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Summary

Aerosol particles affect the Earth's climate directly by absorbing and scattering
solar radiation and indirectly by acting as cloud condensation nuclei. The contribution of
these effects on climate depends on the size and chemical composition of aerosol
particles, which in turn defines their hygroscopicity (i.e., their 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 compounds. The use of the hygroscopic parameter x provides a
parameterization of the hygroscopic behavior of mixed particles when the hygroscopicity
and the volume fraction of each species comprising the particle are known. Considering
the high spatial and temporal variability in chemical composition of atmospheric particles
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.

Part | of this work provides direct observations on the hygroscopic behavior of
atmospheric aerosols over remote and suburban regions, located in Greece, with the aim
to better understand their impacts on the regional and global climate. Direct
measurements of the hygroscopic properties of aerosol particles are directly compared to
predicted particle hygroscopicity using information of their chemical composition, which
was derived using aerosol mass spectrometry (AMS). Measurements were conducted at a
remote site 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 Lemnos exhibited moderate
hygroscopicity, which is indicative of particles consisting of a mixture of inorganic and
organic compounds. This was corroborated by measurements of particle chemical
composition, conducted using an airborne platform, which during the measurements was
flying over the wider region of the Aegean Sea. The good closure between the directly
measured (ground station) and the estimated hygroscopicity using the particles chemical
composition measurements (airborne AMS) at the vicinity of the monitoring station,

allowed to further estimation of particles hygroscopicity in the wider Aegean Sea region.
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The spatial variation of the estimated aerosol hygroscopicities was attributed to the
different origins and paths of the air masses reaching the region, which in turn had a
major effect in particle 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, which was 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. The estimated aerosol
hygroscopicity (derived by chemical composition measurements conducted on both sites
with AMS) gave better closure with the measurements at Patras suburban site than the
one located near Athens. Differences between the measured and the estimated aerosol
hygroscopicity could be attributed to the presence of organic species that are more
hygroscopic than those commonly observed in the atmosphere. However, the associated
volume fractions in the particle phase should dominate in order to explain the measured
hygroscopicities, which are highly uncommon and have never been reported at field
measurements in the past.

The second part of the thesis provides means and methods of improving the
techniques used in measuring the size and hygroscopicity of aerosol particles. The
motivation in trying to improve or find new methods/equipment is to provide
measurements of higher spatial/temporal resolution which could be achieved by:

1. Reducing the time needed for each measurement, thus increasing the temporal

resolution of the measurements.

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

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

The first chapter of this part assesses in a theoretical way errors in hygroscopicity

measurements conducted with hygroscopic tandem DMAs (HTDMASs), caused by
temperature and relative humidity (RH) non-uniformities in the setup. Such non-

uniformities can lead to erroneous estimates of the apparent hygroscopic behavior of the



sampled particles, as has been shown experimentally in the past. A prompt phase
transition, for example, may become smeared and be erroneously interpreted as non-
prompt. Although these issues have been raised in the past through experimental
observations, it is the first time that theoretical models are coupled in order to explain the
combined effect of these non-uniformities in the measured particle hygroscopicity.
Quantitative results were provided by simulating the trajectories and the state of the
particles classified in a DMA with non-uniform RH and temperature profiles,
corroborating earlier observations and suggesting that such experimental artifacts can
induce particle growth within the second DMA. Given the importance of maintaining
uniform RH and temperature inside the second DMA of HTDMA systems and the
limitations of existing RH and temperature sensors, the chapter further provides
suggestions for the operation of HTDMA systems.

The second chapter of the 2nd part describes a simple modification of a classical
cylindrical DMA with three monodisperse outlets in its central electrode (hamely, the
3MO-DMA), with the objective of using it as first DMA in TDMA systems for reducing
their measuring cycle time. The performance of the 3MO-DMA operated at different
flow conditions was evaluated in laboratory conditions, and compared with theoretical
predictions using the generic DMA transfer function provided by Giamarelou et al.
(2012). The theory predicted accurately (i.e., within 3%) the geometric mean diameters of
the three distinct populations, as well as the resolutions of the first and the third outlet,
under all experimental conditions. Despite that the geometric standard deviation of the
monodisperse aerosol from outlet #2 corresponded to a monodisperse aerosol (a4 of up to
1.08 at 8.0 Ipm sheath and 1.5 Ipm aerosol flow), the resolution of this outlet was 10 to
74% lower than that predicted theoretically depending on the sheath-to-aerosol flow ratio.
Despite the lower resolution of the 2n monodisperse particle outlet compared to the rest,
the 3MO-DMA designed and tested in this work can be used as a first DMA in TDMA
systems. Doing so provides simultaneously three distinct monodisperse particle
populations with accurately defined geometrical median diameters, thereby reducing the
measuring cycle of the entire system when used to probe the size-dependent properties of

particles of different size.



The third chapter of the second part describes the performance of an inexpensive
and highly portable, simple cylindrical geometry particle segregator, made by
electrostatic dissipative materials (EDMs). Apart from characterizing its performance a
semi-empirical model for estimating particles penetration through the EDM-segregator
and the main physical principles behind its operation are provided. EDM-segregators
when combined with a differential mobility analyzer (DMA) and a particle number
concentration detector can be employed for probing size-dependent aerosol properties
such as hygroscopicity or volatility. Laboratory tests probing the volatility of ammonium

sulfate particles carried out with this method are also provided in this chapter.

Hepiinyn

Ta awwpoduevo copatiow emnpealovv 10 KAipa g I'mg dpeca amoppo@dvtog
Kot okeddloviog TNV mMAoKN okTwoPoAla Kol EUUECO EVEPYDOVTIOS MG TUPNVES
CLUTVKVOONG GVVWEQWV. H cuvelspopd ovtdv TV EMOPACEDV TOV OOPOVUEVOV
ocopoTdinv oto KAMpa egaptdtot amd To puéyedog Kot TV ¥NUKH TOVG GVOTOGCT, | OOl
pe v oepd g Kabopiler v vYpooKomKATNTA TOLg (SNA. TNV KAVOTNTE TOLS Vi
amoppo@ovv vepo). [Tapdtt Beprodvvopikd Loviédlo UTopovY Vo YPNGILOTOB0UV Y10 VoL
TpoPAEYOLY EMAKPIPDOG TNV VYPOCKOTIKY GLUTEPLPOPE COUATIOIOV TOV ATOTEAOVVTOL
and avOpYaveEG EVMOELS, M VLEAPYOLCH YvOOT elval €AAEmNG Yoo va TpoPAdyet
TEPUTTAOCELS TOV TO COUATIOW amoTeEAOVVTOL KaBapd amd opyovikég M amd piypoto
avOPYOVMV Kol OPYOVIKOV eVOGE®V. H yp1on TG VYPOCGKOTIKNG TAPAUETPOV K EMTPENEL
™V okpPEcTEPN TPOGEYYIGT TNG VYPOOKOTIKNG GUUTEPLPOPAS TOV  OVAUKT®OV
COUATIOIMV, OTAV 1) VYPOSKOTIKOTNTO Kol TO KAAG A GYKOL TOL KAOE ymukov £100vg mov
arotelel 10 ocopatiolo, eivor yvootd. Agdopévov OTL 1 YNMKN GUCTOCYT TOV
OLOPOVUEVOV COUOTIOIOV TOKIAEL YOPIKA KOl Ypovikd, am' amevbeiog mopatnpnoEls,
VYNNG YPOVIKNG OVAALGOTG, TNG VYPOCKOTIKOTNTOG TOV COUTIOOV KOV TNG YNHKNG
TOVG GUOTAONG GE OLLPOPETIKEG TEPLOYES, EIVOL ETOUEVMG amapaitnTES Yo va pHetwbovv
ot afePardtTnTEC TOV EMOPACEDY TOVS GTO KAILLOL.

210 TPAOTO WEPOG NG TOPOVCHG OTPPG TOPEYOVIOL TOPUTNPNOEL, TNG

VYPOOKOTIKNG GULUTEPIPOPES TOV  OTULOCOOUPIKAOV  OOPOVUEVOV COUATIOIOV  GE



OTOLOKPVGUEVES KOl OE TEPLUOTIKEG TEPOYES TS EAAGOOC pe okomd v KoAlitepm
KATOVONOTN TV EMOPACEDV TOVS OTO TOMIKO Kol TOyKOGHIo KApa. Ot petpovpeveg
VYPOOKOTIKEG 1O1OTNTEC TOV COUATIOIMV ovyKpivovtal omevBeiag pe TV EKTILOUEVT
VYPOGKOTIKOTNTA TOVS, OMMG TPOKVATEL OMO TNV YNUIKH TOVS GVUOTOCT, 1 Onoio
TPoEKLYe Omod  Qacpotoypagio palog aiwpoduevov ocopotdiov  (aerosol mass
spectrometry; AMS). Ot petprocig die€ybnoay 6€ amopokpLoUEVO oTaBud 610 VNoi TG
Afqpvov, oto Awyaio ITélayog, kol og VO mePLOOTIKOVS GTOOHOVG OV Ppickoviol
ninoiov g [dtpag kot g AGMvoc.

Ta copatidle wov pertpndnkav otov amopokpucuévo otafud g Anuvov
emEdeIEav  eVOLAUECEG TIHEG VYPOSKOTIKOTNTOS, EVOEIKTIKESG Yo GOUATIOW OV
amoteAOVVTOL OO HETYLO OVOPYOVOV KO OPYAVIKAOV EVOCEDV. AvTtd emPBePorddnke ond
TIG LETPNGELS TNG YNUIKNG TOVG GVGTAOTG, Ol OToieg dEEOncav ¥PNOIUOTOIOVTOS i
evaéplo mAATOOpHO (AepocKAPOG) Kot 1 omoia Katd v {0t ypovikn mepiodo metovoe
Téve amd Vv gvpltepn meployn tov Aryaiov Ileddyovs. H ko coppovia petadd g
VYPOOKOTIKOTNTOG 7OV VLTOAOYIGTNKE amd TNV YMUIKY] GVOTACN TOV COUATIOI®V
(agpopetapepdpevo AMS) kot tov petpiioemv (oTabRdc €dGQOVG) eméTpeye TNV
TEPALTEP® EKTIUNGT TNG VYPOCKOTIKOTNTOS TOV OLMPOVUEVOV GOUATIOIMV 1oL OAOKAN PN
mv gupbtepn mepoyn] Tov Aryaiov. H yopikn mowkilopopeio TV EKTILOUEVOV TULOV
VYPOCKOTIKOTNTAG TMV OUOPOVUEVAOV COUOTIOI®MV  OTOOIOETOL  OTIG  OLPOPETIKEG
apeTnpiec Kot S1odpopég TV aépimv Haldv Tov GTAVOLYV GTNV TEPLOYN, Ol OTOIEC UE TNV
o€1pd ToVG eMMPedlovV EvTova TNV YUK GUGTOGCT] TOV COUATIOIWV.

Ta copatidio Tov petprnioy 6Tovg TEPLAGTIKOVS otafovs g [atpag kot g
ABMvag €6e1&av S1opopEéG MG TPOG TIG VYPOCKOTIKES TOVG 1010tNTES. Tar cmpatioln mov
petpnOnkav oy Iatpa enédeiéov pETPLO VYPOGKOTIKOTNTA, TOPOUOLN UE CVTHV TOV
TOPATNPEITAL GE NUOCTIKES/ AYPOTIKES TTEPLOYES TG NIEP®TIKNG Evpdnng, evd avtifeta
T0. COUOTIOW oL peTpnOnkay oty ABnva enédelov ONUAVTIKY YPOVIKY| UETABOAN,
Kopouvopeva amd PETPimg ¢ vynAd vypookomikd. H extipdpevn (Baon tov petpioewv
™G YMIKNS TOVG cvoTAoNG oL JEENKON Ko 6TovG 00O GTAOUOVS YPNCUYLOTOLDVTOG
AMS) vypookomikdTta cvoyetiletor KoAAiTEpO HE TIC UETPNOELS OTOV TEPLOGTIKO
otafud g Iatpog and 611 68 avtdv mov Ppiokoviav kovtd otnv ABnva. Ot dapopég

HETOED HETPOVHEVTG KO EKTILOUEVNG VYPOSKOTIKOTNTOS O propovoay var opeiloviot



elte oTV MOPOVGIOL GUYKEKPIUEVAOV OPYOVIKOV EVACE®Y, Ol OTOiEG &€ivor TOAD
TEPLGGOTEPO VYPOOKOTIKEG Omd avTéG mov Ppickovioan cvvnBOE oV ATUOCEOLPO.
[Mopdra avtd, T0 KAACHO OYKOV QUTOV TOV EVOGEMV GTNV COUOTIOINKY don Ba énpene
Vo Kuplopyet, dote va eENyNnoet TIg mapoatpoVUEVES VYPOCKOTIKOTITES, KATL TO OTOIO0
elvalr oAy acvvidioto Ko dev €xel moté avoeepbel oe perpnoelg mediov Katd To
nepeAOOV.

Y10 debtepo péPog G JTpiPng mapéyovior tpomotr kot péBodor yuo TNV
BeATiON TOV TEYVIKAOV TOV YPNGLULOTOOVVTAL Y10l TOV KOOOPIGHO Tov peyéBoug Kot g
VYPOCKOTIKOTNTAG TOV ®POVUEVOV couatdiov. To xivntpo oty mpoomndbeia
BeAtioong M avedpeong véov peBOdwV/eEomMoHoy gival 1 emiTELEN UETPNCE®V UE
VYNAOTEPT YOPIKT/YPOVIKT] OVAAVGT|, KATL TTOL Pmopel vo emttevydetl pe:

1. Tnv peiwon tov avaykaiov ypdvov yu kébe pétpnon, awédvovrog £Tol Vv

YPOVIKT] AVOAVCT) TV LETPTCEDV.

2. Tmv peiwon tov Bapovc/peyéBouvg tov petpnTikod €£0MAIGHOV, PBEATIOVOVTOG
NV QOPNTOTNTO TOV, OONYADVTAG £TGL GE VYNAOTEPT] YOPIKN OVOAVLGT).

3. Tmv peimon 1oV KOGTOVG, EMTPEMOVTAG TNV AVATTVEN EVOG O EKTETAUEVOL
OIKTOOL Y10 TNV TOPOKOAOVONGT TV  QUCIKOYNUWK®OV WIOTATOV  TOV
aepoAVUATOV.

To mpoto xepdAoro avtod tov pEpove allohoyel OBswpntikd cedaipata ot
HETPNOELS VYpOooKomKOTNTOG oL OeSyOnoav pe cvotuota DMA g cepd yia v
pétpnon g vypookomkoOtnrag (Hygroscopic Tandem DMAs; HTDMAs),
TPOKOAOVIEVES OO OVOLLOLMYEVELEG OTNV BepUoKpacla Kol oXeTiKN vypacia (XY) tov
CLOTNUATOV. AVTEG O1 OLVOLOIOYEVELEG UTOPOVV VO 00N YNIGOLV GE EGPOUAUEVES EKTIUNCELG
OYETIKO LE TNV QOIVOUEVIKY] VYPOCKOTIKY] GUUTEPLPOPA T®V LITO HEAETN] COUATIOIWV,
omwg elye deytel mepapatikd Kot 6to mapeAddv. Mo otiypioio aAloyn @aong tov
ocONOTIOIV amd oTeped o€ LYPE, ToPAdElYHOTOS YAPM, MUmOpEL Vo gpunvevTel
AavBoopévo ¢ otadtaxkn. [laporo mov avtd ta Oépato £govv avadelytel Kol ©TO
TapeAOOV HEC® TEPAUATIKOV TOPATNPNOEDYV, &lvol 1) TPAOTN Popd oL BempnTIKA
HOVTEAD GLVOEOMKOV MOTE Vo €ENYHCOLV TO GUVOLNGTIKO (QOIVOLEVO OLTAV TMV
OVOLLOLWYEVELDV OTNV UETPOVUEVT] VYPOCKOTIKOTNTO TMOV O®OPOVUEVOV COUOTIOIOV.

[Tocotkd amoteAécpato TOPEYOVTOL TPOCOUOIDVOVTOS TIC TPOYES KOl TNV KOTACTOO



(¢ TPOG TNV VYPOCSKOTIKOTNTA) TOV CLOPOVUEVOV COUATIIIWV EVIOC EVOG TOSIVOUNTY
DMA, vrd avopowmyeveig cuvOnkec Bepuokpacioc ko XY, emPePaidvovtag TaAldtepeg
TOPOTNPNCES KOl OMOOEKVOOVTOG OTL TETOLO TEPAUATIKA CEAALNTO UTOPOVV VO
emeépovv  ovénon tov peyébovg twv coupatdiov evtdg tov tavounty (DMA).
Agdopévng g onuaciog tng datnpnong opoloyevoig Bepuokpacioc kot XY €vioc Tov
denTEPOL TALIVOUNTH EVOG CLGTHOTOG LETPTOTG TNG VYPOCSKOTIKOTNTOS TOV COUATIOIWV
(HTDMA) Kot Toug meplopiopong tav vaapyoviov actnmpiov XY ko Ogppoxpaciog

TOPEXOVTOL ETUTAEOV TTPOTAGELS Yo TNV 0pON AEITOLPYIO AVTOV TOV CLGTNUATWV.

210 de0TEPO KEPAAOIO TOV O€VTEPOV WEPOVG TPOTEIVETAL IO OTAOTOMUEVT
HeTOTPOT €VOG KAoooikob KLAdpkoy ta&wvount (DMA) pe tpeig €£000vg 610
KEVIPIKO TOv MAekTpddto (ovopootikd to 3MO-DMA), pe okomd v ypnon tov mg
npdtov taéwvount) (DMA) ce ocvotiuoto toévountov &v ogpd (TDMA) yuo v
peimon tov kvkhov pétpnong tovs. H amddoon tov 3MO-DMA oe Sapopetikég
ouvOnKkeg pong peAetnOnke oTO E€PYOCTNPO Kot oLYkpiOnke pe TIC BewpnTikég
TPOPAEYELS YPNOLOTOLDVTOS TNV GLVAPTNON peTapopdc twv Giamarelou et al. (2012). H
Oewpeia mpoéPreye pe axpifeto (LEyioto oaipa 3%) Tig YE®UETPIKEG LEGES OLOUETPOVG
Tov Tpiov Eeyopotodv (amd amoyn peyébovg) mAnbuopdv copatidiov amd TG
SpOpeTIKEG ££000VC, KAOMG Kot TNV SOKPLTIKN KavOTNTO TG TPMOTNG Kol TPITNG
e€0dov, oe Oleg TIG mEpapATIKEG cLVONKES oL dokipdotnkav. [Tapd to yeyovdg O6TL M
YEMUETPIKN TLTIKY amOKAon TV Taivounféviov copatidiov g oevtepng €£6d0v
avtamokpiveTol oe copatidio otevod gvpovg dwpétpov (oy g 1.08 pe 8.0 Ipm pon
sheath kot 1.5 Ipm pon aerosol), n dokprrikny kavoT o avtig g e£6dov ftav and 10
¢wg 74% yapnAdtepn and TG BempnTikég TPOPAEYELS, avALOYa LE TOV AOYO TV PODV
sheath/aerosol. TTapd v younAdtepn Stakprtiky wavotta ¢ ogvtepng e£0d0v, €
oxéon pe 115 vorowec, 10 IMO-DMA mov oyedidotnke Kot EAEYYTNKE GE QTHV TNV
epyacia pmopel va ypnoipomonel emapkdc og tpdtog tasvounms DMA e cuotiuata
oepdg (TDMA). H ypnon tov avt mapéyel Tontdypova Tpels Eexmpiotong TAN0ve oG,
Le otevl 0pog peyebmv, e KaBoPIGUEVESG HECES YEMUETPIKES SLOUETPOVG, LELDVOVTOS LE
TOV TPOTO OWTAOV TOV KOKAO HETPMNOTG OAOV TOL GLGTNUATOC, OTAV AVTO YPNCUYLOTOLEITOL

o€ PETPNOELS TTEdIOV.



210 TpiTO KEPAAOLO TOL OEVTEPOVL UEPOVG UEAETATOL 1| OTOOOGT| EVOG OTNVOL KOil
QOPNTOV, OMANG KLAWVOPIKNG  YewueTpiog To&vount oopatdiov, o omoiog
KOTOOKEVAGTNKE ammd LAIKG dudyvong otatikod niektpiopov (electrostatic dissipative
materials; EDMSs). Extog and tov yopaKtmpiopd G amdd06NG, TOPEYETAL KAl L0 Tl
eumelptkn e€lomon ywo TV eKTiUNon G OlEicdvone TV COUATIOIMV UECH TOL
tavount) EDM, kabBmg kot o1 Bacikég euoikés apyég miom amd v Agltovpyio Tov.
‘Evag ta&wountg EDM oce cvvdvacud pe évav avalvt) SoQpopikng KIviTiKOTNTog
(differential mobility analyzer; DMA) kat évav aviyveutn apt@untikng cuyKEVIPmONG
copatdiov umopel va ypnoipomombel yioo v pérpnon tov eEopToOuEVOV 0md TO
péyebog,  QLOIKOYNMK®OV  WIOTATOV, TOV  OLOPOVUEVOV  CORITWIoV, Ommg 1
VYPOCKOTIKOTNTA Kol 1 TTNTIKOTNTo. Epyactnploxéc petpnoelg g amnuikodTnTog
aLPOVUEVOV cOMOTOIOV Oetikod appmviov, n onoieg de&nydnoav pe v pébodo avtn,

napéXovTal ENioNg o€ avTd TO KEPAALO.



1. Introduction

1.1 Atmospheric aerosol particles

The term aerosol is used to define gas suspended solid or liquid particles having
sizes that vary from a few nanometers to a few hundreds of micrometers (Hinds, 1999).
Aerosol particles may directly be emitted in the atmosphere (primary aerosols) or resulted
by nucleation of gaseous species (secondary aerosols; Seinfeld and Pandis, 2006). While
their origin can be both natural and anthropogenic, the contribution of the latter 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
particle size and chemical composition, both of which 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). Measuring the
variability in the size of atmospheric particles is therefore of primary importance in
understanding their climate impacts (McMurry, 2000). Early methods for sizing aerosol
particles were based on size-dependent properties such as their diffusivity (for small
particles) and inertia (for bigger particles). For instance, diffusion batteries were used for
classifying small particles (e.g., Gormley and Kennedy, 1949), while impactors (e.g.,
Marple 1970) and cyclones (e.g., Leith and Mehta, 1973) for sizing large segregated
particles. While simple and easy to construct, deploy, and maintain, these instruments
have limited resolution and measuring size range. Knutson and Whitby (1975) introduced
the Differential Mobility Analyzer (DMA), which exploited the motion of charged
particles in a flowing aerosol under an electric field, for determining their electrical
mobility and from that their size. This approach provided a significant improvement in
sizing resolution and extended the range of particle sizes that a single instrument could

classify.



Particle chemical composition also plays a role in the climate impacts of aerosols
by directly defining their optical properties, and indirectly by affecting their ability to
take up water (i.e., hygroscopicity), which also affects their size, optical properties and
their ability to act as CCN.

1.2 Aerosol hygroscopicity
Particles that take up water when exposed to elevated relative humidity (RH)

conditions (i.e., hygroscopic particles), can exhibit an increase in their size due to water
condensation. The hygroscopic growth factor (g) is often used to quantify the growth of

particles due to water uptake, which is expressed as:

d(RH)
dary

g(RH)= (1.2)

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

Inorganic salt particles spontaneously transform from solid to droplets when
exposed to RH above a certain threshold, namely the deliquescence RH (DRH; Seinfeld
and Pandis, 2006). The resulting droplets, however, will transform into solid particles at
lower RH than the DRH, exhibiting a hysteresis effect. The RH threshold at which
particles in the droplet state will transform into solids is called the efflorescence RH
(ERH; Seinfeld and Pandis, 2006). Both DRH and ERH depend on particles chemical
composition. The water saturation Sg, equal to RH/100 and the diameter of droplets when
the particles are in the aqueous state, are connected through the Kohler equation (Kohler,
1936):

g ( 40,qM,y )
R = Gws EXP\ BT d(RH)
where aw IS the water activity for the specific solution, gy is the surface tension of the

(1.2)

solution droplet, M,, and p,, 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, as compared to the one over a
flat surface, caused by the curved surface of the particle. It should be noted here that the

Kelvin term becomes dominant for particles smaller than ca. 100 nm.
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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 atmospheric particles which mainly consist of mixtures of inorganic and
organic compounds limits their predictability. To overcome the difficulties involved in
associating the variable and complex chemical composition of atmospheric particles, with
their hygroscopic behavior, Petters and Kreidenweis (2007) proposed the use of a single
hygroscopic parameter x. Using this parameter, the hygroscopic growth factor of the
particles can be expressed as:

1/3
2 (RH) = (1 + K(lfj:w)> , (1.3)
with
-1
_RH 405/ My
4w Too (exp (RTde(RH))> ' (1.4)

Here oy, denotes the surface tension of pure water, equal to 0.072 J m. The surface
tension of pure water is used in Eq. 1.4, as the best approximation, since the surface
tension of the resulting solution would be unknown, for particles of unknown chemical
composition, which is the usual case during field measurements.

A «x value of zero is assigned to hydrophobic (i.e., completely insoluble but
wettable) particles. Most typical atmospheric soluble-salt particles exhibit higher x values
(e.g. 0.53 and 1.12 for ammonium sulfate and sodium chloride, respectively), whereas
those of most organic aerosols lay in the range between zero and 0.3 (Petters and
Kreidenweis 2007).

In cases where aerosol particles are mixtures of different species, their
hygroscopic parameter x can be calculated using information of their chemical
composition as follows:

K = &K, (1.5)
where & = Vi/Vs and «; 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 Vs the volume of the dry particle.

1.3 Measurement techniques of aerosols hygroscopicity
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A variety of experimental methods has been employed for measuring the
hygroscopic behavior of airborne particles. More specifically, these methods involve
changes in particle mass (e.g. using Electrodynamic Balance EDBs; Peng and Chan,
2001), changing in particles optical properties (e.g. using a wet and dry nephelometer;
Mclnnes et al., 1998) and in particles electrical mobility diameter (e.g. using a
Hygroscopic Tandem Differential Mobility Analyzer; HTDMA; Rader and McMurry,
1986). The latter offers size resolved, 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. The HTDMA mainly
consists of two Differential Mobility Analyzers (DMAs; Knutson and Whitby, 1975), and
a Condensation Particle Counter (CPC, TSI Model 3772; Agarwal and Sem, 1980).
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.

oo (@] Oo o o) e
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Y ‘. ° o @
$¥% g s . ® () ®
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0 © N = e ©
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Particles Particles
£ £ £
) p b3
2 b =
= = =
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Fig. 1.1: Schematic illustration of the HTDMA measuring principle. Aerosols are initially dried,
neutralized before entering the first DMA (DMA-1). The monodisperse particles produced by DMA-lare
then exposed to increased RH conditions inside the humidifier and their size distribution is measured

downstream by the second DMA (DMA-2) and the CPC.
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While all of the methods described above are used for measuring particle
hygroscopic properties at sub-saturation conditions (i.e., RH < 100%) a Continuous Flow
Streamwise Thermal Gradient CCN Chamber (CFSTGC; Roberts and Nenes, 2005; cf.
Fig. 1.2a) is able to provide information on particle hygroscopicity at the super-saturation
regime. In brief, aerosol particles are introduced inside a wet ceramic column surrounded
by a saturated (i.e., RH=100%) sheath flow. A temperature gradient is maintained within
the column resulting in quasi uniform water vapor super-saturation along the centerline.
Depending on their size at dry conditions and their chemical composition, aerosol
particles can become CCN active above a certain super-saturation conditions, namely
above the critical super-saturation (S¢). CCN active particles are then optically counted
downstream of the growth chamber by an Optical Particle Counter (OPC).

The CFSTGC (CCNC from now on for simplicity reasons) can be employed
downstream DMA-1 of the HTDMA system for simultaneously measuring size resolved
particle hygroscopicity at both sub- and super-saturated conditions. In the more advance
“Scanning Flow CCN Analysis” (SFCA) operation mode, the flow rate in the growth
chamber changes over time, while a constant streamwise temperature difference is
maintained. This causes super-saturation to change continuously, allowing the rapid and
continuous measurement of super-saturation spectra with high temporal resolution
without being affected by shifts in activation kinetics and aerosol composition (Moore
and Nenes, 2009). 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
CCN activity of the particles is characterized by the activation ratio given by:

. CCN _ a, + 4~ 8 -
CN 1+(Q/Qg) ™ (1.6)

R

where CCN and CN are the activated and total particle concentrations, while ag, 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. The
inflection point (i.e., Qsp or “critical flow rate”), corresponds to the instantaneous flow

rate, that produces a level of super-saturation within the CCNC, required to activate the

13



measured monodisperse aerosol. An example of a CCN activity spectrum with the

sigmoidal fit and its defined parameters is depicted in Fig. 1.2b.
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Fig. 1.2: Schematic illustration of the CCNC (a; Roberts and Nenes, 2005) and example of measured CCN
activity spectrum with the sigmoidal fit and its parameters (b).

1.4 Motivation

During the last few decades a large attempt is made in order to better understand
the ways that modern human societies affect the climate of the planet and predict the
consequences of our actions. During the last two centuries, which in terms of geological

time is a short period, we have already concluded that the release of certain gases
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("greenhouse gases"”) in the atmosphere increases its property to absorb infrared radiation
and thus increase the temperature of the planet. A wide number of models that capture a
number of complex interactions have been developed and used to understand the climate
and its changes at a local, regional and global scale. Atmospheric aerosols play also 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 limited particle emission inventories, while inaccurate particle hygroscopic
properties may lead to uncertain estimation of the aerosol indirect effect on a global
scale (Lohmann and Ferrachat, 2010). For this reason monitoring the properties of
aerosols in different locations and with high temporal resolution is important for reducing
these uncertainties.

Part | of this thesis focuses on aerosol hygroscopicity. More specifically it
describes and discusses a number of field measurements in remote and sub-urban
locations of Greece. Part Il provides the means of improving the methods/techniques of
determining their properties in order to improve the accuracy and spatial, as well as
temporal resolution of these measurements. The sections that follow give an overview of

the entire thesis.

1.5 Overview

The first chapter (current chapter) of this thesis serves as an introduction
addressing the impacts of aerosol in climate and the importance of high temporal and
spatial measurements of the their size and hygroscopicity. Fundamental theoretical
background and techniques for probing the hygroscopic properties of particles are also
provided.

In the second chapter are reported high temporal resolution chemical composition
and hygroscopicity measurements of particles over the Aegean Sea, during a period with
prevailing northern winds (i.e., Etesians), which carry polluted air masses from central
Europe, the Balkans (including Greece), and the Black Sea (Mihalopoulos et al., 1997,
Lelieveld et al., 2002). Measured particle hygroscopicity (i.e., HTDMA on the ground
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station) was compared to particles chemical composition (i.e., on-board AMS) when the
aircraft was flying in the vicinity of the ground station, using the x-Kohler theory. Based
on the good agreement between the measured and estimated (i.e., from the chemical
composition) particle hygroscopicity, vertical profiles of the hygroscopic parameter x
were estimated for the region.

In the third chapter size resolved measurements of particles mixing state and
hygroscopicity at sub- and super-saturated conditions, together with high temporal
measurements of their chemical composition, are reported for two suburban sites. The
back trajectories of the air masses reaching the sites were used to distinguish between
periods of increased pollution, originating from the nearby cities. The hygroscopic
parameter of the particles organic fraction at sub- and super-saturated conditions was also
estimated using the size resolved particles chemical composition and hygroscopicity.

In the fourth chapter the experimental artifacts caused by non-uniform
temperature and RH in the second DMA of an HTDMA system are theoretically
assessed, using for the first time a combination of numerical models. A comparison
between the model results with previous experimental observations and guidelines to
reduce the effects of such non-uniformities on the measured particles hygroscopicity are
provided as well.

In the fifth chapter a simple modification of a classical cylindrical DMA to have
three monodisperse outlets (i.e., SMODMA), with the scope of reducing the measuring
cycle of HTDMA systems is described. The classification accuracy and the resolution of
the BAIMODMA was experimentally evaluated and compared with the theory provided by
Giamarelou et al. (2012).

The sixth chapter describes a simple and cost effective method for size
segregating sub 100 nm aerosols. The method employs a simple tube made of
electrostatic dissipative materials (EDMs), which can be operated at high voltages. The
resulted electrostatic force decelerates the particles, enhancing their diffusional
deposition. Except from the characterization of the EDM-segregator, a semi-empirical
equation for estimating particle penetration through the tube at different flows and
voltages as well as its basic operating principles are provided. In addition, an example of

its use for probing the volatility of aerosol particles is given.
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Finally in the seventh chapter the general conclusions of the present work are

given, together with some suggestions for future investigation.
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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 xnmix 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 xmix values of the particles observed in the

region.



2.1. 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 x is O 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 x 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 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
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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 (HTDMA) 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 xnmix Of the particles in the region.

2.2. Methods
2.2.1 Instrumentation

2.2.1.1 Airborne measurements

The airborne measurements involved a total of three flights from Crete to
Lemnos and back with the FAAM BAel46 aircraft (cf. Tombrou et al., 2012). The
cToF-AMS was operational in only two of these flights; namely flights b637 and
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b641 performed on 1 and on 4 September, respectively. Detailed paths of these flights
are shown in Fig. 2.1. 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 atmospheric boundary layer (MABL) was below 1 km,

some parts of the flights were within and some above it.
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Fig. 2.1. 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 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
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quadruple mass spectrometer for specific ions, including NH,*, CI, NO3, SO,* 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).

2.2.1.2 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. 2.1). 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 30+£3 %. 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
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
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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.
2.2.2. Data Analysis
2.2.2.1. 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 (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.

2.2.2.2. HTDMA Measurements
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The hygroscopic growth factor, g, determined by the HTDMA measurements

is given by:
dm(RH
g(RH)="C2, (2.1)
m,dry

where dn(RH) and dnqry 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:

dm(85%)

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

(2.2)

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 TDMACit algorithm (Stolzenburg
and McMurry, 1998) for inverting the HTDMA measurements. The algorithm uses
the least 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 TDMAIinv 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
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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.

2.2.2.3. 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)

&y (RH) = (1 + Ko (l“—zw))l/s, (23)

where a,, is the water activity of the solution droplet, which neglecting the Kelvin
effect is equal to RH/100, and xmix is the hygroscopic parameter of the mixed particles
given by

Kmix = Di&iKi (2.4)
Here & = Vi/Vs and «; are the volume fraction and the hygroscopic parameter of the ith
chemical species of the particles, with V¢ 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 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, xorg, Can
vary from 1200 to 1700 kg m™ (Hallquist et al., 2009), and from 0.0 to 0.2 (Petters

and Kreidenweis, 2007), respectively.
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Table 2.1. Hygroscopic parameters k and
densities used in the k-Kohler theory (Eq. 2.3).

Chemical species K Density (kg m™)
(NH,),SO, 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).

2.3. 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 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 channeled 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 to 29.6 °C and from 16 to 87 %,

respectively.

2.3.1. Measurements in the Atmosphere over the Ground Station
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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 BAe146 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.

2.3.1.1. 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 diameters in the ranges of 50-80, 80-100 and 100-170 nm, for all the days
of the experiment are shown in Fig. 2.2. 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, with a median value
of 7.7x107, in the Aitken mode from 1.7x10% to 7.1x10°% particles cm™, with a median
value of 1.0x10%, and in the accumulation mode from 1.8x107 to 3.4x10° particles cm’
3 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. 2.3.2 and back-trajectory calculations shown in Fig.
S2.1).
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Fig. 2.2. 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.

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

Fig. 2.3. 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. 2.3. 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 2.4 shows the hygroscopic growth factors g(85%|30%) measured by the
HTDMA (Fig. 2.4a) together with the measured (SMPS data) number concentrations
of the particles having dry diameters in the ranges selected by DMA-1 (Fig. 2.4b)
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 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
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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. S2.1 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. 2.4. 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
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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. 2.3 and 2.4), we
calculate the corresponding growth factors at 85 % RH to be in the range from 1.08 to
1.43. Although this range is 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 %).

2.3.1.3. Particle Chemical Composition and Hygroscopicity

Figure 2.5 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. 2.2.2.3) 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. 2.5a). 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 x-Kd&hler theory.

The comparison between predicted (i.e., using Egs. (2.3) and (2.4) and the
cToF-AMS measurements) and measured (i.e., using Eq. (2.2) and the HTDMA
measurements) hygroscopic growth factors is shown in Fig. 2.6. 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
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entering the HTDMA may have 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

din(85%) _ dm(30%) ., dm(85%) _
dm,dry dm,dry dn (30%) g

2(85%)= (30%) x 2(85%|30%). (2.5)

Here g(85%|30%) is the measured growth factor (cf. Eq. 2.2), and g(30%) is the
growth factor of the particles entering the HTDMA at 30% RH. The latter is estimated
using the x-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. 2.5. 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.
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Fig. 2.6. Hygroscopic growth factors measured by the HTDMA (black dots) and predicted by x-Kohler

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. 2.6, we used the fixed « and p
values for the inorganic species shown in Table 2.1. The values of xog and porg Were
determined as follows. By keeping xo¢ = 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 xorg and porg, We
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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 xorg = 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.

2.3.2. 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. 2.7 and 2.8,
respectively. During the flight on 1 September (data shown in Fig. 2.7) 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 as.l.),
decreased with increasing height. In all cases, the concentration of H,SO, was almost
zero for the entire flight, with the exception of a few measurements higher than 4.0

km a.s.l. over Crete.
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As shown by back trajectory calculations (cf. Fig. S2.2), 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. 2.7. 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 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. 2.7. 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), NH4HSO, (b), (NH,4),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. 2.8. 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 (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,4 volume fraction that
reached values as high as ca. 0.4. High volume fractions of NH4HSO, were observed

at a layer between 1.0 and 2.0 km a.s.l. over the west/northwest of Crete.
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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. S2.3 in
the Supplement).

(@) ) (b)
H,SO, i NH_HSO,

5000 - L0 5000 : .
4000- . 08 4000- - 08
a - oy 7 S
3000- | -

10.6
2000 -

1000 - oeis - o4 1000- R, SR 0
PN g de 3 I 7 S de 3

0: b < B g ¥ = 0.2 0: i £ VL b B

22 : : < 22 \, : e

Altitude (m)
(=3
(=)}

Altitude (m)

ST T
24 > e ’g 38 24 % e 3 38
26 3 . 0.0 26 36 : 0.0
LS = Jnad® 5 Lope " g qede ¢
Ong; g 28 v ng; g 28 yau
(©) ’ (d)
. (N]‘I.LSO‘ i Organics
5000 - . 10 5000 - 1.0
4000 - : 0.8 4000 - 0.8
= oy, = % = ]
£ 3000- L : £ 3000- :
= 06 B 106
2 . E]
£ 2000- = 2000-
< . < -
Yy 0.4 Y . o4

1000- L g : 1000- g .
LAPRT ->s 1 ASNSTT --32
0: ~ 5~ 02 9: i< & s 02
4 5 40 P
S 38
0.0

Fig. 2.8. 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), NH4HSO, (b), (NH,4),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).

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

calculated vertical profiles of the aerosol hygroscopic parameter xmix (Eq. 2.4) during
the two flights (cf. Figs. 2.9 and 2.10). For these calculations we used the hygroscopic

parameters and the densities of the organic fraction of the particles derived from the
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closure study (i.e., korg = 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. 2.3.1.3 and Fig.
2.6), and assumed that all the samples were internally mixed. During the flight on 1
September (Fig. 2.9), 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. 2.9a—). At higher altitudes xmix sShowed a noticeably higher
variability, with values ranging from 0.21 at lower altitudes to 0.84 at altitudes above
4 km where the particles were highly acidic. The vertical variability of xnmix 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. 2.3.2.1.
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Fig. 2.9. Vertical profiles of the estimated hygroscopic parameters x.x 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 1 September 2011 (flight b637).
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The inset shows the locations corresponding to the vertical profiles of x.ix shown in the different
subplots. The hygroscopic parameters are calculated using the x-Kéhler theory (Eq. 2.3) 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 xqy = 0.03 and pog = 1300
kg m™. The error bar represents the spread of the estimated kmix values when adopting the level of

uncertainty used in our closure study.

The vertical profiles of the hygroscopic parameters predicted for the flight on
4 September are shown in Fig. 2.10. 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 xnix for altitudes even up to 2-3
km was significantly lower compared to that observed during the first flight. The
median value of xmix 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. 2.8a.
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Fig. 2.10. Vertical profiles of the estimated hygroscopic parameters xx 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 xnyix, Shown in the different
subplots. The hygroscopic parameters are calculated using the x-Kohler theory (Eq. 2.3) 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 poq = 1400 kg
m3. The error bar represents the spread of the estimated x.ix values when adopting the level of

uncertainty used in our closure study.

Despite that the measurements are performed in a marine environment of the
Aegean Sea, the estimated median xnix 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).

2.4. Conclusions
Measurements of the chemical composition and hygroscopicity of atmospheric

particles were conducted over the region of the Aegean Sea using a cToF-AMS
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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 xog 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 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, volume fractions of up to
0.4.

Using the particle parameters xorq 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
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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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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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3. Hygroscopic Properties and Mixing State of Ultrafine Aerosol

Particles in Urban Background Sites

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 was conducted for both sites, allowing the hygroscopic
parameter of the organic fraction (xorg) to vary between 0.0 and 0.3. In Patras the
estimated hygroscopicity of the organic fraction was higher in super- than in sub-
saturated conditions, indicating that the organics could exhibit different
hygroscopicities, depending on the conditions they are exposed to. For both sub- and
super-saturated conditions however, the estimated x,q Was comparable to other
studies conducted in the eastern Mediterranean region. In contrast the closure
conducted in Athens showed poorer agreement between the estimated from chemical
composition hygroscopicity and that measured by either the HTDMA or the CCNC. A
better agreement between HR-ToF-AMS and HTDMA/CCNC could be achieved if
significant fractions of highly hygroscopic refractory or organic matter was present on
the sampled particles. Such fractions of refractory matter on the particles is excluded
based on filter samples collected on the site and on the fact that a diurnal variation on
particle hygroscopicity was only observable with the HTDMA. The possibility of
highly hygroscopic organic material cannot be excluded, nor corroborated by the
measurements we have in our disposal, while it is very uncommon for atmospheric

particles to be consisted by these organics.
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3.1 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 and
the CCN activity of the particles, i.e., their ability to take up water from the vapour
phase when exposed to different relative humidity (RH) and supersaturated
conditions, respectively.

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 « 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 the single 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 accurately represent
particle hygroscopicity in these models, however, observations of the hygroscopicity,
as well as the and mixing state, of aerosol particles 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
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region of Southeastern Europe and especially for the mainland of Greece are those
reported by Petdja et al. (2007), which measured the hygroscopic growth factor of
sub-50-nm particles in a suburban site close to Athens. Such measurements (i.e.,
conducted in suburban areas) can provide useful information on the hygroscopicity
and CCN activity of freshly emitted (i.e., from local sources) or mixed (i.e., fresh and
aged) aerosols. This is useful for evaluating regional/local scale climate or air quality
models and in addition with background measurements, information on the impact of
aging of anthropogenic aerosols in their hygroscopicity may be obtained.

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). The HTDMA and CCNC were coupled so that
the hygroscopic behavior of dry monodisperse particles was measured simultaneously
at sub- and super-saturated conditions, whereas the mixing state of the particles was
also derived by the HTDMA part of the system. 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 pm (PM_5). Closure between the
HTDMAJ/CCNC and chemical composition measurements was used in an attempt to

further interpret the hygroscopicity of the particles observed in this study.

3.2. 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. 3.1). Five-day wind back-
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trajectories, which were calculated on a 6-h basis using NOAA's HYSPLIT model
(Draxler and Hess, 1997, 1998; Draxler, 1999; Stein et al., 2015), were employed to
distinguish sub-periods during which air masses of different origin arrived at the two

stations.

Fig 3.1. Map of Greece showing the locations of the ground stations in Patras and Athens.

3.2.1 Instrumentation

A combined system consisting of an HTDMA and a CCNC were used to
measure the hygroscopic properties of particles when exposed to sub- and super-
saturated conditions, respectively (cf. Fig. S3.1 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 3081;
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% RH using a silica gel diffusion drier in Patras site, and below
15% using a dried air system and a Nafion humidity 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;
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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 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-saturations 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 CCNC used
in this study is given 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). 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.
3.2.2. Data Analysis

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

dm(RH)
ddry(RHdr) ’

g(RH|RHy,)= (3.1)

where dn(RH) and dgy(RHaqr) 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 (i.e., RHg < 35% in Patras and RHg4r < 15%
in Athens) 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, may grow to different sizes exhibiting either a wider unimodal or a
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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.
S3.2).

3.2.2.2. 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 are 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:

CCN a, —a,
A= —=a,+ —
CN 1+(Q/Qg) ™

R

, (3.2)

where CCN and CN are the activated and total particle concentrations, while ag, a;, 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, ap 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
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within the CCNC that is required to activate the measured monodisperse aerosol. A
characteristic sigmoid activation curve corresponding to particles having dry mobility
diameter of 120 nm at super-saturated conditions ranging from 0.1 to 1.0% is shown
in Fig. S3.3.

3.2.2.3. 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 according to Kostenidou et al., (2015).
Positive Matrix Factorization, PMF, (Paatero and Tapper, 1994; Lanz et al., 2007)
was applied to the high-resolution organic mass spectra using the measurements at
m/z ratios betweenl2 and 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 identify the different organic aerosol sources.
3.2.3. Estimation of the hygroscopic parameter x

3.2.3.1. 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):

(s®m)’-1)

ay/(1-ay)

: (3.3)

KHTDMA =

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
a2 (onp (rzete)) (3.4)
Here oy, and M,, are the surface tension and molecular weight of pure water (0.072 J
m and 18 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 xyrpma coOrresponding 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)3 - 1)

Rurpma = ~— - (3.5)

Here gag(RH) is the average hygroscopic growth factor of the entire monodisperse

particle population.

3.2.3.2. 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:

_ 4A3
FeeN = a3y
(3.6)
where S; is the critical super-saturation at which half of the monodisperse particles

activate (cf. sect. 3.2.2.2), dqyy is the dry mobility diameter selected by DMA-1, and:

_ 4My 0oy,
RTpw

(3.7)
Here My, o 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.

3.2.3.3. 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 = 2i&iKj- (3.8)

Here & = V,i/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 fraction of
each species was estimated using fixed densities for the inorganic compounds (cf.
Bezantakos et al., 2013 and Table 1 therein; chapter 2 in this thesis). To determine the

organic volume fraction of the particles the corresponding density of the organics porg

63



was derived by combining the HR-ToF-AMS and the SMPS measurements (cf.
DeCarlo et al., 2004). The hygroscopic parameters of the inorganic species were
taken by Petters and Kreidenweis (2007; cf. Table 1 therein). For the organic fraction,
Korg Was estimated by fitting the predicted hygroscopic parameters xcpem to that
determined by the HTDMA and the CCNC (i.e., Kgtpma and xccn, respectively), for
the 120-nm particles. The hygroscopic parameter xcpem Was estimated using 2-h
averaged size resolved HR-ToF-AMS measurements corresponding to particles with
vacuum aerodynamic diameters (VADSs) 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., xorg) 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 obtained by the off-line chemical composition measurements with the
corresponding 24-h averaged kyrpmaand 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 II

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

3.3.1. 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.

3.3.1.1. Particle Hygroscopicity at sub-saturated conditions (HTDMA

measurements)
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Figure 3.2 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 days of the first and the third period) the air masses passed over
the city of Patras (Fig. 3.2a and c) carrying both locally 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.
3.2d, 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. 3.2b), as
indicated by the fact that both the 60- and 120-nm particles were internally mixed
(Figs. 3.2f and g).

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

——00:00 ——06:00 12:00 ——18:00 24:00
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g. 3.2. 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, e), 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 3.3 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
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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 circles in Fig. 3.3 indicates the relative population of the more or less
hygroscopic fraction, while Table 3.1 summarizes the median values and the range of

the more hygroscopic relative population in each sub-period.
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Fig. 3.3: HTDMA measurements of 60-, 80-, 100-, 120-nm particles for the entire period of the
measurements in Patras. Particles that exhibit hygroscopic growth factor greater than 1.15 (more
hygroscopic are denoted with red solid symbols, where as those with growth factors below 1.15 (less
hygroscopic) with open blue circles. The size of the circles is proportional to the number fraction of

each mode. The grayed area marks the second sub-period.
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Table 3.1. Median values and range (in
brackets) of the number fractions of particles
residing in the more hygroscopic mode (i.e.,
0(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.

day P1 P2 P3

(hm)

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. Particles having dry mobility diameters of 60 nm exhibited the
highest fraction of less hygroscopic particles. The variability of the number
concentration of the more hygroscopic mode decreased 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. This
observation can be explained by the HR-ToF-AMS (cf. sect. 2.2.3), which during
these two periods was measuring increased concentrations of the less oxygenated
Hydrocarbon and Cooking-like Organic Aerosol (HOA and COA, respectively; cf.
Fig. S3.4), indicating the presence of anthropogenic particles.

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 3.2. The observed particles
exhibited hygroscopic growth factors similar to the ones observed in North Aegean
Sea (cf. Bezantakos et al., 2013 and chapter 2 in this thesis) and 10% lower than the
ones observed in South Aegean (cf. Stock et al., 2011).
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Table 3.2. 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.

dary P1 P2 P3
(nm)
lh mh lh mh lh 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)

3.3.1.2. 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 Fig. 3.4 and
summarized in Table 3.3. The lowest activation fractions but with the highest
variability were observed for 60-nm particles in all three sub-periods. The larger
particle exhibited similar activation fractions with values close to unity during most of
the first sub-period. During the second and the third sub-periods, 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.

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.
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Fig 3.4. Hygroscopic parameters kccn 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.

Table 3.3. 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.

Aary 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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3.3.1.3. Predicted hygroscopic parameter k from particles chemical composition
Figure 3.5 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-Koéhler theory as
described in sect. 3.2.3.3. The hygroscopic parameter of the organic fraction xog
shown in Fig. 3.5b and 3.5d, which was allowed to vary between zero and 0.3, was
estimated by matching xcyem With Kgrpma and xcen, respectively. The median values
and the range of the estimated xcnem and xorg parameters at both sub- and super-

saturation conditions for the three sub-periods are shown in Table 3.4.

Table 3.4. Median values and range (in brackets)
of the estimated aerosol and organic fraction's,
hygroscopic parameters (kciem and Kog) at
different saturation (S) conditions in Patras. For the
estimation wcnem Was fitted to the measured
hygroscopic parameters of particles having dry
mobility diameter of 120 nm by varying K.

S Variable P1 P2 P3
KCHEM 0.2 0.17 0.21

IS5 (0.12-0.31) (0.11-0.33) (0.12-0.32)

E

3 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)

E

S Ko 0.10 0.13 0.00

D

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

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 xcqem t0 Kytpma) 1N all three sub-periods. Values
of xorg higher than 0.1 were estimated 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 o estimated at super-saturated conditions (i.e., by fitting xcHem tO xcenc)

was 0.10 and 0.13 during the first and the second sub-period, respectively and zero
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during the third. During the first and the second sub-period xory Values of zero were
estimated 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 the estimated «org Values under different saturation conditions
reflect observable deviations between the two methods used in measuring particle
hygroscopicity (i.e., HTDMA and CCNC). Although in almost all of the cases xccn
and xytpma Obtained for 120-nm particles were well correlated they exhibited
differences, which in some cases reached 35%. Similar deviations have been also
observed in other field campaigns (e.g., Irwin et al., 2010, Wu et al., 2013). These
deviations could be partially explained by the properties of the measured particles,
such as their shape and the surface tension of the resulting droplet. HTDMA derived «
values will be more affected than xccn ones in the case that the particle shape is not
spherical (Jung et al., 2011). In contrast, the derived xccn values are affected, while
kutoma Values remain practically unaffected, if the surface tension of the resulting
droplet defers significantly from that of pure water, which is assumed in k-Kohler
model, due to presence of surface active compounds on the particles (Dusek et al.,
2011). However, the most probable explanation for the deviations observed between
the xorg Values, when derived from HTDMA and CCN measurements seems to be the
different hygroscopicity of the organic fraction when exposed to different saturation
conditions. For instance, Wex et al. (2009) observed that laboratory generated,
secondary organic aerosols (SOAs) exhibited a weak hygroscopic growth when
exposed to RH < 90%, but a higher CCN activity than a single and constant
hygroscopicity parameter derived from the sub-saturated hygroscopic measurements
would suggest. Exposing the particles to sub-saturated conditions ranging from 90 to
99.6% they estimated that particles hygroscopic parameter increased by a factor of
4~6 and continued to increase when particles were exposed to super-saturated
conditions. In addition, Henning et al. (2012) found differences in the hygroscopic
behavior of soot particles coated with SOAs when the latter were either in a solid or in
a dissolved/liquid state. The solubility of the organic compounds may be responsible
for their different water up-take characteristics when exposed to sub- and super-
saturation conditions (Petters et al., 2009). At sub-saturated conditions (i.e., RH <
90%) the organic compound remains almost undiluted but as the water vapor
concentration increases it is gradually dissolved resulting to higher hygroscopicity.

A possible correlation between hygroscopicity of the organic fraction (i.e.,
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Korg) 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 SOAs as indicated by the
HR-ToF-AMS measurements (cf. Fig. S3.4), in many cases we had to use a xorg Value

of zero to obtain the best closure between the estimated xcnqem and the measured

Kutpma OF Kcen.
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Fig. 3.5. Closure between the predicted xcrpem from the AMS measurements and x derived from
HTDMA (%yrpma) and CCNC measurements (xccy) in Patras. xcqem Was predicted by applying the x-
Kohler theory on the size resolved chemical composition of the particles, while the hygroscopic

parameter of the organic fraction (x.g) was allowed to vary from 0.0 to 0.3.

To investigate the consistency of our analysis, estimates of x,y Were also made
using the chemical composition of PM, s filter samples collected over 24 h, and the

procedure described in sect. 3.2.3.3. In this case xcyem predictions were fitted to 24-h
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averaged hygroscopic parameters derived from HTDMA and the CCNC
measurements (cf. Fig. S3.5 and Table S3.1). The estimated xoq at sub-saturated
conditions (i.e., by fitting xcxem derived from the filter samples to xyrpma) indicated
that the organic fraction of the sampled particles was hydrophobic in 42% of the cases
during the first sub-period and in more than 66% of the cases during the third and the
second sub-periods. At super-saturated conditions the estimated xqrq COrresponded to
slightly and mildly hygroscopic organic species. The estimated xorq 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 xorg Values were estimated from HR-ToF-AMS measurements.

3.3.2. 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, following variable
trajectories, mostly over the mainland of Greece. The second sub-period from 9 to 10
July was characterized by the absence of wind, while the fourth sub-period (from 14
to 23 July was characterized by winds crossing the Aegean Sea. During the third and
the fifth period (11 to 14 and 24 to 26 July, respectively) the air masses had variable
directions that ranged from northeast to west, following trajectories over mainland
Greece or over Athens. The following sections provide a discussion of the
measurements conducted by taking into account the different wind patterns of each

sub-period.

3.3.2.1. Particle Hygroscopicity at sub-saturated conditions (HTDMA
measurements)

Figure 3.6 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. 3.6a). The
growth factor distributions measured on 4 July (Figs. 3.6d and e) indicate that the

aerosol were mainly externally mixed with an increased less hygroscopic fraction at
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lower dry mobility diameters (i.e., dn = 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, passing above densely populated areas of the city before reaching
the sampling site (Fig. 3.6b). 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. 3.6f 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. 3.6c¢). 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. 3.6h 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 3.6. 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, e), 13 (b, f, g) and 22 (c, h, i) July. These days are

characteristic and represent distinct sub-periods during the measurements in Athens. Sub-period one is
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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 g(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. 3.7. The median

values and range of the relative populations of the more hygroscopic fraction for each

sub-period is summarized in Table 3.5.
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Fig. 3.7 HTDMA measurements of 60-, 80-, 100-, 120-nm particles for the entire period of the

measurements in Athens. Particles that exhibit hygroscopic growth factor greater than 1.15 (more

hygroscopic are denoted with red solid symbols, where as those with growth factors below 1.15 (less

hygroscopic) with open blue circles. The size of the circles is proportional to the number fraction of

each mode. The grayed areas mark the second and fourth sub-periods.
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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 the fact that the air masses were following trajectories
over the Aegean Sea and thus were less affected by local sources. During the third
sub-period a significant fraction (i.e., ca. 34%) of externally mixed 60-nm particles
was classified as less hygroscopic, indicating the contribution of polluted city air to
their hygroscopicity. Note that, during the third sub period, the air masses followed

variable trajectories, with a significant fraction of them passing over Athens.

Table 3.5. 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.

Oary 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 rest sub-periods (i.e., first, second, fourth and
fifth) the fraction of the internally mixed and hygroscopic particles was higher from
ca. 12:00 to 16:00. This increased growth factors overlapped with a decrease of the
less oxygenated HOA, COA fractions determined by the HR-AMS measurements (cf.
sect. 3.2.2.3 and Fig. S3.6). The observations above suggest that the aerosol mixing
state could not be attributed to the wind direction alone but also to the contribution of

local and distant sources. An increasing fraction of the volatile oxygenated organic
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aerosols (V-OOA) in the afternoon was found by Kostenidou et al. (2015), who were
conducting HR-AMS measurements at the same site and during the same period. At
the same time they observed a reduction in the marine oxygenated aerosol factor (M-
OOA) and suggested that the observed increase in the V-OOA is a product of
photochemical processing, either in a local or at a regional scale.

Overall, the hygroscopicity of the sampled particles was higher in Athens than
in Patras. The particles exhibited the highest hygroscopic behavior during the second
sub-period (from 9 to 10 July), while during the rest of the sub-periods their
hygroscopicity was similar (cf. Table 3.6). The hygroscopic growth factors of the 60-
nm particles were on average similar to the ones reported by Petdja et al. (2007), who
measured particle hygroscopicity in a suburban site in Athens, however their

variability and maximum values were higher.

Table 3.6. 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) P1 P2 P3 P4 P5
Ih mh Ih mh Ih mh lh mh lh mh
60 1.08 1.37 1.05 144 1.07 1.36 1.07 1.36 1.07 1.38
(1.04-  (L.17-  (1.03-  (1.22-  (1.04-  (1.20-  (1.02-  (1.18-  (1.04-  (1.26-
1.13) 1.76) 108  1.87) 1.12) 167) 115 177) 1.14)  1.92)
80 1.06 1.38 1.06 1.45 1.06 1.36 1.05 1.36 1.06 14
(1.04-  (1.19-  (1.02-  (1.23-  (1.03- (1.20-  (1.01-  (1.20-  (1.05-  (L.27-
1.11)  1.82) 1.13) 1.92) 115 1.75) 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- (121  (1.03- (1.22- (1.04-  (1.28-
1.14) 1.84) 111) 1.87) 1.13) 1.80) 1.15)  1.90) 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-  (1.25-  (1.02-  (1.20-  (1.05-  (1.22-  (1.05-  (1.28-
1.15) 1.85) 1.15) 1.87) 1.12) 1.87) 1.14) 191) 1.11)  1.89)

In contrast to the observations in Patras, the hygroscopic growth factors of all
samples observed in Athens exhibited a strong diurnal variation throughout the entire
measuring period. As shown in Fig. 3.8, 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 particles exhibit highest hygroscopic growths with g(87%|15%) reaching up to ca.
2.0.
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Fig 3.8. 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.

Such high values have been either associated with sea-salt particles or organic
salts such as 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). A correlation (R?> = 0.47) was found in the increase of V-
OOA and the formic acid by Kostenidou et al. (2015), during the same hours.
However, in order to observe such high values of hygroscopicity the particles
chemical composition should be dominated (i.e., a volume fraction of 50% or more)
by these organic salts, something that has never been observed in atmospheric
particles. In addition the corroborating wind back trajectories showed that in only

60% of the cases the winds were passing over the Aegean Sea.
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3.3.2.2. 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. 3.9 and
summarized in Table 3.7.

Compared to the xccn values 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.
Similarly to the HTDMA measurements, the minimum activation fraction for the 60-
nm particles, observed during the third sub period (i.e., most affected by the city
pollution) indicates that a significant fraction of these particles is externally mixed
and cannot act as CCN, even at 1% super-saturation. In contrast, during the fourth
period (i.e., winds mostly from the Aegean Sea) the activation fraction of 60-nm
particles remains below 70%, while the HTDMA measurements indicate that 98% of
the 60-nm particles exhibit hygroscopic growth factors of more than 1.15. This is
indicative that except particle mixing state and chemical composition their size plays
also a role in their CCN activity. For example, 120-nm particles exhibit activation
fractions of more than 88% in all cases, despite their mixing state (i.e., measured by
the HTDMA).
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Fig. 3.9. Hygroscopic parameters kccn 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.

Table 3.7. 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 Athens suburban

sampling site.
ddry
(nm) P1 P2 P3 P4 P5
Kcen Ra KceN Ra KceN Ra KceN Ra KceN 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-
0.45) 0.94) 0.52) 0.96) 0.50) 0.93) 0.49) 1.00) 0.49) 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) 0.74) 1.00) 0.61) 1.00) 0.70) 1.00) 0.57) 1.00)
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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 1.00) 0.69) 1.00) 076)  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) 1.00) 0.83) 1.00) 0.80) 1.00) 061)  1.00)

Although highly hygroscopic particles were observed occasionally during the
entire period of the measurements, the highest xccn 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. The median xccn Values of the larger particles (i.e., 80
to 120 nm) indicate the presence of highly hygroscopic aerosols, while the maximum
measured values were even higher than that of ammonium sulfate (i.e., x = 0.6 for
CCNC measurements). Similar and in some cases higher, values of hygroscopicity
were observed also with the HTDMA but only during around noon. In contrast to the
HTDMA measurements however, particles hygroscopicity measured at super-
saturated conditions did not exhibit diurnal variations. While the presence of highly
hygroscopic material (e.g., sea salt, or sodium formate/acetate salts) on the particles
could explain the high values of the measured xccn, their volume fraction on the
measured particles should be dominant (i.e., more than 50%), something which is
never reported for atmospheric particles of these sizes.

3.3.2.3. Predicted hygroscopic parameter k from particles chemical composition
Estimations of the hygroscopic parameter of the organic fraction xog Of the

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

shown in Fig. 3.10. The median values and the range of the estimated xcrem and xorg

parameters at both sub- and super-saturation conditions are shown in Table 3.8.
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fourth sub-period.

Overall, a better closure was achieved between xcyem and the measured Kyrpma,
except during the afternoons, when the HTDMA measured hygroscopicity was
significantly higher, even from pure ammonium sulfate. The closure between xcxem
and the measured xccy Was poorer with the latter exhibiting in almost all the cases
higher values than the particles chemical composition predicted. In order to obtain the
best fit between the estimated xcpem and the measured Kyrpma OF xcen, IN MOSt cases
a Korg Value of 0.3 had to be used. Higher xorg 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. As discussed in sect. 3.3.2.1 and 3.3.2.2 the high
hygroscopicity observed with the HTDMA and the CCNC could be attributed to the
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presence of sea salt, which cannot be detected by the HR-ToF-AMS, or to organic
salts originating from sea salt reacting with organic acids (cf. sect. 3.3.2.1). However
the volume fractions of these compounds should account for more than 50% of the
particles dry volume, which is never reported neither for sea salt, nor for these organic

salts, for atmospheric particles of 120-nm.

Table 3.8. Median values and range (in brackets) of the
estimated aerosol and organic fraction's, hygroscopic

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

Variable P3 P4 P5
KCHEM 0.24 0.29 0.28
5 (0.12-0.39)  (0.14-0.46) (0.20-0.42)
S
3 Korg 0.09 0.17 0.15
U%) (0.00-0.30)  (0.00-0.30) (0.00-0.30)
- KCHEM 0.38 0.39 0.41
2 (0.32-0.44)  (0.29-0.56) (0.35-0.46)
©
=
3 Korg 0.3 0.3 0.3
;‘:— (0.2-0.30) (0.05-0.30) (0.12-0.30)

Compared to the xoq values estimated for the measurements conducted in
Patras the estimated xoy Values in Athens were higher in order to obtain a better
closure with the measurements.

The estimated xory values obtained from the off-line chemical composition
measurements (cf. Fig. S3.7 and table S3.2) 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, these measurements also indicate that either the mass
concentration of refractory matter is limited and concentrated on specific hours or the

organic components are more hygroscopic than the value of 0.30 we assumed. In the
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case of significant concentrations of highly hygroscopic refractory matter, only during
specific hours of the day, both the HTDMA and CCNC would measure increased
hygroscopicities during those hours. However, the measured hygroscopicity by the
CCNC does not reveal any temporal trend through the day, in contrast with the
measured by HTDMA hygroscopicity, thus the presence of sea salt during specific
hours of the day can be excluded. This leaves the possibility of organic material that is
more hygroscopic than usually assumed in atmospheric measurements. As previously
discussed however (cf. sect. 3.3.2.3) the presence of highly hygroscopic organic salts
on 120-nm atmospheric particles with volume fractions of higher than 50% has been

never observed.
3.4. Conclusions

In this work we report the mixing state and the hygroscopicity of aerosol particles
observed at two suburban sites; one in the cities of Patras and on in Athens. The
measurements were performed with dried size-selected particles having diameters
from 60 to 120 nm that were exposed to sub- and super-saturated 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 influenced more by the city emissions. 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. Smaller (i.e., 60-nm), externally mixed particles were
less CCN active during periods of increased pollution (e.g., third sub-period in
Athens). In contrast, during the same periods, the larger (i.e., 120-nm), externally

84



mixed particles, even when composed of less hygroscopic material, were sufficiently
acting as CCN, indicating that the particle size, except the particles chemical
composition plays a role in their CCN activity.

The hygroscopic parameters of the organic fraction (xorg) estimated by fitting
the kappa values determined by the HTDMA and the CCNC measurements to those
calculated using the HR-ToF-AMS measurements indicated that the organic
compounds on the particles were more hygroscopic in Athens than in Patras. In Patras
the organic fraction was in many cases estimated to be hydrophobic when exposed to
sub-saturated conditions and never exceeded 0.2. However, employing the HR-ToF-
AMS measurements to estimate xog in Athens resulted in many cases to poor fitting
even when the maximum xqrg Vvalue of 0.3 was used. This can be only explained if a
significant fraction (i.e., of more than 50%) of highly hygroscopic refractory (e.g., sea
salt) or organic (e.g., sodium formate/acetate) material is present on the particles dry
volume.

Using the chemical composition measurements provided by analyzing the
filter samples did not radically alter the estimated xorg Values. This suggests either a
significant fraction of highly hygroscopic refractory matter (e.g., NaCl), present only
for a short period around noon during the day, or of organic compounds that are more
hygroscopic than we assumed. For the first hypothesis (i.e., presence of significant
amounts of refractory and matter during a short period of the day) both the CCNC and
the HTDMA should measure increased hygroscopicity. However, a strong diurnal
variation of the measured hygroscopicity, peaking during noon, was only observed in
the HTDMA measurements, excluding this hypothesis. The presence of organic
material in the atmosphere that is more hygroscopic than usually assumed cannot be
excluded. However, the associated volume fractions in the particle phase should
dominate in order to explain the measured hygroscopicities, which are highly

uncommon and have never been reported at field measurements in the past.
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Fig S3.2. Examples of growth factor distributions of sampled particles having 120 nm dry mobility
diameters, when exposed at 87+2% RH inside the HTDMA (a) and results of the inversion algorithm
for selected samples (b-¢e).
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B coA B coA [ sv-00A I LV-OAA

e 2 =
e (@) 0

Mass Fraction

S
b

0(')(5)5/06 11/06 14/06 17/06 ~ 20/06  23/06  26/06
Date
Fig S3.4. Relative mass fractions of the organic material measured by the HR-ToF-AMS categorized
according to the Positive Matrix Factorization (PMF) in Patras. HOA, COA, SV- and LV- OOA stands
for hydrocarbon like organic aerosol, cooking organic aerosol, semi-volatile oxygenated organic
aerosol and low volatility organic aerosol. Red dashed lines indicate the end of the first and the start of

the third sub-period, respectively.
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Fig S3.6. Relative mass fractions of the organic material measured by the HR-ToF-AMS, categorized
according to the Positive Matrix Factorization (PMF) in Athens. HOA, COA, SV- and LV- OOA
stands for hydrocarbon like organic aerosol, cooking organic aerosol, semi-volatile oxygenated organic
aerosol and low volatility organic aerosol. Red dashed lines indicate the end of the third and the start of

the fifth sub-period, respectively.
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composition of the PM,s particles. The hygroscopic parameter of the organic fraction () Was
estimated by fitting the predicted xcnem Values to the measurements by varying o from 0.0 to 0.3. The

grayed area marks the fourth sub-period.
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Table S3.1. Median values and range (in brackets) of
the estimated aerosol and organic fraction's,
hygroscopic parameters (kcnem and o) at different
saturation (S) conditions in Patras. For the estimation,
Kchem Was fitted to the measured hygroscopic
parameters of particles having dry mobility diameter of

120 nm by varying «org.
S Variable P1 P2 P3
KCHEM* 0.19 0.16 0.24
é (0.14-0.25)  (0.15-0.18)  (0.18-0.27)
4
5 xorg* 0.02 0.05 0.00
§' (0.00-0.09) (0.03-0.08)  (0.00-0.05)

uoljel nyes-ladns

KCHEM 0.29 0.26 0.29
(0.15-0.41)  (0.15-0.38)  (0.26-0.33)

Korg 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, s (24-h filters).
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Table S3.2. Median values and range (in brackets) of the
estimated aerosol and organic fraction's, hygroscopic
parameters (kchem and o) at different saturation (S)
conditions in Athens. For the estimation, kcuem 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 0.30 0.31 0.35

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

gf—f *

5 Korg 0.12 0.08 0.17

§' (0.00-0.23)  (0.00-0.30) (0.17-0.17)
KcHEM 0.40 0.40 0.43

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

g *

=4 Korg 0.30 0.30 0.22

2

5 (0.29-0.30)  (0.17-0.30) (0.13-0.30)

“Estimation using off-line chemical composition

measurements of PM, s (24-h filters).
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Abstract

Hygroscopic Tandem Differential Mobility Analyzers (HTDMAS) are widely used to
measure the water uptake characteristics of aerosol particles. As has been shown
experimentally in the past, potential differences in the relative humidity (RH) between
the aerosol and the sheath flow of the second Differential Mobility Analyzer (DMA)
can lead to erroneous estimates of the apparent hygroscopic behavior of the sampled
particles. A prompt phase transition, for example, may become smeared and be
erroneously interpreted as non-prompt. Using a particle-tracking model, here we
simulate the trajectories and the state of the particles classified in a DMA with non-
uniform RH and temperature profiles. Our simulations corroborate earlier
observations proving that such an experimental artifact can induce particle growth
within the second DMA. Given the importance of maintaining uniform RH and
temperature inside the second DMA of HTDMA systems and the limitations of
existing RH and temperature sensors, we further provide suggestions for the operation
of HTDMA systems.
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4.1. Introduction

The extent to which atmospheric particles can take up water (i.e., their
hygroscopicity) affects their optical behavior and in turn the radiative properties of the
atmosphere (Haywood and Boucher, 2000; Ogren and Charlson, 1992). In addition,
hygroscopicity can influence the health effects of inhaled particles by changing their
size and therefore their deposition patterns in the human respiratory system (Chen and
Lee, 1999). Knowledge of the hygroscopicity of airborne particles is thus of particular
importance for determining their environmental impacts (Anastasio et al., 2001).

Many techniques have been employed to measure the hygroscopic properties
of aerosol particles (cf. McMurry, 2000). Electrodynamic Balances (EDBs; Peng and
Chan, 2001) measure changes in the mass of micron-sized particles as a function of
the aerosol relative humidity (RH). The water uptake characteristics of ultrafine
particles can be probed by using Tandem Differential Mobility Analyzers (TDMAS;
Rader and McMurry, 1986), which can measure changes in the electrical mobility of
the particles with high precision when exposed to different conditions. Apart from the
amount of water that the particles can take up at any given RH, these systems can also
determine the deliquescence and the efflorescence RH (DRH and ERH, respectively;
Martin, 2000) of the sampled particles (e.g. Biskos et al., 2006a, 2006b).

The hygroscopic properties of inorganic aerosol particles having diameters
larger than 50 nm were determined in several laboratory studies (e.g. Tang et al.,
1977; Tang et al., 1978; Tang and Munkelwitz, 1993; Tang et al., 1997). In these
studies, the observed phase transitions were prompt (i.e. spontaneous), while the
measured hygroscopic growth factors agreed within experimental uncertainty with
theoretical predictions. Hameri et al. (2000), who was the first to measure the
hygroscopic properties of sub-50-nm (NH,).SO, particles using an HTDMA, reported
that they did not spontaneously transform from the solid/dry to the aqueous solution
state but instead exhibited a gradual increase of their size when exposed to increasing
RHs close to their DRH value. Mirabel et al. (2000) provided a possible theoretical
explanation on the non-prompt deliquescence of inorganic salt nanoparticles by
assuming coexistence of the solid with the aqueous phase during the transition. The
non-prompt particle deliquescence, however, did not agree with predictions by
thorough theoretical models developed later by Djikaev et al. (2001), Russell and
Ming (2002), and Topping et al. (2005). In view of this disagreement, Biskos et al.
(2006b), Park et al. (2009) and Hu et al. (2010) provided new sets of HTDMA
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measurements with sub-50-nm (NH,4),SO, particles, which in contrast to the
observations reported by Hameri et al. (2000) showed that their phase transitions are
prompt. The main difference between the HTDMA measurements reported in these
two experimental studies was the matching between the RH of the aerosol and that of
the sheath flow in the second classifier.

Here, we investigate the effects of RH and temperature non-uniformities by
predicting the hygroscopic growth of the particles within the second DMA of the
HTDMA system. To do so we calculate temperature and RH profiles within the
second DMA and use a particle-tracking model, coupled with a module for predicting
the size of the particles along their migration paths within the DMA. The results of the

simulations are compared with earlier experimental observations.

4.2. The Hygroscopic Tandem DMA

Figure 4.1 shows the main components of the HTDMA system for the dataset
collected by Biskos et al. (2006b). It consisted of two Differential Mobility Analyzers
(DMAs; Knutson and Whitby, 1975), a flow humidification system, and an ultrafine
Condensation Particle Counter (UCPC; Stolzenburg and McMurry, 1991).

Stage 1 Stage 2 Stage 3
5 DMA-1 5 ' DMA-2 |
A T L

Aerosol  Drier P LR IA L NtH Pl (AL —
— _—] F H m | [ - . :
Sample | [oocme L .0 b ®o 9 b % 9

B ool 0% oo o® 5o

| gofio. ® 50 |i [} 000 | o] ODO 1

! I : | LI |

Classification Hygroscopicity Coupled Classification and

Module Module Hygroscopicity Modules

Fig. 4.1: Schematic layout of the HTDMA system and the associated modules of the numerical model.

The particles in the sample flow were initially dried and passed through a
bipolar charger before entering the first DMA (DMA-1). The monodisperse aerosol
flow downstream DMA-1 was then exposed to elevated RH conditions inside the
humidifier. The second DMA (DMA-2), which was also operated with a sheath flow
of elevated RH, and the uCPC were used for measuring the size distribution of the
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particles downstream the humidifier. Consequently, any changes in the size of the
particles caused by water uptake, could be detected and quantified (cf. sect. 4.3.1).

To avoid changes in particle size due to water evaporation or condensation, the
RH of the aerosol should remain constant downstream the aerosol humidifier. Without
special care, however, the RH of the aerosol (RH;) and that of the sheath (RHg,) flow
can become mismatched, yielding a non-uniform RH profile within DMA-2. RH non-
uniformities can also be caused by temperature variations within the second DMA. To
minimize non-uniformities in the experimental setup during the measurements, heat-
isolating materials (e.g., Biskos et al., 2006), covering the DMAs with heating jackets
(e.g., Hameri et al., 2000), or immersing them in liquid baths (e.g., Hennig et al.,
2005) can be used.

4.3. Numerical model

The HTDMA system and the numerical model simulating its performance can
be separated into three stages (cf. Fig. 4.1):

1. the selection of monodisperse aerosol particles by DMA-1;

2. the humidification of the monodisperse aerosol by the humidification
system; and

3. the measurement of the mobility distribution of the

monodisperse/humidified particles by DMA-2 and the uCPC.

Because the first DMA is operated at dry conditions, no particle water uptake
takes place, and the theoretical transfer function can be used to predict the electrical
mobility distribution of the aerosol particles at the outlet. The singly charged particles
downstream DMA-1 have almost the same size, with a midpoint electrical mobility
Z7, given by (Flagan, 2001):

75— (Qsn+ Qex)Xln(:_i)
m = 4mVL '

(4.1)

where ry, Iy, and L are the characteristic geometric dimensions of DMA-1, Qg, and Qex
are respectively the sheath and exhaust flows (which in our case are the same with
those on DMA-2; cf. Table 4.1), and V is the voltage required for DMA-1 to select
particles of any given mobility diameter. To estimate the diameter of the particles
selected by the DMA one needs to equate Eq. 4.1 with (Hinds,1999):

= [l (4.2)

P 3mndp’
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Here n is the number of elementary charges, e is electron charge (1.6 x 10*° C), 5 is

the air viscosity (1.81 x 10® kg/ms), dp is the desired particle diameter, and C¢ is the

Cunningham slip correction factor (cf. supplement sect. S4.1).

Table 4.1: Experimental Parameters used in the numerical model

Type Parameter Value Unit
o o B
1 .

Parameters L 4987 [cm]

Qsn 15 [Ipm]

Operation Q. 1.5 [lpm]
Parameters RHgp 73 — 86 [%0]
RH, RHg, = RH, + 3% [—]

The RH of the monodisperse aerosol downstream DMA-1 is increased to a
fixed value by passing the flow through a nafion-tube humidity exchanger (i.e.,
deliguescence-mode experiments; cf. Biskos et al., 2006b). To predict the amount of

water taken up by the particles at RH values below the DRH we employ an adsorption

model, while for RH = DRH we use Kohler theory. Details of these models are

provided in sect. 4.3.1.

While being classified through DMA-2, the monodisperse/humidified particles
can change in size due to water uptake or release induced by differences in the RH
conditions they are exposed to, which in turn depend on temperature variances within
the column. As a result, the particles classified by DMA-2 can exhibit an apparent
size that is between their size at the entrance and that just before they exit through the
monodisperse particle slit of the classifier. To simulate the simultaneous classification
and water uptake/release of the particles within DMA-2 we developed a particle-
tracking model to capture changes in particle size (due to water uptake and release)
along their migration path (cf. sect. 4.3.1).

The flow, temperature, and RH profiles within DMA-2 were simulated by a

2D axisymetric numerical model developed using COMSOL Multiphysics® (cf.

supplement sect. S4.2). The voltage of DMA-2 in the model was stepwise changed.
This is representative of DMAs operated in a scanning mode when the residence time
of the particles in the classification zone of the DMA (i.e., 0.15 s here) is much
shorter than the total scanning time (i.e.120 s, used in Biskos et al., 2006b). For the

cylindrical DMA used in the simulation, the axial electric field strength (E;) was
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assumed to be zero, while its radial component (E;) was calculated for each operating
voltage (V) by:
|4

Er = —F5 (4.3)

rln(Hy

where r, and r; are respectively the outer and inner radii of the DMA and r is the
radial position of each particle within DMA-2.
The incremental steps on the trajectories of the diffusing particles inside

DMA-2 operated with fixed voltage and flows were calculated as follows:
8y = (ur(r,2) + Zy B (r,2)) At + Lasgey (4.4)

4, = (uy(r,2)) At + Lyige, (4.5)

where r and z denote the radial and axial space components, respectively, Z, is the
electrical mobility of the particles (cf. Eq. 4.2), while lgir, and lyifr, are the radial and
axial displacements of the particles from their deterministic trajectories due to
diffusion during the calculation time step At. This diffusional displacement is
estimated by (cf. Hagwood 1999 for more details):

Laitt» Laiee, ~ Norm(0,,/2D,, 4t), (4.6)

where D, is the particle diffusion coefficient in air (cf. supplement).
The number of particles that exit through the monodisperse outlet of DMA-2 at every
stepping voltage in the simulations was used to determine the geometric mean

mobility diameter of the humidified aerosol particles.

4.3.1 Particle Hygroscopicity Module

For RH = DRH, the aerosol particles take up water and spontaneously become

aqueous solution droplets the diameter of which can be predicted by Kaohler theory.
For large dry particles (i.e., dy > 100 nm), the size of the resulting droplets can be
predicted by (Biskos et al., 2006a):

_ 100ps 1/3
dp(RH) = (wt<aw>p(wt(aw>>) dp,ary: (4.7)

where ps is the density of the solid particle, w; is the weight percent of solute in the

aqueous particle, p is the density of the droplets, and dyqry is the size of the dry
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particles. The terms w; and p depend on water activity a,, taken as a, = RH/100,
neglecting any curvature effects. Surface tension effects become important for
droplets having diameters smaller than ca. 100 nm, and therefore a correction is made
to the relationship between water activity and RH, as follows:

_ RH 4Mwo'aq("vt(aw))
Aw = Tg0 % exp( RT pydyp (RH) ) (4.8)

Here, oaq is the surface tension of the aqueous droplet, My, is the molar weight of
water, R is the universal gas constant, and T is the absolute temperature. The
parameters for ps, Wi, T, My, and py, , as well as expressions for aw, pw and og,q, used in
Egs. 4.7 and 4.8 are provided in Table 4.2.

Table 4.2: Computational Parameters used in the numerical model

Type Para- Description Value Unit
meter
W, weight percent of 10-90 [%6]
solute in the
agueous particle
R Universal gas 8.3145 [J K* mol ]
constant
T Absolute 290-296 [K]
temperature
My Molar weight of 18 [gr mol ]
water
Ds Density of solid 1770 [kg m?]
(NH4),SO4
D Density of water Py = 997.1 + Z Aw] [kg m?]
A; =5.920
A, = =5.036 x 1073
Physical As =1.024x 1075
Parameters ay Water activity a, = 1.0+ Z Cw} [—]

C, =—-2.715x1073
C, =3.113x 107>
C;=-2336x10"°
C,=1412x1078

o Surface tension of 0.0234w; [Nm™]
e aqueous droplet Oaq = 0072+ 75—
dmary  Electrical mobility 10 [nm]
diameter of dry

. particle
P;zmg:grs X Particle shape 1.02 [—]

factor
DRH Deliquescence 79.9% [—]

Relative Humidity

FHH A 0.2491 [—]
adsorption B 0.1500 [—]
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Parameters  d,,,,,  Water monolayer 0.19 [nm]
thickness

At RH values below the DRH, the particles grow slightly due to the amount of
water adsorbed on their surface. To predict the number of water monolayers we use
the Frenkel-Halsey-Hill (FHH) isotherm, which was parameterized using our

experimental observations when RH, = RHg,. The FHH isotherm is given by:

In (777755) = oF (4.9)

where @ is the number of adsorbed water monolayers (surface coverage), which is not
necessarily an integer. Terms A and B = 0.1500 are constants that are estimated to be
respectively 0.2491 and 0.01500 when fitting Eq. 4.9 to the HTDMA measurements
using the 10-nm particles. The predicted particle growth at RH < DRH is then
determined by:

dy(RH) = dp gry + (0 X 2dy1m1) (4.10)

where dym = 0.19 nm is the water monolayer thickness reported for NaCl
nanoparticles by Stéckelmann and Hentschke (1999) and assumed to be valid for
(NH3)2SO4 particles.

One way to express the change in particle size caused by water uptake is the
hygroscopic growth factor, given by:

dp(RH)

9(RH) = (4.11)

dp,dry
The aqueous droplets after deliquescence are considered to have spherical shape. Dry
salt particles are crystalline and can have a polyhedron shape depending on
production conditions (Wang et al., 2010). To take possible shape changes into
account when estimating the hygroscopic growth factor using Eq. 4.11, the measured
dry mobility diameter dmgqry needs to be converted to a volume equivalent dry
diameter dy gry, USINQ:

dm,dry Cc (Kn(dp'dry))

d =
pdry X Cc(Kn(dm,dry)) ’

(4.12)
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where y is the dynamic shape factor, C. is the Cunningham slip correction factor, and
Kn is the Knudsen number. For spherical particles (i.e., for the resulting droplets when
RH > DRH), by definition y = 1.

4.4. Results and Discussion

The particle trajectories of initially dry 10-nm (NH,4),SO, particles classified
through DMA-2 operated with sheath and aerosol flow rates of 15 and 1.5 Ipm,
respectively, and RHg, = RH, + 3% (i.e., mismatched RHs) were simulated first. The
DRH of (NH,4),SO, particles was assumed to be 79.9% (Tang and Munkelwitz, 1993),
whereas a shape factor of 1.02 is used to take into account their slightly non-spherical
shape at dry conditions, apparently resulting in marginally smaller spherical particles
at intermediate RH conditions due to restructuring caused by water adsorption (Biskos
et al., 2006b). Mixing a sheath and an aerosol flow with different RHs yields a non-
uniform RH profile within DMA-2, and therefore the particles can experience size

changes as they migrate along the classification region of the tube (cf. Fig. 4.2).

Sheath Flow
(RH,>RH)
l l Aerosol Flow
(RH,)
|
Sample __ |
Flow l
Excess
Flow

Fig. 4.2: lllustration of the trajectories of aerosol particles exposed to a non-uniform RH profile in
DMA-2. Particles are in a solid state (square symbols) until they are exposed to RH > DRH conditions,

at which point they transform into droplets (circle symbols).

Figure 4.3 shows the estimated hygroscopic growth factors g from the

simulations considering mismatched RH between the aerosol and sheath flow (i.e.,
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RHs, = RH,; + 3%) and uniform temperature within DMA-2, in comparison with
respective measurements reported by Biskos et al. (2006b). Although the non-prompt
deliquescence behavior is captured by these first simulations, to improve agreement
between predicted and measured growth factors we had to consider a variable
temperature difference between the inner and the outer electrode of DMA-2 (cf. Fig.
4.3b), which further enhanced RH non-uniformity compared to the first simulations.

More specifically, we assumed that the temperature difference between the inner rod

and the outer electrode of DMA-2 varied according to AT = 0.49 x RHg, — 40.

Deviations of + 0.8 K in this RHg,-dependent temperature difference were allowed for

matching the simulated to the experimental results within less than 2% difference. The
theoretical deliquescence-mode hygroscopicity curve for 10-nm (NH,;).SO, particles
having a shape factor of 1.02 is also shown in Fig. 4.3a for comparison (cf. black
dashed line). These predictions correspond to the ideal case of RHs, = RH, and

uniform temperature within DMA-2.
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Fig. 4.3: Calculated mobility-diameter hygroscopic growth factors of 10-nm ammonium sulfate
particles in comparison with experimental observations of Biskos et al. (2006a), when RHg, = RH, +

3%. The theoretical (i.e., FHH isotherm and Kohler theory) hygroscopic growth curve for uniform RH
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and temperature conditions is also provided as a reference. Predictions correspond to uniform and non-
uniform temperature conditions inside DMA-2 (a), while in the latter case the temperature of its inner
electrode changes with respect to RH following the linear equation AT = 0.49 X RHg, — 40 (b).
Deviations from linearity of the order of = 0.8 K (dashed lines) were allowed for better matching (i.e.,

less than 2% of accuracy) to the experimental results.

In the case of mismatched RHs and uniform temperature conditions, the
hygroscopic growth factors predicted by the numerical model at RH < DRH are ca. 2
to 3% lower than the measurements reported by Biskos et al. (2006b). At RH
conditions near the DRH, however, this difference increases to more than 5%. It
decreases to 3% or less above the DRH. Comparing the numerical predictions with
the theoretically predicted growth factors (black dashed line in Fig. 4.3a) indicates
that small RH non-uniformities within DMA-2 can lead to significant deviations of
measured g from reality only at RH values around and above the DRH.

At mismatched RHs and non-uniform temperature conditions, the simulated g
values are fitted better to the experimental observations (i.e., within less than 2%
difference), throughout the entire RH range (i.e., below and above the DRH). In
contrast to the first simulations (i.e., mismatched RH and uniform temperature), a
steeper increase of g with respect to RH at values below and in the vicinity of the
DRH is observed. This better agreement between simulations and measurements can
be attributed to the specifics of the RH profiles inside DMA-2. For example, when
RHs, = 80% and RH, = 77% under uniform temperature conditions, particles start
experiencing a non uniform RH profile only close to the inlet (cf. Fig. S4.3a). On the
other hand, when a temperature difference of 1 K between the inner and outer
electrodes of DMA-2 is applied, particles experience a non uniform RH not only close
to the inlet but also close to inner electrode and particularly in the vicinity of the
monodisperse outlet (cf. Fig. S4.3b).

Temperature differences between the two electrodes of the DMA resulting
from environmental disturbances are considered here to illustrate the effect of
temperature non-uniformities within DMA-2. Several other reasons, such as
temperature differences between other parts of the DMA (e.g., the top and bottom of
the classification column) or the sheath and the sample aerosol streams, can also
induce similar temperature and RH non-uniformities. Such temperature differences

are possible even in well-insulated DMAs or systems having active temperature
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control, and a considerable amount of time (of the order of 30 min or even more) can
be required to reduce them. This time period is demonstrated by the simulations of the
evolutions of the temperature profiles inside a DMA (cf. Fig. S4.4 and associated
discussion in the sect. S4.3 of the supplement), and shown by experimental tests
(Dupplissy et al., 2009).

RH non-uniformities caused by either deliberately or accidentally caused
mismatched RH conditions due to temperature non uniformities result in more
pronounced apparent non-prompt deliquescence for the smaller particles classified
through the DMA. The smaller particles are more diffusive and have a higher
probability of crossing areas of higher RH than the nominal (i.e., measured RH)
during deliquescence-mode experiments. For example, the diffusion coefficient of a
10-nm particle is ca. 22.5 times higher than that of a 50-nm particle (cf. Egs. S4.1 and
S4.2 in sect. S4.1 of the supplement). For the 10-nm particles, the resulting
distribution describing particle diffusional displacement indicates that there is a 32%
probability (i.e., more than 1 standard deviation) that they deviate from their
deterministic trajectories by more than 0.13 mm. At mismatched RH conditions near

the DRH and when temperature non-uniformities are of the order of 1 K, the 10-nm

particles have a 32% probability of being exposed to = 0.4% higher or lower RH

compared to what they would be exposed to if they followed the deterministic
trajectory. This RH variance can result in a significant apparent change of the particle
size because a good fraction of their population can deliquesce into droplets. In a
similar manner, 50-nm particles exhibit a diffusional displacements of only more than
0.03 mm, which for the same conditions (i.e., mismatched RHs and 1 K difference

between the inner and outer electrode) leads to a 32% probability of being exposed to

= 0.1% higher or lower RH compared to what they would have been exposed if they

were to follow their deterministic trajectory. As a result, the apparent non-prompt
phase transition is significantly less evident compared to that of the 10-nm particles.
Maintaining a uniform humidity profile within the DMA is the key to avoiding
phase transitions of particles within the DMA-2 and thus to potential erroneous
interpretation of apparent non-prompt deliquescence. Ensuring that the RH conditions
between the sheath and the sampled aerosol flow are matched and that the system has
reached a thermal stability before starting the measurements is therefore essential for
avoiding any experimental artifacts. In addition, one needs to ensure that any local RH
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gradients within the classification column that are caused by external disturbances, are
minimal. Probing these RH gradients within the classification zone of DMA-2 is
impossible without disturbing the flows. Duplissy et al. (2009) have suggested that the
temperature is measured simultaneously at the sheath flow inlet and excess flow
outlet, and that it should be maintained within less that 0.1 K. However, even doing so
may not exclude temperature non-uniformities within the classification section as
demonstrated by heat transfer calculations (cf. Figs. S4.4 and S4.5 and associated
discussion in sect. S4.3 of the supplement).

Given that most RH/T sensors have an accuracy of + 2% in RH and 0.3 K in

temperature and that the sheath flow is the dominant flow affecting the RH inside
DMA-2, using a higher sheath-to-aerosol flow rate ratio would be advisable in order
to smooth out potential RH non-uniformities. Alternatively, assuming that
temperature variances are negligible, using deliberately RHs, < RH, can avoid
observations of apparent non-prompt phase transitions due to the experimental
conditions. Particle deliquescence in this case definitely takes place before entering
the DMA-2. The droplets can slightly shrink due to evaporation without changing
particle phase (i.e., hysteresis in phase transitions) within DMA-2. Attention,
however, should be paid to which RH to use (i.e., RH, or RHg,) when interpreting the

results.

Figure 4.4 shows simulated results for RHg, = RH, — 2% for 10-nm (NH,4),SO4

particles, together with the associated theoretical hygroscopicity curve (also shown in
Fig. 4.3a). Evidently, RH, (blue circles) should be used only for determining the DRH

of the particles, while RHg, (red squares) should be used for expressing their

hygroscopicities for the entire RH range apart from the small region of DRH — 2% <

RHg, < DRH . For instance, at RHg, = 77% and RH, = 79% the 10-nm (NH,;).SO,
particles have a g value of 1.05 before entering DMA-2. When the particles enter the
classification section of DMA-2, they are exposed to RH close to 77% for most of the
time on their trajectory, thus shrinking and exhibiting a hygroscopic growth factor of
ca. 1.03, which is less than 1% lower compared to the theoretical g for RH = 77%. At
RH, = 80% (i.e., > DRH) the 10-nm particles deliquesce and grow by 32% (i.e., g =
1.32) before entering DMA-2, but the measured growth factor is 1.29 due to shrinking

at RHg, = 78% within DMA-2. The range 78% < RHg, < DRH (grey area in Fig. 4.4),
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should be avoided for determining g in deliquescence-mode experiments under these
specific conditions, since the particles become droplets only because they have been
exposed at RH, > DRH upstream DMA-2 (i.e., the values of RHg, do not justify phase
transition). For RHg, higher than the DRH, the RHg, can be again used for expressing

particle hygroscopicity, within less than 1% accuracy.
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Fig. 4.4: Calculated mobility-diameter hygroscopic growth factors of 10-nm ammonium sulfate
particles in comparison with their theoretical deliquescence and efflorescence curves (i.e., FHH
isotherm and Kahler theory) when RHg, = RH, - 2%. Prediction are expressed in terms of RH, (blue

circles) and RHg, (red squares).

4.5. Conclusions

The apparent non-prompt deliquescence of inorganic aerosol nanoparticles in
HTDMA measurements, where the RH of the aerosol (RH,) is lower than that of the
sheath flow (RHg,) in the second DMA, can be attributed to RH non-uniformities
within the second DMA of the system (i.e., DMA-2). This interpretation has been
demonstrated experimentally in the past (Biskos et al. 2006b), and corroborated with
numerical predictions in this work. The simulations under the operating condition of
DMA-2 where RHs, = RH, + 3% reproduce the experimental observations within 5%
difference. To further improve the agreement between the simulated and observed
particle hygroscopicities (i.e,. within 2% difference), we also assumed temperature
non-uniformities inside DMA-2. Such temperature non-uniformities may occur

accidentally even in well insulated systems.
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The model findings provide additional evidence that the phase transition of
inorganic nanoparticles is prompt and highlight the importance of keeping uniform
RH conditions to the degree that this is technically possible for accurately determining
the DRH and the associated particle hygroscopic growth factors. Considering that the
uncertainty of typical RH/T sensors is in the order of 2% in RH and 0.3 K in
temperature, however, small differences between RH, and RHg, and thermal
instabilities inside the DMA are unavoidable. To avoid any erroneous result arising
from these uncertainties, the recommendation is to use a higher sheath flow rate
together with active temperature control of the DMA columns, as well as allowing for
adequate time to ensure stable conditions. Alternatively, an RHg, that is slightly
smaller than RH, can be used in a thermally uniform and stable DMA-2. In this case
the observed particle deliquescence is prompt, ensuring a minor (up to 1%) difference
from the real hygroscopic growth with respect to RHsp,, except for a narrow RH range
below the DRH of particles, equal to the RH difference between the aerosol and

sheath streams.
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Supplement

Relative Humidity Non-Uniformities in HTDMA Measurements
S. Bezantakos, L. Huang, K. Barmpounis, S. T. Martin and G. Biskos
S4.1. Supporting Equations for the Classification Module
The diffusion coefficient of the particles suspended in a gas is given by (Hinds

1999):
kTCc

P~ 3mna,’
(S4.1)
where k is the Boltzmann constant (1.38 x 102 J/K), T is the absolute temperature, 7
is the air viscosity (1.81 x 10 kg/ms), dp is the particle diameter and C; is the

Cunningham slip correction factor given by:

_ A _ )
Co=1+- X<2.34+1.05><exp( 0.39 x A))

p

(S4.2)

Here 2 is the air mean free path (66 x 10 m at atmospheric pressure).

S4.2. Finite Element Model for Predicting the Flow Velocity, the RH and the
Temperature Fields within the DMA

A 2D axisymetric numerical model created in COMSOL Multiphysics® was
employed to simulate the profiles of the flow, temperature (T) and Relative Humidity
(RH) within DMA-2. A simplified design of the nano-DMA (TSI Model 3085) was
used in this model, which incorporated all its main features and dimensions (cf. Fig.
S4.1, herein and Table 4.1 in the manuscript). The Non-lsothermal Flow module of
COMSOL Multiphysics® was used to calculate the laminar flow and temperature
profiles inside the DMA. More specifically, heat is transferred between the inner
electrode and the top/bottom DMA structure (joints and support points) by conduction
(thermal contact) and between the inner electrode and the air which flows around it by
convection/conduction. The bottom part of the inner electrode is connected to the
DMA base by a plastic electrical insulator, while a relatively small surface is in
contact with the rest of the column at the top part, limiting the conductive heat
transfer at these points. The equation describing the heat transfer by conduction and/or

convection has the form of;
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pCouVT = V(kVT) + Q, (54.3)

where p and C, are respectively the density and the heat capacity of the materials,
which in our model are stainless steel and air, Q is the total heat source, T is the
absolute temperature and u the laminar flow velocity vector, which in relation to the

temperature is given by:

p(uV)u =V [—pl + u(Vu + (Vu)T) — g,u(Vu)I] + F. (S4.4)

Here u is the dynamic viscosity of air, p the absolute pressure and F the body force
vector. Viscous heating and pressure work are omitted because they are negligible for
laminar flows inside DMAs. Heat transfer by radiation was also insignificant for the
temperature range of our simulations (i.e., from 290 to 294 K) and therefore omitted.
The Transport of Diluted Species module of COMSOL Multiphysics® was
employed to calculate the water vapor concentration using the mass balance equation,
which can be expressed as:
v(-D,, Vc,,) + uVe,, = 0. (S4.5)

Here u represents the laminar flow velocity vector within the DMA (cf. Fig. S4.2), Dy
is the diffusion coefficient of water vapor in air, which for the operating conditions
used in the experiments is 2.47 x 10° m? s (Merlivat 1978), and c,, is the water vapor

concentration which can be determined as follows:

— Pw
Cw = (54.6)

Here p,, = %(Z) Psat(T) is the partial pressure of water vapor with psy(T) being the

saturated vapor pressure at temperature T, and R the ideal gas constant. Given that the
pressure along the classification column does not vary significantly from 1 atm in
typical HTDMA systems, ps.(T) can be calculated using the polynomial fit available
in the literature (Lowe and Ficke 1974; Eq. 6.1 and constants provided therein). The
profiles of the laminar flow velocities and RH were exported and used in the particle
trajectory model described in the manuscript.
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Fig. S4.1: Simplified geometry resembling the TSI nano-DMA and the materials used for the numerical
simulations of the flow, temperature and RH fields.
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Fig. S4.2: Simulated velocity profiles inside DMA-2 when the sheath and aerosol flow are 15 and 1.5

Ipm, respectively.
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Fig. S4.3: RH profiles when RHy, = 80% and RH, = 77% under uniform temperature conditions (a)
and when a temperature difference of 1 K is assumed between the inner electrode and the rest of the
DMA parts (b).

S4.3. Simulations for Predicting the Time Required for Temperature to
Equilibrate

The model described above was used in a time dependent simulation to
provide more information on the evolution of temperature inside DMA-2, when the
outside electrode temperature is increased by 4 K (i.e., from 290 to 294 K), assuming
that both the aerosol and sheath flows are at the same temperature (i.e. 294 K). Such
conditions would occur in practice during the initial stages of deliquescence-mode
experiments or when the environmental temperature rapidly increases. The
simulations show that there is a time delay of ca. 2800 sec (hot shown) until the inner
electrode equilibrates with the air stream temperature (i.e., 294 K). The time needed
for the increase of the inner electrode temperature is caused by the different heat
capacities of the air flowing in the DMA and the material (stainless steel) of the

column. The heat transferred between the air stream and the inner electrode results in
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a noticeable temperature gradient inside DMA-2, in the vicinity of the inner electrode
and especially near the monodisperse outlet. The temperature non-uniformities of the
air stream decay with time and after approximately 1800 sec reaches a minimum point
of less than 0.1 K (cf. Fig. S4.4).

Figure S4.5 shows the temporal evolution of the average temperature at the
excess flow outlet for the above simulated conditions, which would correspond to the
readings of a temperature sensor downstream the DMA (something that is commonly
used in HTDMA systems). The average excess flow outlet temperature fails to capture
the actual extend of the localized temperature non-uniformities shown in Fig. S4.4.
These discrepancies are more pronounced in the initial stages of the transitional
phenomenon, but tend to minimize as the system approaches thermal equilibrium. As
a result probing the temperature and RH downstream is not advisable for expressing
the actual conditions inside the DMA and should be used with caution for verifying

the thermal stability of the system.
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Fig. S4.4: Evolution of the temperature profile inside the DMA when initially (t = 0 s) the outside
electrode temperature is 4 K higher than that of the inner electrode (i.e., from T, = 290 K and Ty =
294 K), assuming that both the aerosol and sheath flow have the same temperature (i.e. 294 K). Note

that the range of the colorbar is changing (bold red numbers) with time.
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Fig. S4.5: Evolution of the average temperature at the excess flow outlet of the DMA, when the outside
electrode temperature is increased by 4 K (i.e. from 290 to 294 K) at t = 0 sec, assuming that both the

aerosol and sheath flow have the same temperature (i.e. 294 K).
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Abstract

Differential Mobility Analyzers (DMAs) are widely used for determining the
size of aerosol particles or for probing their size-dependent physicochemical
properties when two are employed in tandem (i.e., TDMAS). A limitation of TDMAs
is their long measuring cycle when the properties of more than one monodisperse
populations need to be probed. In this work we propose a simplified modification of a
classical cylindrical DMA with three monodisperse outlets in its central electrode
(3MO-DMA), with the objective of using it as first DMA in TDMA systems for
reducing their measuring cycle. The performance of the 3MO-DMA at different flow
conditions was evaluated in laboratory conditions, and compared with theoretical
predictions using the generic DMA transfer function provided by Giamarelou et al.
(2012). The theory predicted accurately (i.e., within 3%) the geometric mean
diameters of the three distinct populations, as well as the resolutions of the first and
the third outlet, under all experimental conditions. Despite that the geometric standard
deviation of the monodisperse aerosol from outlet #2 corresponded to a monodisperse
aerosol (oy of up to 1.08 at 8.0 Ipm sheath and 1.5 Ipm aerosol flow), the resolution of
this outlet was 10 to 74% lower than that predicted theoretically depending on the
sheath-to-aerosol flow ratio. Despite the lower resolution of the 2" monodisperse
particle outlet compared to the rest, the 3MO-DMA designed and tested in this work
can be used as a first DMA in TDMA systems. Doing so provides simultaneously
three distinct monodisperse particle populations with accurately defined geometrical
median diameters, thereby reducing the measuring cycle of the entire system when

used to probe the size-dependent properties of particles of different size.
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5.1. Introduction

Particle size is a key parameter for understanding the processes through which
atmospheric aerosols can affect human health and climate (Hinds, 1999). This is because it
affects the ability of aerosols to scatter and absorb incoming solar radiation, which in turn
defines the visibility and radiative properties of the atmosphere (Haywood and Boucher,
2000). In addition the size of atmospheric particles affects their ability to act as cloud
condensation nuclei, thus changing the cloud properties and indirectly affecting climate at a
regional and global scale (Ogren and Charlson, 1992). The size of atmospheric aerosol
particles changes during their lifetime in the atmosphere by processes of condensation,
evaporation, and coagulation (Seinfeld and Pandis, 2006). As a result, measuring the
variability in the size of atmospheric particles is important for understanding their climate
impacts (McMurry, 2000).

Early methods for sizing aerosol particles were based on size-dependent properties
such as their diffusivity (for small particles) and inertia (for bigger particles). For instance,
diffusion batteries were used for classifying small particles (e.g., Gormley and Kennedy,
1949), while impactors (e.g., Marple 1970) and cyclones (e.g., Leith and Mehta, 1973) for
sizing large segregated particles. While simple and easy to construct, deploy, and maintain,
these instruments have limited resolution and measuring size range. Knutson and Whitby
(1975) introduced the Differential Mobility Analyzer (DMA), which exploits the motion of
charged particles in a flowing aerosol under an electric field, for determining their electrical
mobility and from that their size. This approach provided a significant improvement in
sizing resolution and extended the range of particle sizes that a single instrument could
classify.

Despite being more complex in design and construction than diffusion batteries and
inertia classifiers, DMAs are still the most effective tools for sizing aerosol particles. The
most popular DMA design consists of two concentric cylinders between which a high
potential difference is applied to establish a uniform electrostatic field. A particle free,
sheath flow is introduced between the two cylindrical electrodes, while charged
polydisperse aerosol particles are introduced at the inner circumference of the outer
electrode. Depending on their electrical mobility, particles follow different trajectories and

land at different positions along the inner electrode. Particles having electrical mobilities



within a very narrow range exit the classifier through a monodisperse outlet slit located at a
distance L downstream the polydisperse aerosol inlet.

For a specific DMA design, the range of particle mobilities in the monodisperse
flow depends on the operating conditions (i.e., flow rates and applied voltage between the
two cylindrical electrodes). The probability of particles of different electrical mobility to
exit the DMA under specific operating conditions is described by its transfer function. For
large particles the transfer function can be derived from their deterministic trajectories
inside the classification zone of the DMA (Knutson and Whitby, 1975), while for smaller
particles the effects of the Brownian motion has to be taken into account (Stolzenburg,
1988).

DMAs are employed in systems that measure the size distribution of particles by
either step-increasing (Differential Mobility Particle Sizer; DMPS; Keady et al., 1983) or
continuously scanning the potential between the two electrodes (Scanning Mobility Particle
Sizer; SMPS; Wang and Flagan, 1990). In addition they are used in tandem (i.e., tandem
DMA systems; Rader and McMurry, 1986) for probing particle size-dependent properties
such as hygroscopicity (e.g., Bezantakos et al., 2013) volatility (e.g., Giamarelou et al.,
2016) and charge probability (e.g., Biskos et al., 2005). Several DMA designs have been
proposed for covering the needs and applications of the variety of systems they are used
into. The classical, cylindrical, long DMA (TSI Model 3081), which was based on the
design of Knutson and Whitby (1975), is employed for classifying particles having
diameters from ca. 7 nm and up to ca. I pum depending on the operating flow rates (typically
from 3 to 15 Ipm sheath flow rate). For smaller particles the operation of the classical DMA
is limited by the high diffusivity of the particles, which on the one hand increases their
losses to the walls of the tubing at the inlet and outlet of the DMA and on the other deviates
the particles significantly from their deterministic trajectories in the classification zone. To
reduce the limitations of particle diffusivity in the sub-10-nm particles Chen et al. (1996)
and Chen et al. (1998) introduced a cylindrical DMA which has a similar design with that
proposed by Knutsen and Whitby (1975), but a significantly shorter classification column
(i.e., Nano-DMA). Doing so (and using typical sheath flow rates ranging from 3 to 15 Ipm)
improves the resolving power of the DMA for particles having sizes in the vicinity of 3-5

nm. The ability to classify particles residing in the sub-5-nm range with high resolution and
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low particle losses has also been considered. In this direction, de Juan and de la Mora
(1998) proposed the high-flow DMAs to classify aerosols particles having sizes in the
nanometer and sub-nanometer range. Recent advances in the high-flow DMAs have also
allowed measurements of nanoparticles and atomic clusters with high accuracy and
resolution (Attoui et al., 2013). In addition, a parallel plate DMA (IONER X1) was
designed by Santos et al. (2009) for measuring the electrical mobility spectra of ions with
increased resolution or for producing monomobile ions. Other designs, like for example
radial DMAs (Zhang et al., 2007) have the advantage of being more compact than their
cylindrical counterparts. Along these lines Barmpounis et al. (2016) proposed new
manufacturing methods (using mold casting or 3D printing) for building DMAs out of
polyurethane (namely the PU-DMAS) or other polymers, resulting in a significant weight
loss without sacrificing the classification capabilities when compared to classical DMAs.
With the objective to reduce the time needed for scanning over different operating
conditions to determine the size distributions of the particles with SMPS or DMPS systems,
Chen et al., (2007) designed and characterized a DMA with three monodisperse particle
outlets located along the outer cylinder. Results from this study were used to validate the
generalized theoretical transfer function for DMAs with multiple monodisperse outlets (i.e.,
MMO-DMA,; Giamarelou et al., 2013). Apart using it as a classifier in a DMPS or an SMPS
system, an MMO-DMA can also be used as a first DMA in TDMA systems. The advantage
of that is that it can allow simultaneous measurements of the properties of 3 monodisperse
particle populations from the sampled polydipserse aerosol, thereby reducing significantly
the measuring cycle of the system. Using the 3MO-DMA design proposed by Chen et al.
(2007) (i.e., with the monodisperse outlet slits along the outer electrode) as the first DMA in
TDMA configurations, however, would require the use of three single outlet DMAs and an
equal number of condensation particle counters (CPCs; Agarwal and Sem, 1980)
downstream each monodisperse particle outlet, leading to an expensive and bulky system.
Here we describe a simple 3MO-DMA by including three monodisperse outlets
along the central electrode of a classical cylindrical DMA (namely a TSI Model 3081
DMA). The resulting DMA vyields a single monodisperse aerosol flow including three
distinct populations of monodisperse aerosol particles, making it ideal for use as a first
DMA in TDMA systems. The performance of the 3MO-DMA is tested under different
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operating conditions (i.e., flows and voltages) and compared with predictions from the

model provided by Giamarelou et al. (2012).

5.2. Experimental

5.2.1 Design of the AMO-DMA

The 3MO-DMA described here was designed with the objective to use it as the first
DMA (DMA-1) in a TDMA system. The classifier is a modified TSI Model 3081 DMA in
which we replaced the inner electrode with one that includes three monodisperse outlet slits.
As a result, all three monodisperse particle populations are included in one flow (i.e., the
monodisperse outlet flow of the 3081 DMA). The position of each monodisperese slit (i.e.,
on the inner electrode) was defined so that particles having electrical mobility diameters
more than twice larger compared to those classified by the outlet immediately upstream are
selected by the intermediate and the last outlet along the column at a nominal pressure of 1
atm. and temperature of 25 °C. The mobility diameter ratio between the consequent outlets
of the 3AMO-DMA (i.e., the midpoint mobility diameter of the particles classified by each
outlet divided with that of the upstream outlet) ranges from 2.1 to 3.3, depending on the
operating flow rates and voltage. For example, when the 3MO-DMA is operated with
sheath and aerosol flows of 3.0 and 0.3 Ipm, respectively, the midpoint mobility diameters
of the classified particles will be 34.72, 99.77 and 247.68 nm, when the inner electrode
voltage is 2 kV. This feature is necessary for distinguishing particle populations of different
hygroscopic properties as their size distributions measured by the second DMA (i.e., DMA-
2, operated at a scanning or stepping mode), will not overlap even if their hygroscopic
growth factors are up to 2 when exposed to relative humidity (RH) conditions typically used
in HTDMA systems (in the vicinity of 90%).

Figure 5.1 provides a schematic layout of the 3aMO-DMA including the details of the
inner electrode and the resulting particle size distributions upstream the inlet and
downstream each of the 3 monodisperse particle outlets.
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Fig. 5.1. Schematic diagram of the 3MO-DMA, operating principle and details of the design.

The top part of the inner electrode, which includes the sheath flow inlet, the threads
for connecting the inner electrode to the main body of the DMA and the connection to the
high voltage cable, was the same as that of the TSI Model 3081 long DMA. The inner
electrode was designed as a cylindrical tube having wall thickness of 3 mm and an outer
radius of 10 mm (instead of 9.37 mm of the original TSI design). The three monodisperse
outlet slits were located at 14.3, 95.0 and 397.0 mm downstream the polydisperse aerosol

inlet. These distances were determined by (Giamarelou et al., 2012):

, = (esnromin) 5.

i *
47tVZpi

where R; and R, are respectively the inner and outer radii of the 3MO-DMA, V is the
voltage of the inner electrode, whereas Qgy,, is the sheath flow and @, the excess flow of

each monodisperse outlet i given by:

Qs fori=n

Qsn; = {Qmm fori<i<n—1- (5.2)
and

Qsh+Qa_Qsifori =n
Cm; = {Qmm Qg forl<i<n-1 ®3)
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Here n is the total number of monodisperse particle outlets. Following the notation of
Giamarelou et al. (2012), the numbering of the outlet starts from the one furthest from the
polydisperse aerosol inlet (i.e., outlet #1 is the furthest while outlet #3 is the closest to the
inlet). In the equations above, Qs, and Q, are respectively the initial sheath and aerosol
flows (i.e., before entering the 3MO-DMA), while Q, is the sample flow through each
monodisperse outlet i. For reasons of simplicity, in order to determine the positions of each

monodisperse particle outlet we assumed that Qs; = 1/3Q,. In Eq. 5.1 Zj;, is the midpoint

electrical mobility of the particles classified at each monodisperse particle outlet at a given
set of operating conditions (i.e., flows and voltage) which is associated to the midpoint

mobility diameter d;;i of the particles through (Hinds, 1999):

« _ neeCc
Zp; = 3mndy,” (5.4)

Here, n. and e are respectively the number of elementary charges and the electron charge,
whereas 7 is the air viscosity and C. the Cunningham sleep correction factor (cf. sect. S5.1
in the supplement for details). Each outlet slit was designed with 12 holes, the diameter of
which were 0.54 for outlet #3, 0.55 mm for outlet #2, and 0.65 mm for outlet #1 (cf. Fig
5.1). Doing so allowed for a reduced sample flow through the outlet closest to the aerosol
inlet (i.e., outlet #3) in an attempt to reduce flow disturbances caused by this outlet, due to
its proximity (i.e., 14.3 mm) to the aerosol inlet. Using these dimensions, sample flow rates
of approx. 26, 33 and 41% of the total aerosol flow were estimated for outlets #3, #2, and

#1, respectively.
5.2.2 Characterization of the SMO-DMA

5.2.2.1 Experimental setup

A tandem DMA system (cf. Fig. 5.2) was employed to determine the performance of
the 3BMO-DMA. In brief, polydisperse ammonium sulfate (AS) particles were produced by
atomizing (using a TSI Model 3076 atomizer) a 0.1 w/v AS solution using N, (99% purity)
as carrier gas. The polydisperse aerosol particles were dried to less than 10% RH using two
silica gel diffusion driers in series, and charge neutralized by passing them through a %°Kr
aerosol neutralizer (TSI Model 3077). A custom-made single outlet DMA (cf. Table 5.1),
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employing a recirculating sheath flow system (cf. Biskos et al., 2006 for details) and a built-
in High Voltage (HV) power supply (Spellman Model V6A10N30), was used to provide a
monodisperse aerosol flow. The mobility distributions of the monodisperse particles were
then measured by the 3AMO-DMA that was coupled with an ultrafine Condensation Particle
Counter (UCPC; TSI Model 3025; Stolzenburg and McMurry, 1991). In all experiments, the
HV of the central electrode of the 3MO-DMA was stepwise increased with each step having
a duration of 50 s. The average particle number concentration at each voltage was obtained
from the uCPC during the last 5 s of each step. The first 45 s were allowed for the

concentration to stabilize from that corresponding to the previous voltage settings.

DMA-1 3MO-DMA
T TTTm
Drier [} [} I
Nitrogen | |
—
Atomizer £ ] = W CPC
[ L] i e

Fig. 5.2. Experimental tandem DMA setup for determining the resolution of the 3MO-DMA at various

operating conditions.

The sheath and aerosol flows of both DMAs were measured before each experiment
using a bubble flow meter (Sensidyne Gilibrator 2) in order to confirm that the flow
controllers were operating within + 1% of their setpoint values. Adequate drying (i.e., less
than 10% RH) of the polydisperse aerosol upstream the neutralizer was verified using a
Relative Humidity/Temperature sensor (Rotronic Model HC2-05). The operating voltages
of both DMAs were frequently monitored for ensuring that the HV power supplies were

operating within £ 1% accuracy.
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Table 5.1: Dimensions of all the DMAs used in this work.

Type Symbol Description Value Unit
Custom single L. Effective length 374.00 mm
Outlet DMA R. Outer radius 19.58 mm
re Inner radius 9.35 mm
Lt Effective length 443.69 mm
TSI 3081 Long Rt Outer radius 19.61 mm
DMA re Inner radius 9.37 mm
Ly Effective length 14.30 mm
outlet #1
Custom 3MO- L, Effective length 95.00 mm
DMA outlet #2
Ls Effective length 397.00 mm
outlet #3
R Outer radius 19.61 mm
Inner radius 10.00 mm

5.2.2.2 Data processing

The size distributions of the monodisperse particles measured by TDMA systems
are predominantly defined by the size distribution of the sampled polydisperse aerosol, the
transfer functions of the two DMAs employed and the detection efficiency of the particle
detector. Assuming that the number concentration of the polydisperse aerosol upstream
DMA-1, the detection efficiency of the CPC and the transport particle losses in the tubing of
the entire TDMA are constant, the response of the system can be expressed as (Barmpounis
etal., 2016):

N2 _ f0+°° 0 (Zp,Zp, )02 (Zp. 25, ) dzp
Nq f0+°° Ql(Zp,ngl)dzp

(5.5)

Here, N; and N, are respectively the particle number concentrations upstream and
downstream DMA-2, Q; and Q, are the transfer functions whereas Z; and Z;, the central
electrical mobility of particles classified by DMA-1 and DMA-2, respectively. The
theoretical transfer function of the cylindrical, single outlet DMA (DMA-1 in this case)
considering the diffusivity of the particles is given by (Stolzenburg, 1988):

0(Zp1) =

% Zp1=(1+6) _Zpl_(l_ﬁ1) _ Zp1—(1+8151) . Zp1—(1-8181)
x/iﬁl(l—sl)[g( 2[5, >+€< 25, ) 8( N ) 5( N )] (5.6)
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Here Zp1 is the dimensionless particle electrical mobility, 51 and o, are the dimensionless
flow parameters, and &, is the dimensionless diffusional broadening parameter. Expressions
of the above parameters and of function ¢ are provided in the supplement (cf. sect. S5.1).
Eg. 5.6 can be extended to predict the transfer function of DMAs with multiple
monodisperse particle outlets as follows (Giamarelou et al., 2012):

) _ Fai (szi_(l‘l'ﬁzi)) te (szi—(l—ﬂzi)> e (szi—(1+8ziﬁ’2i)> B
P21/ " 2 Byi(1-84)) 2,/ 2y PNE

Q,i(Z

ED2i—1-02i62i 2020

(5.7)
where i denotes the number of monodisperse outlets, which are numbered starting from the

one furthest from the polydisperse aerosol inlet.

Adjustable broadening parameters can be introduced in Eq. 5.7 for treating disparities
between the theoretical and measured transfer functions, resulting into (Giamarelou et al.,
2013):

Fai' szi—(l"'ﬁzi’) szi—(l—ﬁzi,) szi—(1+52ilﬁzi,)

. = 12 7 & & - — - -
le) ‘/EBZi (1_52i ) 2 azi’ 2 52’:’ 2 a‘-zi’
E2i—1—-020521 2021,

(5.8)

0,/ (Z

The adjustable parameters B,;'and &,;" represent corrections in the flow rates (cf. sect. S5.1
in the supplement), while &,;'? is the total adjusted spread parameter given by:

62’ = f5,Gi + 0Zixi s (5.9)
where ¢2,,; accounts for additional broadening of the transfer function caused by non-ideal
mixing of the flows inside the MMO-DMA, while f;, is a factor accounting for any errors
in the estimation of the unique geometric- and flow-condition-dependent parameter G; (cf.
sect. S5.1 in the supplement). The o2, parameter, together with the adjusted flow
parameters B,;' and §&,;' determines the resolution in the non-diffusing limit,
Rya,(B2i' 821, 04ixi)- Note that the theoretical (i.e., without using any broadening

parameters) non-diffusing limit of the transfer function is given by:

1
Bi(1+18:D)

Rndi = (510)
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The discrepancy between the theoretical and the measured/adjusted resolution can be
expressed as the ratio:

Rna;
frng, = (5.11)

R‘l’ldi

If the measured transfer function for a specific outlet i is broader than that predicted from
theory, fRndi will be lower than unity.

The parameter f; adjusts the asymptotic behavior of the 3MO-DMA resolution at the
diffusing limit, which theoretically (i.e., without using any broadening parameters) is given
by:

1/2
1 1 nev l (5.12)

1
Ryirr, =——=X—==
diffi = 22z o;  2V2InZ |kTG;ln (%)
2

Here, o; is the total spread parameter of the transfer function of the ith outlet with a
midpoint mobility diameter Z; , k is the Boltzmann constant and T the absolute temperature.

When the parameter f;;, is used, Eq. 5.12 changes to:

1/2
r_ 1 i _ 1 nev
Rdiffi T 22z X o T 22z lkaGiGiln (%)l ! (5'13)
where ¢;* is now the total adjusted spread parameter. In a similar fashion with Eq. 5.11, a

factor for comparing the measured versus the theoretical resolution in the non-diffusing

limit is defined as:

Rdiff-’
oo =2 5.14
fRdlffi Rdiffi ( )
In this case, if the measured transfer function of the ith outlet is broader than that predicted

by theory, f¢, will be higher than unity, while fRdiffi smaller.

Similarly to the comparison described in Giamarelou et al. (2013), a non-linear least
square fitting algorithm based on the interior-reflective Newton method (Coleman and Li,
1994, 1996) was employed for comparing the measurements with the theory (i.e., Eqg. 5.5).
The flow rates (i.e., sheath, excess, aerosol in and sample out), the pressure and temperature
of both DMAs and the voltages of DMA-1, were allowed to vary within + 1% of the
measured values, accounting for the associated experimental uncertainty. Larger variation
(up to 30%) was allowed for the particle number concentrations upstream DMA-2 (i.e., N3),

to account for any instabilities in the particle generator and diffusional losses in the tubing
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connecting the single DMA with the 3MO-DMA and the latter to the uCPC. The diffusional
losses of the sampled monodisperse particles inside the inner electrode of the 3SMO-DMA
were taken into account as they affect the particle number concentration coming through
each outlet. The total adjustable spread parameter of the transfer function &,;'* was fitted
once by varying f;, and once by modifying o,;y;.

The experimental resolution of the 3MO-DMA was expressed as the inverse of the
Full Width Half Maximum (FWHM) of the fitted transfer function normalized by the
centroid mobility of each outlet.

5.3. Results and Discussion

The performance of the 3MO-DMA was evaluated using monodisperse particles of
different sizes (see discussion below), when operated with aerosol flows ranging from 0.3 to
1.5 Ipm and sheath flows from 3.0 to 8.0 Ipm (cf. Table 5.2, for more details). The aerosol
flow was controlled by the uCPC, while the maximum sheath flow-rate by the sheath

recirculating system.

Table 5.2: Ratio between measured and theoretical resolutions of each outlet of the 3SAMO-DMA at
the diffusive (frgirr) and the non-diffusive (frng) limit, when operated at different flow conditions (cf.
Eg. 5.11 and 5.14).

Qs (Ipm) Q. (lpm) Outlet frdifr fand
3.0 0.3 3 1.00 0.991
2 0.490 0.461
1 0.987 0.981
6.0 0.6 3 - 0.984
2 0.553 0.526
1 1.05 0.997
8.0 0.3 3 0.992 0.978
2 0.398 0.257
1 0.939 0.970
8.0 1.5 3 - 0.998
2 0.882 0.895
1 0.987 0.996

Figure 5.3 shows an example of the measured size distributions and the predictions

from Eq. 5.5, using the theoretical 3MO-DMA transfer function without and with using
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broadening parameters (i.e., using Eqgs. 5.7 and 5.8, respectively). In the latter case the
fitting procedure was able to reproduce the observed mobility distributions with a
normalized root mean square error (NRMSE) of less than 3% in 82% of the experimental
data, whereas the maximum observed NRMSE (i.e., worst case of fitting) was
approximately 6.2%. The fitted sample flow-rates of each outlet corroborated our design
calculations, based on which 24% of the sample flow comes out of outlet #3, 33% out of
outlet #2, and 43% out of outlet #1 (cf. sect. 5.2.1).

3000 -/ /
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2500 — © —TF Conv. Eq. 7 |
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Fig. 5.3: Example of measured, as well as theoretically predicted without (i.e., using Eq. 5.7) and with (i.e.,
using Eq. 5.8) broadening parameters, particle number concentrations downstream the 3MO-DMA, for 40-nm

particles at 3.0, 0.3 Ipm of sheath and aerosol, respectively.

As shown in Fig. 5.4, the fitting procedure (cf. sect. 5.2.2.2) reproduced the
experimental results in terms of the midpoint mobility diameters within 3% accuracy in all
the cases, even without using any broadening parameters. This suggests that for a fixed
geometry and operating conditions Eg. 5.1 can be re-arranged to predict the midpoint

electrical mobility for each outlet.
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Fig 5.4: Measured vs. theoretically predicted geometrical mean diameters (GMD) of particles classified by the
3MO-DMA, when operated with 3 and 0.3 (a), 6 and 0.6 (b), 8 and 0.3 (c), 8 and 1.5 (d), sheath and aerosol

flow rates, respectively.

Figure 5.5 shows the measured and predicted resolution without and with using the
broadening parameters for each outlet of the 3MO-DMA. Table 5.2 also provides the

median values of fRdiffi and fRndi for each set of flow rates, obtained by dividing the

resolutions determined from the measurements/fits with the ones calculated from the theory,
at the diffusing and non-diffusing limits, respectively. Overall, as theory predicts, the
measured resolution of each outlet increased as the sheath to aerosol ratio increased. For
outlets #1 (i.e., the one furthest from the aerosol inlet) and #3 (i.e., the one closest to the
aerosol inlet) the ratios of the measured and the theoretical resolutions at the diffusing (i.e.,

fRdiffi) and at the non-diffusing limit (i.e., fRndi) differ by less than 6% (cf. Table 5.2).

138



This indicates that under all tested flow conditions the theory can accurately predict the
width of the transfer functions and thus the resolutions of these two outlets of the 3MO-
DMA when particles of different sizes are classified.

In contrast, the measured resolution for outlet #2 differs significantly from that
predicted theoretically. More specifically, when the 3MO-DMA is operated with a sheath to
aerosol ratio of 10 (i.e., 3.0 or 6.0 Ipm sheath flow and respectively 0.3 or 0.6 Ipm aerosol
flow) the resolution of this outlet reduces by 54-47% (cf. Table 5.2). At a sheath to aerosol
ratio of 26.7 (i.e.,, 8.0 and 0.3 Ipm, sheath and aerosol, respectively) the measured
resolution of outlet #2 deviates by almost 74%. Better agreement (i.e., within 12%) with the
theoretical resolution of outlet #2 was achieved when the 3MO-DMA was operated with a
sheath to aerosol ratio of 5.33 (i.e, 80 and 15 Ipm, sheath and aerosol,
respectively).Similar deviations between the measured and the theoretical resolution of

outlet #2 were also obtained for the diffusing limit.
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Fig. 5.5. Resolution (1/FWHM) of each outlet of the 3MO-DMA, when operated at 3.0 and 0.3 (a), 6.0 and
0.6 (b), 8.0 and 0.3 (c), 8.0 and 1.5 (d) Ipm, of sheath and aerosol flows. The resolutions were estimated by

convoluting the transfer functions of the DMAs used in the experimental setup, using fitted adjustable

broadening parameters (i.e., f;, or g5;,;) for the 3MO-DMA transfer function (i.e. Eq. 5.8) for matching the

experimentally obtained size distributions (cf. sect. 5.2.2.2 and Fig. 5.3). The theoretical resolutions (dashed

lines) of each outlet of the 3MO-DMA are obtained using Eq. 5.7. Fitted resolutions are obtained using the

median values of the broadening parameters which were obtained from each data set (sheath/aerosol flow

rates) in Eq. 5.8.
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As discussed above, the measured resolution of outlet #2 was significantly lower
than that predicted theoretically and even less than that of outlet #3 in all cases, despite the
contradicting theoretical predictions (cf. Giamarelou et al., 2012). Strangely, the measured
resolution is closer to the theoretical resolution of this outlet when the 3MO-DMA was
operated with a sheath to aerosol flow ratio of 5.33 (i.e., sheath 8 and aerosol 1.5 lpm, cf.
Fig 5.5d). This indicates that the reduced resolution of outlet #2 is not a result of significant
flow disturbances in the classification zone of the 3MO-DMA. CFD simulations (cf. sect.
S5.2 in the supplement) corroborate this indication, whereas experiments during which
outlet #3 of 3MO-DMA was tapped (data not shown here), also showed that the presence of
the outlet does not affect the performance of outlet #2.

Despite the reduced resolution of the middle outlet, the spread of the measured size
distributions obtained from this outlet in terms of their geometric standard deviations (o),
was sufficiently monodisperse for TDMA measurements. In general, the o4 values obtained
for all the outlets at all operated conditions, were below 1.09. More specifically, at the
highest tested sheath to aerosol ratio (i.e., 26.7) the g4 values obtained for the outlets #1 and
#3 were 1.03, while that obtained for outlet #2 was 1.05. At the lowest tested sheath to

aerosol ratio (i.e., 5.33) the respective oy values were 1.09, 1.08 and 1.06 for outlets #1-3.

5.4. Conclusions

We designed, built and tested a 3MO-DMA with the 3 outlets located on the central
rod of a classical cylindrical DMA (TSI Model 3081), which opens new opportunities for
tandem DMA measurements. To achieve this, we replaced the inner electrode of the TSI
DMA, with one having three monodisperse outlets. The mobility diameters of these
populations are easily distinguishable when their size distributions are measured by a
second, single monodisperse outlet DMA operated in voltage scanning mode. Such a DMA
can reduce the measuring cycle of size resolved measurements.

The performance of this 3MO-DMA was tested using a tandem DMA configuration
at four different flow conditions. The measurements were compared with predictions from
the model derived by Giamarelou et al. (2012). The results show that the theory can
accurately (within 3%) predict the geometric mean diameter of the sampled particles for all

the outlets. The resolution (i.e., the inverse FWHM) of each outlet was estimated by using
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fitted, adjustable broadening parameters for the diffusing and non-diffusing limits of the
transfer function. Both measurements and predictions show that the resolution of each outlet
increased as the sheath to aerosol ratio increased. The measured resolutions of the first and
the third outlet are in good agreement with the theoretically predicted ones (i.e., less than
6% difference). However, the measured resolutions of the second outlet were lower than
what the theory predicts, without being affected by significant flow disturbances in the
classification zone of the 3MO-DMA. Higher deviations from the theory in terms of
resolution were observed at higher sheath to aerosol ratios, ranging from approx. 10% to
74% at ratios 5.33 and 26.67, respectively. Despite these discrepancies the geometric
standard deviation of the size distributions of the particles classified from this outlet were
not broader than 1.08 and can be used for determining the hygroscopic properties of these
particles.
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Supplement
Modification of theTSI 3081 Differential Mobility Analyzer to include
three Monodisperse Outlets : Comparison between experimental and

theoretical performance

S. Bezantakos, M. Giamarelou, L. Huang, K. Barmpounis, J. Olfert and G. Biskos
S5.1. Supporting Equations

The diffusion coefficient of the particles suspended in a gas is given by (Hinds

1999):

kTCc
b = Tonay (S5.1)
where Kk is the Boltzmann constant (1.38 x 102 J/K), T is the absolute temperature, 7 is the
air viscosity (1.81 x 10 kg/ms), dp is the particle diameter and C. is the Cunningham slip

correction factor given by:

Ce=1+2x (2.34 +1.05 x exp (~0.39 x %)) (S5.2)

p

Here A is the air mean free path (66 x 10" m at atmospheric pressure).
The dimensionless electrical mobility of the particles classified by the single outlet DMA is

given by Stolzenburg (1988) :
7, =2 (S5.3)

pL =z
where Z, is the particles electrical mobility and Zj is the central electrical mobility of
particles classified by the DMA.
For the 3MO-DMA the dimensionless electrical mobility of the particles classified by each
outlet is given by Giamarelou (2012):

Zp

7y =22, (S5.4)
P2i

where Z; . is the central electrical mobility of particles classified by the each monodisperse

outlet of the 3AMO-DMA.
The dimensionless flow parameters for the single, cylindrical DMA are given by (Knutson
and Whitby, 1975) and Stolzenburg (1988):
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By = -2+% anqg (S5.5)

- Qsht Qm

5, = % (S5.6)

where Qs, Q, are the flows of the monodisperse sample and aerosol inlet, while Qs, and Qn,
are the sheath and excess flows.

Similarly for the 3MO-DMA the dimensionless flow parameters are obtained using
(Giamarelou et al., 2012):

Qsit Qqa
=<2 and
p2 Qshit Qmi
52 — QSi_ Qa 1
Qsit Qa

where i stands for the number of each monodisperse outlet.
The dimensionless diffusional broadening parameter for each monodisperse outlet i of the
3MO-DMA be expressed as:

5-21' =4/ ﬁiGi y (857)

where D; is the dimensionless diffusion coefficient equal to:
D, = e (S5.8)

)
Qshit Qmi

and G; is a unique geometric- and flow-condition-dependent parameter which is given by
(Giamarelou et al., 2012):

Gi=Y5on Gy (S5.9)
and
Gij = Gijaxial T Gijradial (S5.10)
where:

Q:j\% (1+B8)?
Gijaxia =4 (Q_Z) -y [Iy(wi,j,d) - (wi,j,u)] (S5.11)
and

R 2
Gijradiat = (L_f) (Wi ju = Wija) - (S5.12)

Q¢j, Qy; are the total flows corresponding to the jth and ith segments of the 3MO-DMA and
wiju and wjjq are respectively the upstream and downstream dimensionless radial positions
in the jth segment for particles having mobility corresponding to the centroid mobility of the

transfer function of the ith outlet.
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For plug flow:

_ 1-w )
L) =357 (S5.13)

and for Poiseuille flow:

L(w)= A;(1—-y)7! {—%a)z[(l —Pnw — (1 — w)lny]? + Ea)z(l -y + §w3lny] X
1—ylnw—1—winy+141—w21—y2+5181—w31—ylny+1121—w4inly ,
(S5.14)

with

0 = (L) and (S5.15)
)

y= (2—2)2 (S5.16)

where R; and R, are respectively the inner and outer radii of the 3MO-DMA and r is the
particles radial position.
The upstream and downstream endpoints (i.e., w;;,and w;;q) can be estimated by the

fraction of flow between w and y (i.e., F,(»)) as:

Qi (LJ+1) Lf+1 (Qshi+Qmi) Qa
F(wiju) = 22 x Qatitn) 1 2 and (S5.17)
— Qi(Lf) _ L @snitQmi) Qa
F(wija) = =50 = 2 x4 o ($5.18)

where Lj+; and L; are the lengths between the aerosol inlet and the j+1st and jth
monodisperse outlets, respectively. Qy is the total flow through the jth segment and Qi(z) is
the flow between the trajectory and the axial position z and the outer wall (i.e., Ry) given by
(Giamarelou et al., 2012):

_Z , QshitQmi) , 1
Qi=Zx a2,

The ratio Qi/Qy; is the flow fraction between the particle trajectory at r, z and the outer wall
of the 3AMO-DMA (i.e., R;), where z is the jth segment.
In case of plug flow the flow fraction is given by:

1-w
Fy(a)) = E and (8519)
in case of Poiseuille flow is given by (Stolzenburg 1988):
E,(w) = —A [(21(1‘“) Iny + wlho + (1 - a))], (S5.20)
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where:

-1
A, = [— L+ Y)ny — (1- y)] . (S5.21)
Epsilon (¢) function is defined as:
g(x) = x xerf(x) + \/iﬁexp(—xz) and (S5.22)
erf(x) = \/%fox exp (—u?) du . (S5.23)

S5.2. Finite Element Model for Simulating the Flow Velocity field within the 3MO-
DMA

In order to study any flow disturbances inside the 3MO-DMA, which could pose a
possible reason for the reduced resolution of outlet #2 (cf. sect. 5.3) a 2D axisymetric
numerical model, created in COMSOL Multiphysics® was employed to simulate the
profiles of the flows within the 3MO-DMA. The design of the 3MO-DMA which was used
in this model, incorporated the main geometrical features and dimensions (cf. Fig. S5.1a,
herein and Fig. 5.1, Table 5.1). Since in a 2D axisymetric model the monodisperse outlets
cannot be designed as constructed in reality (i.e., 12 holes in the circumference of each
outlet slit; cf. Fig. 5.1) we used 3 narrow regions as monodisperse outlets in the model.
Each region resembles to an opening through which air will move with an area equal to the
total area of the holes of each outlet. With this feature the model was able to reproduce the
experimental monodisperse sample flows of each outlet. Assuming that the air flowing
inside the 3MO-DMA had a constant temperature of 25 C and based on the flow rates used
in the experiments we used the Laminar Flow module of COMSOL Multiphysics® to
calculate the flow velocity profiles inside the 3aMO-DMA. The Navier-Stokes equations for
incompressible flow have the form of:
pluVu= V-[-pl+u(Vu+ (Vu)T]+ F and (S5.24)
pV-u=20, (S5.25)
where u is the velocity vector, p and u are respectively the density and dynamic viscosity of
air, p isthe pressure, T is the absolute temperature, F is the volume force vector and 1 is the
identity matrix.

Figures S5.1b and S5.1c show the velocity profiles and the streamlines in the
vicinity of the aerosol inlet and monodisperse outlets when the sheath and aerosol flows

were 3.0, 0.3 and 8.0, 1.5 Ipm, respectively. The streamlines show that the particles
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trajectories in the vicinity of an outlet will be affected by the sample outflow, corroborating
the use of the unique geometric- and flow-condition-dependent parameter G; (cf. Eq. S5.9
and Giamarelou et al., 2012 for more details) for obtaining the theoretical transfer function
of the 3MO-DMA. Using this parameter the theory was able to reproduce quite accurately
(i.e., within 6%) the experimental results, in terms of resolution, for outlets #3 and #1 (cf.
sect. 5.3). Except from this effect, which is taken into account by the theory, no other flow
disturbances are present in the classification zone of the 3MO-DMA. According to the
simulation some eddies appear inside the hollow inner electrode as sample flow is forced
through the narrow region of the monodisperse outlet. If they were affecting the resolution
of the 3MO-DMA the deviations between the theory and the measurements should be
maximized under the highest flow conditions, (i.e., sheath 8.0 and total sample flow of 1.5
Ipm) since they are more pronounced at these flow rates (cf. Fig S5.1c). Based on the
experimental results however, which show the best agreement between the theoretical and
measured resolutions for all the monodisperse outlets at these flow rates (i.e., sheath 8.0 and
aerosol 1.5 Ipm; cf. sect. 5.3 and Fig. 5.5) we conclude that they do not affect the resolution
of the SMO-DMA.
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Fig. S5.1. Modeled results of the 3MO-DMA's flow velocity profiles and details of the streamlines at the
proximity of the aerosol inlet and each monodisperse outlet. The simulations were conducted using Comsol
multiphysics® software, maintaining the 3MO-DMA's design key features (a) and when the flows of sheath

and aerosol were 3.0, 0.3 (b) and 8.0, 1.5 (c).
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Abstract

The relative penetration of aerosol nanoparticles ranging from 10 to 55 nm through a tube
made from Electrostatic Dissipative Materials (EDM) subjected to high voltage, was
measured to evaluate its performance as a cost effective and portable nanoparticle classifier.
The electric field inside the tube combined with the diffusion of nanoparticles increases
their deposition compared to a Diffusion Battery (DB), thus the EDM classifier can be
viewed as a combination of a DB and an Electrostatic Precipitator (ESP). Based on the
experimental observations, numerical simulations of the electric field inside the tube and by
extending the semi-empirical model employed for DBs, we propose a semi-empirical model
able to predict the penetration efficiency through the classifier within £15% of accuracy.
The steep penetration efficiency curves of the EDM-tube are suitable for using it for
nanoparticle classification. Furthermore the EDM classifier offers better measuring
accuracy compared to an ESP, while the easier adjustment of the voltage poses an
advantage over DBs. This cost effective and portable classifier can be employed in tandem
systems for measuring size-dependent particles properties such as hygroscopicity and

volatility.
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6.1. 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 (DMASs; 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 (cf. the discussion Sect. of this chapter). 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(_5 X .uelec)’ (61)
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Here a, S, y, and o are positive empirical constants, whereas ugifr and zerec are dimensionless
parameters accounting for particle deposition by diffusion and electrostatic forces,

respectively. For laminar flow conditions ugiss 1S given by (Hinds, 1999):

DL

Hdifr = o (6.2)

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, pejec Can be defined as:

ZnV
Helec = %fg' (6.3)
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:

T[dzu e
fy = e (6.4)

Here dipe IS the inner diameter of the EDM tube and Luv 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 Sect. S6.1 in the

supplement).

6.2. 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 Fig. 6.1: 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 (Sect. S6.2
in the supplement) 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 Fig.
6.1. 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
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monodisperse particles were then passed through the EDM tube before their concentration
was measured by an ultrafine CPC (UCPC; TSI Model 3025).

EDM Tube
L T T 240 T T ]
1 40 I
I £ < 10 I
(=} co‘ = = |
[ |
o= Il —
! Ground HV Ground !
L\ ____________________ - 4
~ ~
~ N P -~
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S o ~~ ucCpcC
I —— =l —J
N %F%—:%— |:-:{—I.T = I o l
- — —
Polydisperse = Monodisperse o
Particles | HV (-) Particles | HY (+) CPC

Fig. 6.1. 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()
B(V) =1 ( o )_N(O). (6.5)

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.

6.3. Results and Discussion
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Figure 6.2 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., Eq. 6.1) was fitted to the measurements using the least squares method, yielding the
following constants: o = 0.65, 5 = 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 (Fig. 6.2). 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 Fig. 2.
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Fig 6.2. 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., Eq. 6.1) described in this chapter.

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 (Sect. S6.3 and Fig. S6.1 in the supplement), indicating that they would perform much
better as classifiers. This characteristic can be attributed to 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 (Sect. S6.4 and Fig. S6.2 in the supplement). 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 Fig. S6.2), but

159



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.e., “Hot Spot 17) 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 (Fig. 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.

6.4. 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.
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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Supplement

S6.1: Supporting equations for the EDM tube penetration model:

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

by:

__ kTCc

= Smnd, (6.1)
__ neCc
P = Smnay (S6.2)

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 viscosity (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,

dp is the particle diameter and C. is the Cunningham slip correction factor given by:

Ce=1+2x (2.34 +1.05 x exp (~0.39 x %)) (56.3)

p

Here / is the air mean free path (66 x 10 m at atmospheric pressure).
S6.2: Details of the custom-made DMA used in our experiments:

A cylindrical type DMA having 0.935 and 1.9575 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.
S6.3. Comparison EDM-tube and Parallel-Plate ESPs

Figure S6.1 compares EDM-tube penetration efficiency curves predicted by Eg. 6.1 with
corresponding curves (i.e., exhibiting the same cut-off diameters at 50% penetration, dsp)
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. S6.1. 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 mm?) 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.

S6.4: Numerical Model:

The electric field inside the EDM tube was numerically simulated using version 4.3b of
COMSOL® multiphysics. More specifically, we developed a 2-dimensional axisymmetric
model, with the axis of symmetry being the center of the tube (cf. Fig. S6.2a). 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:

—VXx (VW —P)=p (S6.4)
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where g is the permittivity of free space, V is the potential, P the polarization of the
medium and p is the charge density (p = 0 in our calculations). To solve Eq. S6.4 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. S6.2. 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 E,, and (d) the radial component E, of the electric field. Zones 1 and 2
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respectively denote the region upstream and downstream the intermediate electrode where the high voltage is
applied, while the "Hot Spots" indicate locations where E; 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.

S6.5: The Volatility Tandem DMA-EDM tube system

The EDM segregator was used in tandem with a DMA and in parallel with a TDMA
(Mendez et al., 2016) for probing the volatility of ammonium sulfate particles having
mobility diameters of 20 and 30 nm at room temperature (cf. Fig. S6.3). Ammonium sulfate
particles produced by atomization were dried and charge neutralized before classified by the
first DMA of the system. The monodisperse aerosol stream downstream the first DMA was
exposed to temperatures varying from 25 to 230 °C, inside a thermal denuder (TD; Fierz et
al., 2007). Half of the sample flow (i.e., 0.3 Ipm) downstream the TD was introduced to the
second DMA (part of the VTDMA) which was operated at a scanning voltage, while the
particle number concentration was measured by a CPC (TSI Model 3022A). The other half
of the flow downstream the TD was passed through the EDM-tube, the voltage of which
was changed between 0 and V volts, while the number concentration of particles was
measured downstream by a second CPC (TSI Model 3776).

DMA-1 DMA-2
Drier v
Nitrogen
—
Atomizer =1 U = || & CPC1
- [ D Ll U
|I_ - - = ]

CPC2
: —
+ EDM-TUBE *+

Fig. S6.3: Experimental setup for measuring the volatility of ammonium sulfate particles with a custom made
TDMA and a tandem DMA-EDM-tube system.

The shrink factor of particles exposed at temperature (T), is given by:
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sf(T) =22, (S6.5)

dasc

where d(T) and dysc are the size of particles at temperature 7 and at room temperature (25

°C), respectively. The particle size for every temperature was calculated either from the
geometrical mean diameter (i.e., from the VTDMA measurements) or from their relative
penetration through the EDM-tube (using Eq. 6.1). Figure S6.4 shows the shrink factors of
ammonium sulfate particles, having mobility diameters of 30 and 20 nm at room

temperature after being exposed to temperatures ranging from 25 to 230 °C.
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Fig. S6.4: Shrink factors of ammonium sulfate particles having mobility diameters of 20- and 30-nm at room

temperature, after being passed through the TD and exposed to temperatures from 25 to 230 °C.

The shrink factors obtained from the VTDMA and the tandem DMA-EDM-tube
measurements were almost identical for the case of the 20-nm particles, while deviations of
ca. 20% were observed for the 30-nm particles. These deviations could be justified by a
wider, than a unimodal (i.e., standard geometric deviation of more than 1.2), particle size

distribution downstream the TD, probably due to partial evaporation of the 30-nm particles
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above 170 °C. 20-nm particles exhibited narrow size distributions (i.e., measured by the
VTDMA), resembling a monodisperse population in all tested temperatures (cf. Fig S6.5a
as an example). In this case, the size of particles can be more accurately predicted by their
relative penetration (cf. Eqg. 6.1) through the EDM-tube as the resulted size distribution
downstream the tube would be also unimodal. In contrast, as Fig. S6.5b shows, 30-nm
particles exhibited a bimodal size distribution (i.e., measured by the VTDMA) after being
exposed to increased temperatures. When these particles pass through the EDM-tube the
smaller particles of the distribution will be more efficiently deposited on the walls of the
tube, than the larger ones as the size distribution downstream the EDM-tube suggests (cf.
red line in Fig. S6.5b). In this case the apparent particle size (derived from the semi-

empirical equation) would be biased towards larger diameters.
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Fig. S6.5: Example of particle size distributions of 20- (a) and 30-nm (b) obtained with the VTDMA and the
EDM-tube downstream the TD at temperatures higher than 170 °C.
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7. Conclusions

The overall aim of this thesis is to investigate the hygroscopic properties of
atmospheric sub micrometer particles at remote and suburban locations of Greece. The first
part of the thesis therefore provides state-of-the-art field observations of aerosol
hygroscopicity at a remote location in the country (namely on the island of Lemnos), as well
as measurements at sub-urban locations at the cities of Patras and Athens. Identifying the
limitation of the measurements, the second part of the thesis goes beyond the state-of-the-art
on aerosol instrumentation, providing a theoretical analysis of possible artefacts in
hygroscopicity measurements as well as new designs that can further improve the aerosol
hygroscopicity measurements. Below is an overview of the conclusions from each chapter,
excluding the introduction (Chapter 1).

Chapter 2 provides measurements of particle hygroscopicity and chemical
composition which were respectively conducted at a remote location on the island of
Lemnos and over the Aegean Sea using an airborne AMS, during a period with prevailing
northern winds (i.e., Etesians). The hygroscopicity measurements showed that particles
sizing from 50 to 170 nm had medium hygroscopicities exhibiting an average growth factor
of 1.2 and were internally mixed. A good closure between the measured and the estimated
(i.e., from chemical composition) hygroscopicity allowed for the estimation of the aerosol
hygroscopic properties over the entire 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.

Measurement of aerosol hygroscopicity and mixing state in suburban areas in Patras
and Athens are provided in Chapter 3. 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. 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. Particles observed in the suburban area of Patras exhibited hygroscopicities similar to
those observed for continental Europe aerosols. In contrast, aerosols measured in the

suburban area of Athens exhibited higher values of hygroscopicity, which in many cases
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were even higher than that of ammonium sulfate. While the presence of significant amounts
of highly hygroscopic refractory matter (e.g., sea salt) on the sampled particles can be
excluded, other causes, like the existence of highly hygroscopic, but uncommon to the
atmosphere, organics or even instrumentation artifacts should be further investigated.

A detailed theoretical analysis of the effects of RH/temperature non-uniformities
inside the second DMA of an HTDMA system is provided in Chapter 4, using a numerical
model. The model findings corroborated earlier experiments, where non-prompt
deliquescence behavior of 10 nm ammonium sulfate particles was observed when the
second DMA of an HTDMA systems was operated under mismatched RHs of the aerosol
and sheath flow. Considering the uncertainties of typical RH/T sensors used in HTDMAs,
recommendations are provided for reducing these artifacts. A similar theoretical model can
be useful in investigating possible instrumentation artifacts during the measurements
conducted in Athens.

Chapter 5 describes a simple modification of the classical DMA design by including
3 monodisperse particle outlets at its central rod, providing the ability to classify
simultaneously particles of 3 distinct populations and therefore when used as the first DMA
in HTDMA systems decreasing the measuring cycle time of the systems substantially. Its
performance was tested under laboratory conditions and compared with theoretical
predictions. The results show that the theory can accurately (within 3%) predict the
geometric mean diameter of the sampled particles for all the outlets. The measured
resolutions of the first and the third outlet are in good agreement with the theoretical
predicted ones (i.e., less than 6% difference). Despite a discrepancy between the theoretical
and the measured resolution of its second outlet, this modified DMA can be used for
determining the hygroscopic properties of aerosols and reduce the measuring cycle of size

resolved measurements, when employed as the first DMA of TDMA system.

Finally, Chapter 6 describes a simple, effective and compact electrostatic
precipitator that can be employed for size segregation of charged aerosol nanoparticles. A
possible application of this simple segregator for probing the volatility of aerosol particles is
also investigated in this chapter. While its sizing resolution and accuracy is not better than
systems which employ DMAs, its negligible cost and increased portability poses an

advantage in certain applications, where quantity leads to increased quality. Such
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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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