (a) 0.3 Ipm, and (b) 1.5 Ipm. All curves intersect at 50% penetration
efficiency. The labels on each curve indicate the potential required to obtain 50% penetration efficiency for

particles having dry mobility diameters of 10, 15, 20, and 25 nm.

S2: Numerical Model:

The electric field inside the EDM tube was numerically simulated using version 4.3b
COMSOL® multiphysics. More specifically, we developed a 2-dimensional axisymmetric
model, with the axis of symmetry being the center of the tube (cf. Figure. S2a). The
boundary conditions included the potential on the intermediate electrode (i.e., V = 1000
V) and the grounded inlet and outlet (V = 0 V). The resistivity of the EDM tube material
is 4x10™ ohmxcm, according to the manufacturer. Since the relative permittivity of the
specific material is unknown in the calculations we assumed values that range from 2.0 to
7.0, which are typical for most polyurathanes. Variation of the relative permittivity in this
range had a less than 4% influence on the calculated electric field strength. The strength
of the electric field within the tube was determined by solving Poisson equation:

-V X (VW —-P)=p (S4)
where g is the permittivity of free space, V is the potential, P the polarization of the
medium and p is the charge density (» = 0 in our calculations). To solve Eq. S.4 we used
an extremely fine mesh (ca. 5 x 10° elements) and the multifrontal massively parallel
sparse direct solver (MUMPS; COMSOL® multiphysics 4.3b reference manual).
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Fig. S2. Predicted electric field strength within the EDM tube when 1 kV is applied on the intermediate
electrode. The calculations performed using Comsol multiphysics® show (a) the Geometry, (b) the voltage
profile, (c) the axial component Ez, and (d) the radial component Er of the electric field. Zones 1 and 2
respectively denote the region upstream and downstream the intermediate electrode where the high voltage
is applied, while the "Hot Spots" indicate locations where Er is significantly stronger compared to the rest of
the area within the EDM tube. Note: The aspect ratio in all plots is distorted to highlight the above-

mentioned features, while the arrows are used to illustrate the electric field direction and not its magnitude.
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E. Conclusions

The aim of the first part of this thesis was to study the hygroscopic properties of
atmospheric sub micrometer particles at remote and suburban locations of Greece.
Particles mixing state was also revealed from the HTDMA measurements and estimations
on the hygroscopicity range of particles organic fraction were provided using the
particles chemical composition and employing x-Kohler theory. In the second part we
studied the performance of a new method for size-segregating aerosol nanoparticles.

1 Aerosols hygroscopic properties over remote locations

Hygroscopicity measurements that were conducted on the remote location on the
island of Lemnos (Northern Aegean Sea) showed that particles sizing from 50 to 170 nm
had medium hygroscopicities exhibiting an average growth factor of 1.2. The
measurements revealed that particles were internally mixed, which was expected for long-
range transported, aged aerosols. At the same period airborne measurements of aerosols
physicochemical properties, including their chemical composition, which was derived by
an airborne cToF-AMS, were conducted over the Aegean Sea region. During two flights
the aircraft performed two missed approaches in the vicinity of the ground station thus
allowing a closure study between the measured particle hygroscopicity (i.e. from the
ground station HTDMA) and the one predicted by their chemical composition. From this
closure study we estimated the hygroscopic parameter x of the organic fraction, which
accounted for ca. 50% of the particles dry volume, in the range of 0.03 and 0.10.

Differences in the origin and path of the air masses arriving in the region were
responsible for the variability in particles chemical composition, which was measured
during the two flights over the wider area of the Aegean Sea. Most importantly the
organic species accounted for almost 50% of the volume of the particles, while their
acidity increased with increasing altitude. Using the organics hygroscopic x values,
obtained from the closure study and the airborne measurements of aerosols chemical
composition, we estimated the vertical profiles of their hygroscopicity over the wider area
of the Aegean Sea. Despite the variability in particle hygroscopicity caused by the
different origin and paths of the air masses reaching the region the median values of

particle hygroscopicity were similar to the ones of continental aerosol particles.
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2 Aerosols hygroscopic properties over suburban locations

Particle hygroscopicity and mixing state was measured at two suburban locations
in the vicinity of Patras and Athens, Greece. A combined setup including an HTDMA and
a CCNC was employed for conducting simultaneous, size resolved measurements of
particles ranging from 60 to 120 nm at both sub- and super-saturation conditions. The
hygroscopic parameter of the aerosols organic fraction was estimated using measurements
of their chemical composition, conducted by an HR-ToF-AMS.

The particles mixing state was, as expected, influenced by the prevailing winds,
resulting in an increase in the fraction of externally mixed particles when the winds were
crossing the nearby cities. More specifically, aerosols over Athens were more often
externally mixed than those observed over Patras. During periods of increased externally
mixed fraction, the population of less hygroscopic particles was also increased, indicating
that freshly emitted particles from the cities are less hygroscopic than the aged ones. At
both sub- and super-saturated conditions, particles observed over Athens were more
hygroscopic than those observed over Patras, with the latter resembling hygroscopicities
observed for continental Europe aerosols.

The estimated organic fraction hygroscopicities in Patras indicated that the
aerosols organic fraction varied from hydrophobic to less hygroscopic, exhibiting x values
from near zero to 0.2. In Athens however, values higher than 0.3 are needed for a good
closure between the measured and chemical composition estimated particle
hygroscopicities. This discrepancy leads in either assuming the presence of refractory
matter (i.e. not detectable by the AMS) or the presence of highly hygroscopic organic
matter. Since our observations cannot lead to conclusive results, we suggest long term,

including refractory matter chemical composition, measurements at the same area.

3 Methods and techniques for improving the determination of aerosols
physicochemical properties

EDM-tubes have the ability to be used as effective and compact electrostatic
precipitators that can be employed for size segregation of charged aerosol nanoparticles.
More importantly, their performance can be predicted using a simple semi-empirical
model, thus simplifying the procedure of determining the size of particles that pass
through the EDM-tube at various condintions. These tubes, which can be considered as a

combination of a DB and an electrostatic precipitator, offer higher flexibility than DBs as
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they can segregate particles by simply adjusting the potential difference along their inner
surface. Compared to classical parallel plate electrostatic precipitators, EDM tubes exhibit
steeper cut-off curves, which is a highly attractive feature for their potential use in
mobility spectrometers or in tandem systems downstream a DMA for measuring size-
dependent particle properties such as hygroscopicity and volatility. While their sizing
resolution and accuracy is not better than systems which employ DMAs, their negligible
cost and increased portability poses an advantage in certain applications, where quantity
leads to increased quality. Such applications could involve an array of instruments for
increasing the spatial resolution of environmental monitoring, without the need of

increased expenses, or light systems which could be part of a portable network of sensors.
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