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Abstract. Aged organic aerosol (OA) was measured at a re-varied little with source region, suggesting that local sources
mote coastal site on the island of Crete, Greece during thédnad only a small effect on OA concentrations measured at
Finokalia Aerosol Measurement Experiment-2008 (FAME- Finokalia. The aerosol was transported for about one day be-
2008), which was part of the EUCAARI intensive cam- fore arriving at the site, corresponding to an OH exposure of
paign of May 2008. The site at Finokalia is influenced by approximately 410! moleculescm®s. The constant ex-

air masses from different source regions, including long-tent of oxidation suggests that atmospheric aging results in a
range transport of pollution from continental Europe. A highly oxidized OA at these OH exposures, regardless of the
quadrupole aerosol mass spectrometer (Q-AMS) was emaerosol source.

ployed to measure the size-resolved chemical composition of
non-refractory submicron aerosol (NR-R)Vland to estimate
the extent of oxidation of the organic aerosol. Factor analy- )

sis was used to gain insights into the processes and sourcds 'ntroduction

affecting the OA composition. The particles were internally _ ) ) o
mixed and liquid. The largest fraction of the dry NR-PM Fine atmosphenc particles can .scatter or apsorb radiation, as
sampled was ammonium sulfate and ammonium bisulfatee!l as mqugnce cloud formation and lifetime, and there-
followed by organics and a small amount of nitrate. The fore affect climate (IPCC, 2007). They also affect human
variability in OA composition could be explained with two h€alth by, among others, damaging the respiratory and car-
factors of oxygenated organic aerosol (OOA) with differing diovascular systems (Dockery et al., 1993; Davidson et al.,
extents of oxidation but similar volatility. Hydrocarbon-like 290°: Pope and Dockery, 2006). Organic aerosol (OA) glob-
organic aerosol (HOA) was not detected. There was no sta‘:"”,y comprises a significant fractlon (20-90%) of the sub-
tistically significant diurnal variation in the bulk composition Micron particle mass (Kanakidou et al., 2005; Zhang et al.,
of NR-PM; such as total sulfate or total organic aerosol con-2007)- While the formation of inorganic aerosol is rela-
centrations. However, the OA composition exhibited statisti- V€Y Well understood (Seinfeld and Pandis, 2006), organic

cally significant diurnal variation with more oxidized OA in aer.oso.l is not.  In contrast to fine-mode Inorganic aerosol,
the afternoon. The organic aerosol was highly oxidized, re-Wh'Ch is mostly composed of a few well-characterized com-

gardless of the source region. Total OA concentrations als@©NeNtS such as sulfates, nitrates and ammonium, organic
aerosol is composed of thousands of species, many of them

) unidentified (Goldstein and Galbally, 2007). In addition, OA
Correspondence tdS. N. Pandis has a myriad of sources — both anthropogenic and biogenic,
BY (spyros@andrew.cmu.edu) particle-phase and gas-phase. Furthermore, OA is dynamic:
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most of its components are semi-volatile and can evaporatg]ifferent, and hence the distinction is useful for the develop-
can be transported and further processed in the atmospherment of policy actions.
and can repartition to the aerosol phase (Robinson et al., Laboratory data suggest that the oxygen-to-carbon ratio
2007). Even though much progress has been made in rece(®:C) of organic aerosol, which approximates the extent of
years, both the formation and the evolution of OA remain oxidation of the OA and can be estimated from AMS mea-
poorly understood. surements, increases as the aerosol is exposed to atmospheric
From a source perspective, organic aerosol can be classexidants (Grieshop et al., 2009b; Sage et al., 2008). Organic
fied as fresh primary (POA), oxidized POA (OPOA) or sec- aerosol in the atmosphere also appears to be dynamic and
ondary organic aerosol (SOA) (Donahue et al., 2009). Inevolves from more reduced OA to more oxidized OA (Zhang
this classification, POA refers to compounds that are emit-et al., 2007; Capes et al., 2008; DeCarlo et al., 2008; Morgan
ted as particles and have not reacted in the atmospheret al., 2010; Ng et al., 2010). The objective of this work is to
OPOA is formed when POA is oxidized, either by hetero- improve our understanding of atmospheric processing of OA
geneous oxidation or when POA evaporates as it is dilutedby characterizing aged OA at a remote site.
during transport (Lipsky and Robinson, 2006) and the re- The Finokalia station is located in the northeast of the is-
sulting vapors are oxidized, reducing their volatility and al- land of Crete, Greece. It is far away from anthropogenic
lowing them to re-condense on existing particles (Robinsonsources and influenced by air masses from different source
et al.,, 2007). SOA is formed when volatile or intermedi- regions (Mihalopoulos et al., 1997; Sciare et al., 2003;
ate volatility organic compounds (VOCs or IVOCs) undergo Koulouri et al., 2008). The chemical compositions of the fine
one or more chemical transformations in the gas phase, formparticle mass (PMs — particles smaller than 1.3 um in diam-
ing less volatile compounds that then partition to the particleeter) and coarse particle mass (R 3 — particles larger
phase (Chan et al., 2009; Hallquist et al., 2009; Hildebrandthan 1.3 pm but smaller than 10 um in diameter) at Finokalia
et al., 2009; Presto et al., 2009). After formation, SOA ashave been characterized with 1-3 day time resolution over
well as POA can re-evaporate and be further oxidized anda 2-year period from July 2004 to July 2006 (Koulouri et
transported in the atmosphere. This additional gas-phase oxal., 2008). In the summer, PM was composed mostly
idation appears to be principally responsible for most of theof inorganic salts (60%) and organic material (30%), with
“aging” of organic aerosol (Lambe et al., 2009). Aging and small contributions from elemental carbon, dust and water.
transport can result in elevated OA concentrations far awayl'he inorganic mass was found to be mostly ammonium sul-
from sources, contributing to the regional nature of the fine-fate and ammonium bisulfate. Factor analysis showed that
mode aerosol problem. Air-quality models tend to under-PMz 3 could be explained by five factors, identified based on
predict the concentrations of OA in the atmosphere, espethe loadings of various chemical components. Two factors
cially in the summer when photochemical activity is high were natural (crustal and marine) and three factors were an-
(Volkamer et al., 2006; Goldstein and Galbally, 2007; Kary- thropogenic (heavy oil combustion, transportation, and sec-
dis et al., 2007), suggesting that we do not understand thendary aerosol). Considering the absence of industrial plants
aging of OA well. close to the site, the presence of aerosol from heavy oil com-
Recent advances in aerosol mass spectrometry and facttwustion suggests influence of long-range transport of pollu-
analysis allow us to also separate OA based on its bulk chemtion from continental sites (Koulouri et al., 2008).
ical characteristics. Typical resulting classes include a re- The above studies greatly enhanced our understanding of
duced component (hydrocarbon-like organic aerosol, HOA)the sources and composition of aerosol particles in the East-
a biomass burning component (BBOA), and a more oxidizedern Mediterranean. However, the lower time-resolution char-
component (oxygenated organic aerosol, OOA) (Zhang et al.acteristic of filter samples precludes analysis of changes in
2007). Most of the organic aerosol mass is OOA: in urbanaerosol composition by time of day, and it also limits the
areas, OOA comprises on average 60% of the organig¢ PMability to observe changes by source region. Furthermore,
(particulate matter smaller than 1 um in diameter), while inthe filter OC analysis technique only allows for a total mass
remote areas in the absence of large sources (e.g. biomagseasurement of organic carbon and does not provide infor-
burning), OOA often exceeds 90% of organic PfZhang  mation on the extent of oxidation of the organic aerosol.
et al., 2007; Morgan et al., 2010). OOA can frequently beIn the present study, we employ a quadrupole aerosol mass
further separated into highly oxygenated OA, now referredspectrometer (Q-AMS, or AMS) to characterize the non-
to as low-volatility OOA (LV-OOA), and less oxygenated refractory submicron particle mass (NR-PMJayne et al.,
OA referred to as semi-volatile OOA (SV-OO0A) (Jimenez 2000; Jimenez et al., 2003; Canagaratna et al., 2007). The
et al., 2009; Ng et al., 2010; Ulbrich et al., 2009). Fresh AMS measures NR-PMin real time and thereby avoids po-
POA corresponds closely to HOA; OOA is generally asso-tential problems that may arise when collecting, transport-
ciated with oxidation products in the particle phase: OPOAing and storing filter samples. The AMS complements other
or SOA. While AMS factor analysis cannot usually distin- aerosol characterization techniques such as filter samples in
guish between OPOA and SOA, the source types of OPOAhat it allows us to:
(emitted as particles) and SOA (emitted as gases) are often
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1) Measure the size-resolved composition of NR1Pal 2007). The particles were not dried before sampling. The
high time resolution. particle number distribution was monitored using a scanning

) . . mobility particle sizer (SMPS, TSI model 3034). The volatil-
2) Study the organic aerosol mass spectrum, its underlyingy, of OA was measured using a thermodenuder system built
components and its approximate oxidative state. based on the design of An et al. (2007). A number of other

3) Investigate the variation in the aerosol composition with Measurements were performed during this campaign. Of par-

photochemical conditions (time of day) and source re_ticular interest to this study are RMilter samples, which
gion of the aerosol provided a separate measure of the concentration of inor-

ganic and organic aerosol; a steam sampler (Khlystov et al.,

Previous campaigns combined airborne measurements df995), which provided an additional measure of the concen-
particles and gases, measurements from ships and measuf&ation of inorganic aerosol; and nephelometers, which mea-
ments at land-based stations including Finokalia, and theypured aerosol light scattering. Other instruments present at
showed that measurements at Finokalia are representatiyé€ site during FAME-2008 included a rotating drum im-
of the background Eastern Mediterranean atmosphere (Kouactor for measuring metals (Bukowiecki et al., 2009, and
varakis et al., 2002; Lelieveld et al., 2002). As such, this references therein), aethalometers (aerosol light absorption)
study provides insights about aerosol in the Eastern Mediternd gas monitors for NQ CO and CQ. Meteorological data

aerosol in general. etc.) are also available. A summary of the measurements

from most of these instruments is presented by Pikridas et
al. (2010).
2 Experimental

2.1 Sampling site 231 Q-AMS

Measurements were conducted at the Finokalia Station of thefhe Q-AMS alternated operation between mass spectrum
Environmental Chemical Processes Laboratory of the Uni-(MS) scanning mode and particle time-of-flight (0 ToF) mode
versity of Crete. The station is located at a remote coastabvery fifteen seconds. The sample averaging time was set at
site in the northeast of the island Crete, Greece, in the Easterthree minutes, and further averaging was performed in the
Mediterranean (320 N, 25°40 E, 150 m above sea level). post-analysis of the data. The vaporizer temperature was
Itis located 50 km east of Heraklion, the most populous city set at 600C to ensure fast and complete vaporization of the
of the island, and 400km southwest of Athens, the clos-ammonium sulfate. The AMS measures only non-refractory
est megacity. The nearest settlement is a small village o{NR) PMy, i.e. compounds that flash-vaporize at the heater
10 inhabitants, about 3 km south of the station. A more de-temperature of 608C. It does not measure refractory mate-
tailed description of the site has been published elsewhergial such as black carbon, sea salt and silica (dust). Consid-
(Mihalopoulos et al., 1997), and the meteorological condi-ering that previous measurements have determined that most
tions during this specific study are described by Pikridas e{(~90%) of the fine particle mass (PM) at Finokalia is non-

al. (2010). refractory (Koulouri et al., 2008) and that sea salt and silica
. are mostly present at the larger sizes in the;Blvange, the
2.2 Measurement campaign fact that the AMS cannot measure refractory species is ex-

ected to affect total PMmeasurements by less than 10%

The measurements were conducted during the Fmokah%nd is therefore not a large concern.

Aerosol Measurement Experiment-2008 (FAME-2008), o ]
which was part of the EUCAARI intensive campaign during Qua_nnflcatlon qf aerosol cor_wentratlons measu_reql by the
May 2008 (Kulmala et al., 2009). An overview of the mea- AMS is challenging due to incomplete transmission of
surements and results of FAME-2008 (Pikridas et al., 2010)&rger particles~400 nm vacuum aerodynamic diameter)
and a detailed analysis of the organic aerosol volatility (Leethrough the high-throughput aerodynamic lens and particle
et al., 2010) are presented in companion publications. Herg20unce at the vaporizer. We estimated the AMS collection
we shall focus on results from the AMS measurements, eséfficiency (CE) for these data by matching AMS mass distri-

pecially the composition and characteristics of the organic®utions and SMPS volume distributions using the OA density
aerosol. and AMS CE as fitting parameters (Kostenidou et al., 2007),

as described in more detail in our companion paper (Lee
2.3 Instrumentation and methods et al., 2010). Fitting the distributions up to approximately

500 nm mobility diameter minimizes the importance of the
The size-resolved chemical composition of the aerosol wadail of the distributions where both of the instruments are less
measured using a Q-AMS from Aerodyne Research, Increliable. This method does not allow us to separate the effects
(Jayne et al., 2000; Jimenez et al., 2003; Canagaratna et abf particle transmission through the lens and particle bounce
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at the vaporizer; hence, the estimated CE may account foa proxy for fresh, hydrocarbon-like organic aerosol (Zhang
both effects. et al., 2005a, b; Aiken et al., 2009). At a remote site such
The AMS provides three separate measures of the NRas Finokalia, the signals at/z43 andm/z57 may be mostly
PM; that are used in this analysis: the chemical composi-due to oxidized ions. In any case, a low signahdz57 is
tion, the total mass spectrum from which the organic massndicative of low or no contribution from HOA, and the rela-
spectrum is derived, and the aerosol size distribution basetlve abundance of ions at/z43 andm/z44 are indicative of
on the vacuum aerodynamic diameter (Canagaratna et althe extent of oxidation of the OA.
2007). The collected data were analyzed using a standard
AMS fragmentation table and batch table (Allan et al., 2004),2.3.2 Thermodenuder
with a few modifications. These modifications, as well as de-
tails on the calibration of the AMS and correction of the data Changes in organic aerosol composition with moderate heat-
for ambient humidity are explained in Appendix A. ing and evaporation, as well as OA volatility, were analyzed
The relative organic spectra are the contributions of theusing a thermodenuder system based on the design described
organic fragments at each/zto the total organic mass. The by An et al. (2007). In brief, aerosol passes alternately
mass fragments an/z44 mostly correspond to the GQon through the thermodenuder, heated to a predefined tempera-
(Aiken et al., 2008) and can therefore be used as a semiture, or a bypass line. The aerosol flow direction is controlled
empirical measure of the extent of oxidation in the system.by two 3-way valves. Activated charcoal is used in the cool-
Aiken et al. (2008) have shown that the fraction of organic ing stage to absorb the organic vapors and thereby avoid re-
mass am/z44, f44=[m/z44] (ug nT3)/Coa (g M 3), where  condensation onto the particles. The aerosol is sent through
Cona is the total mass concentration of the organic aerosolthe same sampling line to the SMPS for online measurement
can be used to estimate the oxygen to carbon ratio (O:C) irof the particle size distribution and to the Q-AMS for real-
the organic aerosol. They found significant correlation be-time measurement of the particle chemical composition. The
tween O:C andfs4 described by the following least-squares Vvolatility of the organic aerosol and changes in its composi-
fit: tion are determined by comparing the residual aerosol after
the thermodenuder to the ambient aerosol that was passed
(0:C) = (3.82+0.05)- f24+(0.0794+0.0070, (95%C) through the bypass line. The SMPS data is used to correct
R?>=0.84 (1) for number losses in the thermodenuder. The details of the
volatility analysis are presented by Lee et al. (2010). Here,

in Mexico Ci h licabili he d we will focus on the effect of aerosol heating and evapora-
surements in Mexico City, so the applicability to the data ;,, o the relative organic aerosol spectrum measured by
presented here is uncertain. However, it will nevertheless, Q-AMS

provide an estimate of the O:C ratio of the OA measured at
Flnokallg, andfa4 is expected to be correlated with the extent 2373 Other measurements
of oxidation of the OA.

Aiken et aI.. (2008) alsp found a signifigant correlation be- o gteam sampler ion chromatograph was used to measure
tween the ratio of organic mass to organic carbon (OM:0OC)yater-soluble inorganic ions. Water soluble gaseous species

and O:C. This relationship was found to be applicable to fieldere removed before detection (see Pikridas et al., 2010 for
data as well as laboratory data and is described by: details).

(OM: OC) = (1.260+0.002) - (O: C) + (1.180+0.001), Daily PM13 and PM 3_1¢ filter samples were collected
R2—0.997 @) using a virtual impactor (Loo, 1988). For the analysis of in-

organic ions, filters were extracted with nanopure water and
Thus, we can use the observgg to estimate O:C (O water-soluble ions were measured by conductivity detectors
— “O:C estimated byfs4”) and OM:0Cy4 of the organic  (see Pikridas et al., 2010 for details).
aerosol measured at Finokalia. Carbonaceous material was analyzed fromyRidllected

In addition to the fragments an/z44, we will also fo-  daily on quartz fiber filters. Elemental and organic car-
cus on the fragments an/z43 andm/z57. In ambient bon (EC and OC) was measured from these filters using a
air, the fragments am/z43 are often primarily gH3zO™ thermal—optical transmission method and a carbon analyzer
with a smaller contribution from §,1-|;f. In ambient studies (Pikridas et al., 2010).
close to sources, the fragmentsnatz57 are often primar- Two nephelometers (Radiance Research Integrating Neph-
ily C4H;,r with a smaller contribution from singly-oxidized elometer, Model M903) were used to measure light scatter-
species such aszBl50". For example, in Riverside CA, a ing coefficients of the aerosol. The nephelometers were kept
mass spectrum from the late afternoon shows approximatelynder a weatherproof sunshade in order to ensure that op-
2/3 of the signal ain/z57 due to the non-oxidized fragment eration was under ambient temperature, which was moni-
(DeCarlo et al., 2006). Hencdys is often used as a proxy tored at the inlet of each instrument. One nephelometer mea-
for moderately oxidized organic aerosol afigt is used as  sured the scattering coefficient at ambient relative humidity

This correlation was primarily derived from ambient mea-
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(average RH=46%), while the second nephelometer was conp; =tan 1(B1/A1) if A1>0 (6b)
nected to a diffusion drier and measured at lower RH (aver- _

age RH=19%). ¢p1=m/2 if A1=0 (6¢)
2.3.4 Categorization by source region The portion of the variance explained by the first harmonic,

analogous to a correlation coefficier®) commonly com-
We categorized the air masses based on their source regigruted in regression analysis, is given by
using the potential emission sensitivity values (PES) of the
footprint residence time plots from the FLEXPART model Vi=1@/m)-AZ)/((1=D)-5%] )
(Stohl et al., 1998). The details of this analysis are describedyheres is the standard deviation of thevalues.
in a companion paper (Pikridas et al., 2010) and more de- The amplitude describes the magnitude of the diurnal cy-
tails on PES values can be found in Seibert and Frank (2004)kle. The phase describes to what extent the observed cycle is
The resulting categories, named by the region from which theyffset from a standard cosine curve.
air masses seemed to originate, are: marine, Africa, Athens,
Greece and other continental. Athens and Greece were se2-3.6 Positive matrix factorization of organic aerosol
arated from other continental regions in order to investigate
whether it is possible to detect the signature of the closes¥Ve applied positive matrix factorization (PMF; Paatero and
megacity or the closest continental region (Greece) at thelapper, 1994) to the organic aerosol data measured by the

field site. AMS. The PMF2 algorithm (version 4.2) by P. Paatero was
used to solve the bilinear unmixing problem as described be-

2.3.5 Diurnal patterns: analysis of statistical signifi- low. PMF has proven useful in the analysis of ambient or-
cance and characterization ganic aerosol data, and details of the mathematical model, its

application, output evaluation, and factor interpretation have
We conducted one-way ANOVA tests for total bulk concen- been described elsewhere (Lanz et al., 2007, 2009; Ng et al.,
trations (organics, sulfate, ammonium and nitraf@}, fas,  2010; Ulbrich, 2009). A key assumption is that the measured
and organic aerosol factors (PMF, Sects. 2.3.6 and 3.2.3}ataset can be separated into a number of constant compo-
as dependent variables, and time of day as the independeRgnts (here, AMS mass spectra) contributing varying con-
variable. ANOVA tests determine whether there are statiscentrations over time. The problem is represented in matrix
tically significant differences in the mean values of the de-form by:
pendent variables (Atkinson-Palombo et al., 2006). While
ANOVA tests determine the statistical significance of varia- X =GF+E (8)

tion by time of day, they cannot quantify or characterize thewherex is anm - n matrix of the measured data with rows

diurnal cycle. Thus, we also conducted harmonic analysismc average mass spectra (number of time periedsandn
(Wilks, 1995; Atkinson-Palombo et al., 2006) to character- columns of time series of each/zsampled (number af/z

ize the diurnal cycle. _ L fit=n). F is ap-n matrix with p factor profiles (constant mass
In brief, the general harmonic function is given by: spectra) G is anm - p matrix with the corresponding factor
Vi =54 Crcos2t/n — i) () contributions, and is them -n matrix of residuals.G and
F are fit to minimize the sum of the squared and uncertainty-

wheret is the time (1-24 in the diurnal analysis presentedgcgied residuals (Paatero and Tapper, 1994).
here),y is the mean of the time series (eyg.is the mean

value of f44 during hourt, y is the mean value for the whole

campaign)Cy is the amplitude of thé’” harmonicy isthe 3 Results and discussion

period =24 here) an@ is the phase. Using only the first

harmonic, the amplitude of the diurnal cycle can be estimated-1 Bulk chemical composition from the Q-AMS

by (Wilks, 1995): . . »
y (Wi ) Figure 1 shows the chemical composition of the dry NR1PM

C1=[A3+B?)Y/? (4)  measured by the AMS as a function of time, as well as the
campaign average contributions of the different aerosol com-

where ponents to the total aerosol mass (inset). Over the course
A1=2/n- Zyl cos2t/n) (5a) of the campaign, total dry NR-PMconcentrations measured
by the AMS ranged from 2 pgn? to 24 pg n13; the average
B1=2/n- Zy,sin(Zm/n) (5b) was 9 ug m3. The periods of relatively high aerosol concen-
o trations at this remote site are due to transport of pollution.
The phase is given by: The largest fraction of the sampled aerosol was ammonium
¢1=tan }(B1/A1)+£x if A;<O (62) sulfate and ammonium bisulfate, followed by organics and

a very small contribution from nitrate. This is in contrast to
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Fig. 1. Time series (9-min averages) of total mass concentrationgz_ig' _2' 'I_'he campaign average ambient particle time-of-flight size
of dry, non-refractory (NR) PN measured by the AMS and the distributions of the different aerosol species measured by the AMS

campaign average composition (inset). The average dry NR-PM versus vacuum aerodynamic diameter. Dashed black lines are lo-
concentration was 9 ug™. Source Iabe.ls point to examples of air cated at the peaks of the organic and the sulfate size distributions
masses from different regions. (430nm and 470 nm, respectively) and are included to guide the

eye. Submicrometer particles sampled during FAME-2008 had sim-
ilar composition.

most other regions in Europe, where the concentrations of

organic aerosol are observed to be 1.5-2 t.imes Ia.rger thaBIed during FAME-2008 had rather similar composition.
those of sulfate (Morgan et al., 2010). The inorganic molarThjs js consistent with remote sources of the aerosol and
ratio NFQ*/(Z-SO% +NO;) measured by the AMS was 0.82 \ith aimospheric processing and mixing before sampling at
on average with a standard deviation of 0.09, suggesting thaginokalia. The sulfate distribution is slightly shifted to the
the aerosol was acidic most of the time. (A molar ratio of 1 iyt of the others. This could be due to slower vaporization
corresponds to neutral aerosol; a ratio smaller than 1 corregmes of sulfate and to changes in the sulfate/OA ratio over
sponds to acidic aerosol.) Nitrate measured by the AMS maye course of the campaign: During periods of higher NR-
include organic nitrates, but since the measured nitrate COMpM, concentrations, sulfate/OA was usually higher and the
centrations were always low, the exclusion of nitrate in thegjze of the particles was often larger. This moves the sulfate
inorganic molar ratio does not change it significantly. Fil- gistribution to the right of the organic distribution when aver-
ter measurements of the coarse particles showed that the%‘ging over the whole campaign. This has only a small effect;
was more nitrate in the larger particles, mostly in the form ga,050) composition was rather homogeneous with size.
of sodium nitrate (Pikridas et al., 2010). Figure 1 also indi- The estimated collection efficiency (CE) of the ambient
cates some time periods when the aerosol was influenced byarosol in the AMS was 0.850.08 (the estimated CE of the
different source regions. denuded aerosol was 0£6.09). The CE for this data set
Analysis of variance (ANOVA) revealed no statistically js significantly higher than the standard CE of 0.5 used in
significant variation by time of day for OA concentrations most studies. One reason for this difference may be that,
(p=0.12), sulfate concentrationg = 0.30) or ammonium iy other studies, the aerosol is often dried before sampling
concentrations = 0.81). Nitrate concentrations measured \yith the AMS. Drying the particles may change the physi-
by the AMS revealed possibly significant variation by time ¢3 state of the particles from liquid to solid, which may re-
of day (p =0.04); however this variation appeared random gyt in increased particle bounce on the vaporizer, decreas-
and did not follow a specific diurnal pattern. The lack of di- ing CE (Matthew et al., 2008). The aerosol sampled during
urnal variation in the bulk aerosol composition measured byFaME-2008 was highly hygroscopic: the aerosol mass was
the AMS is partially a result of the absence of local sourcesmostly inorganic and often slightly acidic, and the organic
close to the field site. The production of the aerosol occurSraction was highly oxidized (Sect. 3.2). The ambient parti-
far away from the site, and concentrations measured at thg|eg always contained some water, suggesting that they were
site may be more dependent on the aerosol source regiog, 3 liquid state, potentially leading to more efficient sam-
and the meteorological conditions along its trajectory thanp"ng and higher CE. The estimated CE is corroborated by
on time of day and the local photochemical conditions. the agreement between the CE-adjusted concentrations from
Figure 2 presents the campaign average, chemicallythe AMS and measurements from other instruments.
resolved AMS particle time-of-flight (pToF) spectra of the
ambient aerosol. The modes of the different aerosol species
(organics, sulfate, ammonium and nitrate) are at similar di-
ameters, suggesting that the submicrometer particles sam-
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Comparison to other instruments

11
. . 104 a) Poe
In Fig. 3a, we compare corrected daily averaged AMS sulfate O
measurements to the RMfilter measurements (slope=1.09, 97 Llline .
R?=0.95) and to steam sampler data (Slope=0FF%0.79). T8
In order to compare the organic mass (OM) measurements g 7 ‘) .
from the AMS to the organic carbon (OC) measurements g 6- 5
from the filters, we use an OM:OC ratio of 2.2, estimated £ 5 éf’ o
using the correlations developed by Aiken et al. (2008) pre- 4 V' 2
sented in Sect. 2.3.1 and the campaign-aveyagef 18.2% Z 34 33\Q\
(Sect. 3.2.1). The resulting comparison of organic mass mea- 24 o e O Steam Sampler
sured by the AMS and that measured by the filters is shown 14 Filter
in Fig. 3b (slope=1.1R%=0.78). The corrected AMS data 0
and the filter data agree well. 0 1 2 3 4 5 6 7 8 9 10 11

The light scattering coefficient of particles is expected to
correlate with total particle mass concentration. Thus, we
can also use the data from the nephelometer to further check 4] b

: )
the AMS measurements. Figure 4 shows that the scatter- ] .
ing coefficient of dried aerosol measured by the nephelome- ] e line
ter correlates well with the dry aerosol mass concentration
from the AMS (R%2=0.71). The slope of the orthogonal dis-
tance regression (2.8%g~1) is equivalent to the mass scat-
tering efficiency. The small intercept of 2400~% m~ may
be caused by the smaller size cut-off of the SMPS and the
AMS compared to the nephelometer. In addition, consid-
ering that the aerosol was highly hygroscopic, the particles
measured by the nephelometer may have contained some wa-
ter even though a diffusion drier was used upstream of the
nephelometer. A more thorough comparison of the AMS and
nephelometer data, estimating the aerosol light scattering co-
efficient from the AMS chemical composition and aerosol
size distribution, will be presented in a future publication.

In summary, after applying several corrections as ex-

Filter and Steam Sampler Sulfate (ug m-g)

AMS OA (ug m*)
N
1

o
L

T — T
1 2 3 4

Filter OA (ug m™)

Fig. 3. (a) AMS sulfate measurements versus measurements from

: : : : filters (slope:1.09,R2:O.95) and a steam sampler (slope=0.97,
lained in Appendix A and correcting the AMS data for the : \
P . PP . 9 R2=0.79).(b) AMS organic aerosol (OA) measurements versus fil-

CE estimated as explained by Lee et al. (2010), the AMS o ; SN

d Il with d f fi d bl IIter measurements (slope=18¢=0.78) using OM:0C=2.2. The
z_alta agree well with data from filters and reasonably Well \n15 measurements agree well with filter measurements.

with data from a nephelometer. We estimate that the cor-

rected mass concentrations from the AMS are quantitative to

within 30%, consistent with previous estimates of the uncer-

tainty in AMS measurements (Bahreini et al., 2009, auxiliary Sect. 2.3.1. After studying backward trajectories from the

material). HYSPLIT model (NOAA), we estimate that it takes approx-
imately 1 day of atmospheric processing for the aerosol to

3.2 Organic aerosol composition from the Q-AMS reach this highly oxidized state. This is consistent with ob-
servations of increasing O:C and aging measured by aircraft

3.2.1 High OH exposures produce highly oxidized studies in Mexico City (DeCarlo et al., 2008; Jimenez et
organic aerosol al., 2009). In order to obtain an order of magnitude esti-

mate of the OH exposure corresponding to 1 day of atmo-
The relative organic mass spectrum from the AMS did notspheric aging, we use correlations developed from measure-
change appreciably over the course of the campaign, despit@ents taken at Finokalia during the Mediterranean Intensive
the influence of different source regions. Figure 5 shows 1-hOxidant Study (MINOS) in the summer of 2001 (Berresheim
averages 0ff43, fa4 and fs7 as a function of time during the et al., 2003). OH levels in the Eastern Mediterranean dur-
campaign. The organic aerosol was highly and almost uniing the summer are extremely high, reaching maximum val-
formly oxidized (high f44) throughout the campaign. The ues greater than>210’ molecules cm?® (Berresheim et al.,
averagefs4 of 18.2% corresponds to an QiCof 0.8 and  2003). We also use data 0Oj\o,, the photolysis rate of
an OM:0Gy4 of 2.2 using the correlations introduced in NO, which was measured during MINOS and FAME-2008.
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Y mass (g ) Fig. 5. Time series of one-hour averages ff;, f44 and f57 in

the ambient aerosol. The averagefgh was 18.2% (horizontal red

Fig. 4. Comparison of the scattering <_:oeff|C|ent of dry piieph- ._band;oc=2%), the average of,3 was 5.3% (horizontal blue band)
elometer) to the dry AMS mass (9-min averages). Orthogonal dls-and the average ofs; was 0.7% (horizontal grey band), consistent
tance regression to the data yields a slope of 2§n, equiv- 9¢ 957 0 grey :

alent to the mass scattering efficiency, and a small intercept o?Nlth highly aged organic aerosol.
2.0x10%m~1,

fas. This is unlike the results of laboratory experiments,

More details on this estimate can be found in Appendix B.where an OH exposure o64.0'° molecules cm? s (a factor
We estimate that 1 day of atmospheric aging during FAME-of 10 lower than in the FAME-2008 example) has resulted in
2008 corresponds to an OH exposure of approximately 4 an fa4 increase from 5% to 12% in aged Diesel OA (Sage
10 moleculescm®s. Our results suggest that this expo- et al., 2008) and arfs4 increase from 4% to 8% in aged
sure is sufficient to drive OA from various source regions, woodsmoke OA (Grieshop et al., 2009a, b). The slow in-
which probably have different POA/SOA splits initially, to crease infs4 observed during FAME-2008 is also different
this highly oxidized state. from the generally rapid photochemical processing of OA on

In order to obtain insights on how quickly the increase in a regional scale observed by Morgan et al. (2010) and in this
fasa OCCUrS, We comparefl, in aerosol masses from similar study: after only 1 day of aging, the OA is very processed
source regions but with different transport times before de-and highly oxidized. The seemingly slow further oxidation
tection at the site. Estimating the age of the organic aerosobf aged OA could be due to fragmentation of organic com-
is challenging, especially since we do not know when andpounds, which becomes more important at higher O:C (Kroll
where along a trajectory the aerosol was emitted. We willet al., 2009). When compounds fragment upon oxidation,
evaluate the OA age in more detail in a future modelingthey may volatilize, thereby slowing the oxidization of the
study. Here, we shall approximate the age as follows: usensemble organic material in the particulate phase.
ing HYSPLIT trajectories, we estimate the minimum atmo- The difference in the relative organic mass spectrum of the
spheric processing time (MAPT) of aerosol as the amountdenuded versus the ambient aerosol also did not vary much
of time between detection at the site and when the trajecover the course of the campaign. Figure 6 shows 12-h av-
tory last passed over a continent. As a case study, conerages of the fractional change #f; and f44 in the ther-
sider the OA measured at 17:00 local standard time on 23nodenuder (TD) compared to the ambient aerosol which
May and at the same time on 24 May. On both days, thewas passed through the bypass (BP) line, efgsfp —
aerosol arrived from the north-west; however, on 23 May it fa3sp)/ fa3.8P, When the thermodenuder was operated at 97—
bypassed Greece (the last contact with a continent was Italy)117°C centerline temperature. The fractional change ap-
whereas on 24 May it passed over Greece and Italy. For th@ears to be close to zero throughout the campaign. A possible
aerosol on 23 May, MAPT was 33 h (corresponding to anexception is during 19—21 May, when the air mass originated
approximate OH exposure os@ 0" moleculescm3s) and  from Africa. This time period also exhibited the highest el-
f44=22%. On 24 May, MAPT=15 h (approximate OH expo- emental carbon concentrations of the campaign (Pikridas et
sure of 410" molecules cm?®s) and f44=19%. Twice the al., 2010), suggesting that the air mass was influenced by ma-
OH exposure results in only a slightly highgrs. A simi- jor cities in Africa. Thus, the OA measured during this time
lar trend was observed at other times during the campaignperiod may have been fresher than the OA measured at other
While this is only a rough estimate it indicates that, un- times during the campaign. This is the only time during the
der the highly oxidative conditions observed during FAME- campaign when the behavior of the OA composition in the
2008, additional increase gfy4 is relatively slow: aerosol thermodenuded aerosol versus the ambient aerosol is consis-
that appears to be much older exhibits only slightly highertent with the inverse relationship betwegp and volatility
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and possibly contained the freshest organic aerosol sampled during "

the campaign.

Fig. 7. The average relative organic spectra of the ambient and the
thermodenuded organic aerosol (O4g) The thermodenuder was
operated at 97-11CC centerline temperature and about half of the
total OA mass evaporated. The ambient OA spectrum (light green
sticks, grey error bars) closely resembled the thermodenuded OA
spectrum (orange dots, black error bars). Error barstdre the

. . . . averaged errors calculated by the standard Q-AMS data analysis
Considering the limited variation in the organic aerosol over ¢g¢vare (v1.41). (b) The average relative organic spectra when

the course of the campaign, we now focus on the averageghe thermodenuder was operated 140-IG@enterline tempera-
mass spectra to explore the overall behavior and characteture and about 3/4 of the total OA mass evaporated. The spectra of
istics of organic aerosol sampled during FAME-2008. Thethe ambient and the thermodenuded OA are more distinct, but the
campaign average relative organic spectra from the AMS arelifferences are not statistically significant.

shown in Fig. 7 for 1Z2m/z<100, which comprised over

99% of the organic mass. Error bars are the averaged stan-

dard errors calculated by the method of Allan et al. (2003),
using the standar_d Q'AMS.‘ data analysis softwa_re (v141) eriments (Grieshop et al., 2009b) or in field studies closer
The average relative organic spectrum of the ambient aeros

liah ick b losel bled the rel the sources (Huffman et al.,, 2009). In these studies,
(light green sticks, grey error bars) closely resembled the re the thermodenuded organic aerosol is observed to have a

ative organic spectrum of the thermodenuded aerosol (orangﬁr ;
er compared to the ambient aerosol. These obser-
dots, black error bars), when the thermodenuder was oper, ger fas P

d at 97-117C i Fig. 7a). At th vations are consistent with an inverse relationship between
ated at 97— centerline temperature (Fig. 7a). At these extent of oxidation and volatility: holding the carbon num-

Lerlr;pefr?]tures, Itf(])eAheatmg in the thermoier;]gdﬁr ca;]used 3b°l5'ér of the molecule constant, more oxidized (functionalized)
alt of the tota mass to evaporate. At higher thermo e'compounds have a lower volatility and are therefore more

n?dﬁr tem;laeratures (140-130, Fig. 73)’ hwhenl about 3/4 a1y to remain in the aerosol phase upon heating. The OA
of the tota O'A.‘ Mass was evaporgte , the relative Org"’m'csampled in these studies is a mixture of fresher and more
mass spectra in the ambient and in the thermodenuded O’%xidized OA, and the more oxidized OA is typically less

had small differerjces. For examplgsg in the_thermode-_ volatile. Hence, the thermodenuded OA, from which the
nuded, less volatile aerosol was lower than in the amb'en?resher more volatile components have been stripped, ex-
aerosol; however, the difference is not statistically signifi- p.u.o h’igherf44 During FAME-2008, however, almost é”
cant ¢ =109, =—15,p= 0'1.4)’ and we conclude that the OA was highly oxidized, and the aged aerosol was not mixed
thermodenuded and the ambient organic aerosol had approxgih fresher OA (except possibly on 19-21 May as men-
imately the same composition. tioned above). In this highly oxidized organic aerosfly
does not have an inverse relationship with volatility. The

discussed below.

3.2.2 Average relative organic spectra and insights into
f 44 vs. volatility

This is in contrast to observations in many laboratory ex-
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lack of correlation between volatility and O:C is consistent
with compounds produced via fragmentation or oligomer-
ization. In the fragmentation pathway, O:C increases by net
loss of carbon rather than net addition of oxygen (Kroll et
al., 2009). Thus, an increase in O:C is not necessarily as-
sociated with a decrease in volatility since the decrease in
volatility due to the addition of oxygen can be offset by an
increase in volatility due to fragmentation. While fragmen-
tation can result in compounds with different O:C but similar 0,00
volatility, oligomerization can result in compounds of differ- 10 20 3 40 50 60 70 80 90 100
ent volatility with similar O:C. The fragmentation pathway 025 L
is more likely in highly oxidized organic aerosol; thus it may ]
be the dominant pathway in the late stage of the oxidation
process observed during FAME-2008. The available data do
not allow us to more than speculate about the importance of
this process.

0.25 FERTURTERE FRRTERTERE FRRTERTRN] FRUTE RTRNI FURTUATRTI FRRTA RTRT] FRRTURTRT] FRRTURTAR] FRRTARTRT]

] OOA-1: more oxidized (higher f4,)
0.20
0.15

0.10

0.05

Fraction of Total Organic Signal

] OOA-2: less oxidized (lower f,)
0.20] but similar volatility

0.15
0.10

3.2.3 Positive matrix factorization 0.05

Fraction of Total Organic Signal

. . . . . 0-00A””I””[””I””[””I”"["”I”"["”I”"["”I”"["”I””[””I””[””I””
Various PMF solutions (obtained with different numbers of 10 20 30 40 50 60 70 8 90 100

factors, rotational states, etc.) were examined and evaluatec. miz
with respect to mathematical diagnostics and ancillary data
(notincluded in the PMF analysis, e.g. AMS-sulfate). The 2- Fig. 8. Factor profiles of the more oxidized OOA-1 (top) and less
factorial PMF solution (rotated bfpeak=—0.20) appears to ~ ©Xidized OOA-2 (bottom).
best represent our data. For example, the sum of the squared,
uncertainty-weighted residuals relative to its expected value _
(Q/Qexp) decreased by 33% from the 1-factorigil) to ~ While OOA-1 did not §?=0.00). Thus, OOA-1 was cor-
the 2-factorial p=2) solution, but only by another 4% from related with the less volatile inorganic component (sul-
p:2 to p:3 The unexp|ained mass fraction was about 1%fate) However, OOA-1 is not less volatile than OOA-2
using p=1, but <0.1% usingp=2 and more factors. These according to the thermodenuder data: the factor profiles
and more details on the PMF analysis are discussed in Apfrom PMF analysis on the full data set using ambient
pendix C. and thermodenuded OA (also referred to as TD-AMS-PMF,
We first focus on the PMF results of the ambient data. Huffman et al., 2009) are not significantly different from the
The profiles of the two factors, both OOA-like, are pre- factor profiles from PMF on the ambient data only (AMS-
sented in Fig. 8. We name the more oxidized factor 00A-1PMF). Furthermore, the contributions of the two factors are
(f43=4.5% , £24=21.7%) and the less oxidized factor OOA-2 Very similar in t.he full data;et (OOA-1 61%, OOA-2 39% on
(f43=6.5%, f14=13.1%), consistent with previous studies average_:) and in _the ambient-only data set (59% and 41%,
(Lanz et al., 2007; Morgan et al., 2010; Ulbrich et al., 'éSpectively). Figure 9 shows that, throughout the cam-
2009). HOA (hydrocarbon-like organic aerosol) was not palgn,_the relatlvg fraction of OOA-1 in the total OA is the
present in detectable amounts, as confirmed by several meti§@Me in the ambientfoa-1p,) and the thermodenuded
ods: unconstrained PMF (presented here), PMF with a pre9rganic aerosol f{opa-11p)- Orthogonal distance regres-
scribed/constrained HOA profile using the multilinear enginesion betweenfopa-1p, @nd fooA-11p Yields R?=0.79,
(Lanz et al., 2008), and correlations @f; and HOA con-  slope=1.01, and intercept=0.04. This is another indication
centrations from Aiken et al. (2009) and Lanz et al. (2009). that the organic aerosol measured during FAME-2008 does
The absence of HOA in this dataset is different from mostnot exhibit the commonly observed inverse relationship be-
other published PMF data (Ng et al., 2010). This is consistentween volatility and extent of oxidation, and it is the primary
with the absence of sources close to the site and the very loweason why we did not name the two OOA factors LV- and
measuredfs7. The sources influencing the site surely con- SV-OOA (Jimenez et al., 2009). In fact, the Qz©f OOA-1
tain primary as well as secondary organic aerosol, but wherand OOA-2 are approximately 0.9 and 0.6, respectively, and
the aerosol reaches the site, it has been diluted and oxidizel@dence span the range of O:C previously associated with LV-
enough that all OA has been converted to OOA, a mixture ofOOA (Jimenez et al., 2009).

OPOA and SOA. This raises the question of the physical meaning (other
OOA-1 correlated with sulfate measured by the AMS than differences in volatility) of the two OOA factors found
(R?=0.68), whereas OOA-2 did notkRf=0.00). OOA-2 here, and whether or not a 1-factor solution — yielding one

showed a weak correlation with AMS nitrat&4=0.07), OOA-component correlated with AMS-sulfat®4=0.56) —
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) ) ) ) Fig. 10. Time series of PMF factors (OOA-1 and OOA-2, left ver-
F|g._9. The relative fractions of OOA-1 in the thermodenuded or- jjc5 axis) and inorganic acidity (right vertical axis). During some
ganic aerosol when the thermodenuder was operated at 97€117 time periods (23-26 May, light green oval), the concentrations of
centerline temperature (orange, stars) and of the ambient organige factors are correlated with inorganic acidity. During other time
aerosol (green, crosses) are very similar throughout the campaighyeriods (29-30 May, dark green oval), significant changes in the

The organic aerosol measured during FAME-2008 does not exhibilyoa factors are not accompanied by a significant change in inor-
the expected inverse relationship between volatility and extent Ofganic acidity.

oxidation.

might be more appropriate. Factor analysis is not always pos-
sible on highly aged organic aerosol datasets. For example,~
Dunlea et al. (2009) found that the limited spectral variabil-
ity in their measured organic aerosol precluded them from
separating it into physically meaningful factors. Here we ex-
plore the possible physical meanings of the two OOA factors
found for FAME-2008. The physical meaning could, for ex-
ample, be related to heterogeneous chemistry, photochemical 00 P 12,00 AM 500 AM 1200 PV 600 PN 12,00 AM
aging and the aerosol source region. Considering that the or- May 29 May 30 ;
ganic aerosol observed at Finokalia was highly aged and ex- Time and Day (2008)

hibited low volatility (Lee et al., 2010), organic compounds _ i i ) _

may be mostly in the particle phase and additional aging ma)F'g' 11. Time series of OOA-2 (left vertical axis) on 29-30 May,

be primarily heterogeneous. Since the inorganic aerosol way c" the air mass was influenced by Istanbul and Izmir, and the
2 . ., _estimated OH exposures of the aerosol originating from these cities
usually acidic (Sect. 3.1, Fig. 10) heterogeneous chemistr

; Bfright vertical axis). The concentration of OOA-2, the less oxidized
may be even more favorable. If heterogeneous chemistry fag ganic aerosol, is negatively correlated with OH exposure, suggest-
vors the production of one OOA component over the other,ing that OOA-2 concentrations are related to photochemical aging.
we expect inorganic acidity to correlate with the concentra-

tion of that OOA component. Figure 10 shows that there
were some time periods during which the inorganic aCidityappeared to be influenced by Izmir and Istanbul, two ma-
of the particles correlated with the concentrations of OOA-ljOr cities in Turkey. The figure also shows estimated OH
and OOA-2 (e.g. 23-26 May, light green oval); however, this exposures of the aerosol originating from these cities. Dur-
was not always the case (29-30 May, dark green oval). Theng this time period, OH exposure is negatively correlated
overall correlation of, for example, the fraction of OOA-1 \ith the concentration of OOA-2, the fresher, less-oxidized
and acidity is very weaki*=0.08). This does, however, not qrganic aerosol. However, on average, the concentration
rule out heterogeneous reactions, since Kalberer etal. (2004t 00A-2 does not differ significantly across source re-
showed that oligomerization proceeds also in the absence jSons (Sect. 3.3, Table 1). The presence of a diurnal cy-
inorganic acidity. cle in OOA-1 and OOA-2 (Sect. 3.2.4) further suggests that
Another hypothesis is that the relative contribution of the changes in their concentrations are associated with atmo-
two OOA factors is associated with OA aging and/or its spheric photo-oxidation. Thus, we propose that the OOA fac-
source region. There are time periods during which thetors represent organic aerosol of different photochemical age
source and OH exposure of the OA appear to influence OOAand highlight that photochemical age here is not associated
concentrations. For example, Fig. 11 shows the time seriesvith a change in volatility, at least at this late stage in the oxi-
of the OOA-2 plume during 29-30 May, when the aerosol dation process. The factors probably do not represent groups

OOA-2 (ug m
1T

(5*5}“3 0T X) @insodxa HO

-=OH Izmir
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Table 1. Source region analysis of organic aerosol: summary of results.

Category Marine Africa Athens Greéte Continentd?
(# points) (590) (134) (194) (216) (421)
Organic 2.14+0.8° 1.9+0.8 3.2£0.9 2.6t0.7 3.2t1.0
Concentration

(ug m3)

Sulfate 3.0+£1.3 5.6t1.7 7.5+2.2 6.8t3.0 5.9t2.8
(ngm~3)

faa 0.17£0.02 0.19:0.02 0.19-0.015 0.2@-0.02 0.18:0.02
fa3 0.05+0.01 0.05:0.01 0.05:0.01 0.050.01 0.05:0.01
OO0A-1 1.0+:0.5 1.10.5 2.10.9 2.2:0.9 1.9t0.9
(g n3)

OO0A-2 1.2+£0.7 0.8t0.6 1.2:0.8 0.#0.5 1.5+0.8
(ngm~3)

& Air mass influenced by Greece but not Athens;
b air mass continental, but not from Greece or Athens;
¢ one standard deviation.

of organic compounds from separate sources but rather limits 0.060
associated with continuous variation in organic composition - ] :

due to chemical changes. While factor analysis can often be & ;5 3 / 0.0
used to obtain insights into the sources of organic aerosol ] ‘ p 0:040
(e.g. Zhang et al., 2005b; Lanz et al., 2007, 2008), here it

may be primarily useful by providing insights into chemical
processes affecting OA composition.

0.10 F0.030

F0.020
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0.05 :
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3.2.4 Diurnal variation

3.0 r 3.0

Figure 12a shows the average diurnal variationfgf and o 2.5§ 0OA-1 §2.5 =
faa. The aerosol becomes more oxidized (higligy) dur- £ 501 Foo g
ing the afternoon, when the photochemical activity is higher. :1 i 2 §
The results of the ANOVA tests suggest that this diurnal § 7 S
variation is statistically significant fofss (p < 10-16) and e 109 P10 %
faz (p =2.2x 10711). Harmonic analysis suggests théag £ 051 . Fos
has a diurnal cycle of amplitude 0.002 and a phase of -1.25 o0 a

T T T T T T T 1T 11100

which can explain 77% of the variance, ayigh has a diur- lf,mz,l;y“ roletTIaTe 0z 22232

nal cycle of amplitude 0.007 and phasd.50, which can

explain 73% of the variance. What is notable here is thatrig. 12. (a) Diurnal trend of f44 (left vertical axis, am-
the cycles offs3 and fa4 have a similar phase: a3z de-  plitude=0.007, phase=1.50, p<10-16) and f43 (right vertical
creases fas increases. This may partly be caused by func-axis, amplitude=0.002, phasez.25, p=2.2x10-11). (b) Diur-
tional groups leading tan/z43 fragments being oxidized nal trend of OOA-1 (left vertical axis, amplitude=0.31ug

to functional groups leading tm/z44 fragments. OOA-1  phase=155, p=1.4x10-1?) and OOA-2 (right vertical axis, am-
and OOA-2 also have statistically significant diurnal cycles Plitude=0.20 ugm?, phase=1.16, p=2.2x10~ ). The presence
(Fig. 12b). The OOA-1 diurnal cyclen(= 1.4x10~12) has of diurnal trends provides evidence for photochemical aging.
phase—1.54, amplitude 0.31pgn? and can explain 81%

of the variance. The OOA-2 diurnal cycle £ 5.5x10°8)

has phase 1.17, amplitude 0.20 pgdhand can explain 65% With photochemical aging, the organic aerosol evolves
of the variance. Thus, the OOA-1 diurnal cycle has a veryfrom a less oxidized to a more highly oxidized state. The
similar phase as thg4 diurnal cycle, and the OOA-2 diur- amplitude of the diurnal cycles is small, presumably because
nal cycle has a similar phase as tfig diurnal cycle. This the local aging is slow (Sect. 3.2.1) and most of the aging
may indicate that the OOA-1 factor is driven Ify, and the  has happened before the particles approach the site. Diurnal
OOA-2 factor is driven byfys. cycles in the OA composition are consistent with the notion

OA
]
o]
-
o
o
o
<
o]
-
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of ongoing oxidation at the site. The lack of a diurnal cy- ditions observed during FAME-2008 were strong, resulting
cle in the total OA concentration, despite the diurnal cyclein similar composition and concentration of organic aerosol
in its composition, is consistent with the lack of correlation regardless of the source region. Organic aerosol composi-

between extent of oxidation and volatility (Sect. 3.2.2). tion followed a small but significant diurnal cycle, suggesting
that atmospheric photo-oxidation at the site was ongoing but
3.3 Analysis by source region slow. The organic mass spectrum did not change appreciably

upon heating and evaporating about half of its mass in a ther-
Table 1 presents the means and standard deviations of bullnodenuder. One potential explanation is that the compounds
sulfate and organic concentrationfas, faz, OOA-1, and that remain in the particulate phase in this remote area had
OOA-2 for the aerosol from different source regions sam-very similar AMS spectra and/or volatilities.
pled during the campaign. The source region analyses of ad- Factor analysis of the organic aerosol resulted in two
ditional species, as well as a figure indicating the source recomponents, both resembling oxygenated organic aerosol
gion of the aerosol sampled at any time during the campaign(OOA). Hydrocarbon-like organic aerosol (HOA) was not
is presented in our companion paper (Pikridas et al., 2010)present in detectable amounts. The two OOA factors dif-
Total OA concentrations exhibit little variation with source fer in extent of oxidation but not in volatility; both factors
region, suggesting mostly regional sources of the organidall into the low-volatility OOA range. Organic aerosol fac-
species. In contrast, sulfate concentrations exhibit more varitors obtained from factor analysis often arise from distinct
ation with source region, consistent with point sources inair masses or sources, but this does not appear to be the case
Greece and the Balkans as the source of most sulfate samplérre. Instead, the factors appear to represent limits in a rel-
at Finokalia. The extent of oxidation of the OA, indicated by atively continuous chemical variation arising from different
faa, does not vary significantly by source region. Interest-levels of aging.
ingly, aerosol that appears to be influenced by Athens or the Atmospheric oxidation appears to converge to a highly
rest of Greece, the two closest continental source regionsxidized organic aerosol, regardless of the original organic
does not exhibit a lowerfas than aerosol from the other aerosol source — be it primary or secondary. This implies that
source regions. By the time it reaches the measurement sitéhe oxidation state, which can be approximated as a function
the OA has been diluted and aged enough that it is indistin-of f44, can be used to map the atmospheric evolution of or-
guishable from the other continental aerosol. The fraction ofganic aerosol.
organic aerosol mass at/z43, f43, does not vary by source
region at all. OOA-1 does vary with source region, exhibit- )
ing higher concentrations when the air mass originated fronf\PPendix A
more polluted areas. OOA-2, however, does not show a clear o
trend with source region. One might expect that OOA-2, if AMS calibration and data work-up
it is the “fresher” (less oxidized) organic aerosol, would be
higher from the more polluted regions. The more oxidized

organic aerosol, OOA-1, is expected to be more regional anc’1’he ionization efficiency (IE) of the AMS was measured ev-

therefore more constant with source region. Instead, we Obéry few days (six times between 9 May and 5 June, the time
serve that OOA-_l is variable and hi_gher from the more po"period in which AMS data was acquired) using dried am-
luted source regions. We hypothesize that causes other thap, niym nitrate particles with a diameter of 300 or 350 nm.
time, for example oxidant concentrations, drive the differ- The ratio of IE to the MS airbeam (AB) was constant for
encein the "aging of organic f”l_erOSOI' For example, if pol- o6 cajibrations (within noise), so the average IE/AB value
luted air masses contain significant amounts of ozone, they 4 18,10-13Hz-1 was used for the whole campaign, and

availab_ility of_ water (from the_ sea) and sunlight may Pro- the |E was determined at any point by multiplying IE/AB by
duce high oxidant concentrations (OH ang)@n those air o oyrrent AB. The relative ionization efficiency (RIE) of

masses, resulting in more oxidized organic aerosol. Catego;mmonium measured during the IE calibrations ranged from
rization into even more source regions provided no additional4_16 to 4.58. The variation in the values appeared random:
insights about the OA (Pikridas et al., 2010). therefore the average value of 4.38 was used for the entire
campaign. This is different from the standard value of 4.0.
The flow rate in the AMS was 2.5c¢hs~ L. Lens alignment,
flow calibration and size calibration were performed at the

i beginning of the campaign.
The NR-PM sampled during FAME-2008 was mostly com-

posed of inorganic species, and the organic fraction, which
accounted for about 28% of the dry NR-PMwvas highly

oxidized. The aerosol sampled originated in pristine (e.g.
marine) and polluted regions (e.g. Athens). Oxidizing con-

Al Details on AMS calibrations

4 Conclusions

www.atmos-chem-phys.net/10/4167/2010/ Atmos. Chem. Phys., 10, 4182010



4180 L. Hildebrandt et al.: Aged organic aerosol in the Eastern Mediterranean

A2 Adjustments to standard fragmentation table There are two ways to adjust the AMS data based on am-
_ _ bient humidity: 1) using the measurements during the filter
A2.1  Air fragmentation periods, and 2) using the particle time-of-flight datas£18

andm/z28. The fundamental assumption made in both cor-

The fragmentation pattern of air at/z44 (C_Oi% M/z29  rections is that the ratio of #0* (vapor)/Nj measured by the
(N®NT) and m/z16 (O") was evaluated using difference AMS scales with the absolute humidity.

spectra (signal — background) during filter measurements.

Filter measurements were taken at various times during th&Vater correction using filter periods

campaign before and after every change in the instrument

(e.g. ionization efficiency calibration). There were 11 filter In the following, let wratio be the mass ratio of water vapor
periods (corresponding to a total of 3.5 h of filter data) usedto Nz in the air: wratio=H,O™(vapor)/N;. Then, abbrevi-
for the adjustment of the air fragmentation patterril-_5mﬁ‘ ating the absolute humidity as AH, the relationship between
and Cq were calculated as constant fractions of tl"k'"egig- w_ratio at two different absolute humidities Aldnd AH; is

nal atm/z28. The calculated fraction of SN+ ranged from  given by:

0.00722-0.00723, slightly different from the standard valuew _ratio;, AHq

of 0.00736. O was calculated as a constant fraction of.N woratio, - AH, (A1)
The calculated ratio ranged from 0.305 to 0.330, different

from the standard value of 0.353. The calculated fraction ]

of COJ ranged from 0.000826 to 0.000884, different from \y ratio, — w.ratio -AH, (A2)
the standard value of 0.000734. The ratz44:m/z28 is AH1

not simply the CQ@ mixing ratio in the air but also accounts |f w _ratio and absolute humidity are both known at a partic-
for ion transmission differences, the relative ionization effi- ylar time during the campaign, and if measurements of the
ciency of CQ, and a correction for then/z14 fragmentation  ambient absolute humidity are available throughout the cam-
of nitrogen. Therefore, a coefficient deviating from the stan-paign, the time-dependentratio can be determined for the
dard coefficient does not necessarily imply a difference in thequration of the campaign:

CO;, mixing ratio but may be due to differences in the other

factors, which can vary between instruments. w_ratio(t) = % -AH(®) (A3)
ref
A2.2  Organic fragmentation We calculated the absolute humidity throughout the cam-

aign using the following steps:
Based on the recommendation by Aiken et al. (2008), wep gn using Wing steps

used the following fragmentation pattern in relation to the 1) Calculating the saturation partial vapor pressure gOH
m/z44 signal:m/z28=100%,m/z18=22.5%. In the original using the measured ambient temperature.
AMS fragmentation table, these were set to 0% and 100%

respectively. 2) Calculating the saturation water mixing ratio (by mass)

using the saturation partial vapor pressure gbHand
A2.3 Water fragmentation ambient pressure.
3) Calculating the absolute humidity, i.e. the water mixing

ratio (by mass) using the saturation water mixing ratio
(by mass) and the measured ambient relative humidity.

Water dominates the signal in the background (closed) spec-
trum atm/z16 (O™) m/z17 (OH") andm/z18 (H,O™). The
water fragmentation pattern can be determined by plotting
the closed signal afn/z16 vs.m/z18 andm/z17 vs.m/z18. As reference values for watio and AH we used data during

In this way, we determined that'G4% of H,O" (as in the filter periods when only gases are measured and all water
the standard fragmentation table) and ©#27.6% of HO™ signal is due to water vapor.

(slightly different from the 25% in the standard fragmenta-

tion table). Water correction using the particle time-of-flight data
A2.4 Correction for gas-phase water (absolute In the particle time-of-flight (pToF) spectra, gas-phase
humidity) species occur earlier in the pToF spectrum than particle-

phase species. It is therefore possible to separate gas-phase
In the AMS data analysis software, the particle water sig-and particle-phase signal in pToF. The advantage of this pro-
nal is determined by subtracting the water vapor signal fromcedure is that all of the data — not just the data during the
the total water signal. By default, the water vapor signal atfilter periods — can be used.

m/z18 (H,O") is set to 1% of the §l signal atm/z28. The The procedure is to integrate tme/z18 and them/z28
actual water vapor signal (relative t(j INvaries with ambient  pToF signals in the gas-phase only.ratio is then given by
humidity. the ratio of these two integrals.
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It is not possible to do this analysis for every time step

due to the noise in the pToF spectra. Therefore, we binned (1)2 1'fa°t°r\P’V'F 2-factor PMF 226y
all AMS data by ambient absolute humidity (0.04-0.13), av- 04— I i ~‘h ‘ Ll
eraged the m/z 18 anui/z28 spectra for the different bins, 00 1 VWA Wmmrrwmrigpnsin et miih iyt Skl
integrated them and calculatedratio. We then computed 18
the linear fit between watio and AH, and we used the re- ;;
sulting funcuon to compute watio at all times (and at all 04 Mgk ! *-‘mm e ,“M\ b
AH) during the campaign. 0.0 ;

For the ambient data, the two water corrections (using fil- 93
ter data or using pToF data) yielded very similar results. For 01— sidd |/ bl APV L M
the thermodenuded data, the results were also similar. But.g3] ALt L J L

the pToF correction yielded more physical data as it resulted 83

in fewer time periods of water concentrations less than zero 33 d. 3;le;l/2x;

in the thermodenuded aerosol. We therefore used the pToF 33

water correction for all of the data. g:é b MAGURIT AT LA b A LA
. | e. 5 ey/s,/(Qexp) |
3
Appendix B i
0||||||||||||||||||||||||||||
Estlmatlng OH exposure Correspondlng to 1 day 9 10111213141516 17 :'lv?aig 2021 22 23 24 25 26 27 28 29 30 31 ];un2e 345
of atmospheric aging during FAME-2008 Date (2008)

We used Values OjNOz measured durlng FAME_2008 and F|g C1. Model residua..ls, E:X'GF, fOI’_ the 1-factor (I’ed |IneS)
correlations developed by Berresheim et al. (2003) to firstand the 2-factor (black lines) PME so_lutlons as a function of time
approximatejoip (the photolysis rate of &D) from jno, (Sfu;“meg oven: al:né 2s) calculz:;edfgn f|vre Id:fferetnttvxia?/s:r a'n.s um
(Berresheim et al., 2003, Fig 4) and then [OH] frogp Of E(1), b. sum ofl E(1)], . sum ofE() relative to total organics,

. . . d. sum of|E(¢)| relative to total organics, and e. sum of squared,
(Berresheim et al., 2003, Fig. 6). As expected, durlnguncertainty-weighted (“scaled”) residualg(t) = E(t)/S(¢), rela-

FAME-2008 jno, was highest between 12:00-13:00 10- e to expected values - exp(r). Plots obtained with the PMF

cal standard time: mean 80 3s™!, interquartile range  evauation tool, PET, by Ulbrich et al. (2009). The structure in the

8.0-8.4<103s~1. Using the correlations, the mean value residuals is decreased significantly in w2 solution compared to

of 8.0x10°3s™1 corresponds to an approximate [OH] of the p=1 solution.

1.5x10°cm™3. Assuming that the daily trend of [OH]

is sinusoidal (Russell et al., 1994), we model [OH] as a

sine wave that is zero at 06:00 and at 19:00 and reacheglumes from the data matriX, using different averaging

its maximum of 1.%10"cm3 at 12:30. By integrating times, or different convergence criteria.

this sine wave, we obtain an approximate OH exposure Here we use two criteria to evaluate the stability of

of 4.4x10" molecules cm®s for one day of aging during the PMF solution with respect to these choices: 1) The

FAME-2008. percent change infsz and fi4 between the base case
(base) and the modified case (mod).fadss (base) —
fa3.44(mod)]/fa3 a4(mod), and 2) the slope, intercept aRrd

Appendix C of the orthogonal distance regressions between factors ob-
tained via the base case and the modified cases. The PMF
C1l General remarks solutions were found to be quite stable with respect to the

settings and inputs mentioned above. For example, a 3%
Different PMF solutions can be obtained by varying the PMF increase in the modeling uncertainty changiels4 by less
settings, model parameters, and the input ma¥ixSeveral than 3%. The orthogonal distance regression between the
PMF settings and their influence on the factor time sefles, base case and this modified case yielded slope=0.93, inter-
factor profilesF, as well as (uncertainty-scaled) residu@ls, cept=0.06 ugm3, R?=0.99 for OOA-1 and slope=0.96, in-
andE, of the organic aerosol (OA) data from Finakolia were tercept=0.11 ug m?, R%=0.98 for OOA-2. Changing the
explored. This includes the choice of different subsets of or-other settings had an even smaller effect than changing the
ganicm/Zs in the PMF data matriX (m/2s 12...300 vsm/Zs modeling uncertainty.
12...100), specifying different “error models” (e.g., adding In contrast, choosing different numbers of factqgrsand
modeling uncertainty to the instrumental uncertainty), usinginducing rotations by theff)eak-parameter exerted a com-
different pseudo-random starting values for the algorithm inparatively strong influence on the PMF solutions. For ex-
PMF2 (i.e., changing the “seed”-numbers), excluding OA ample, varyingpeakbetween 0.00. .—0.20 changeds 44
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O T T T T T T T T T T T T T T I T T T T T T T T T T 711 Fig. C3. Organic aerosol data represented as black dots in the
9 1011121314151617 :k/|8a192021 22 23 24 25 26 27 28 29 30 31 1Juies 45 plane f43 (horizontal axis) vs.fs4 (vertical axis). The colored
Date (2008) dots represent the position of calculated PMF-factors: OOA-1 at
fpeak-—0.20, 0.00, +0.20 (red), OOA-2 dpeak-—0.20 (blue),
Fig. C2. Model residuals, E=X-GF, for the 2-factor (black lines) 0.00 (violet),+0.20 (green), and OOA (as retrieved by the 1-factor
and the 3-factor (blue lines) PMF solutions as a function of time solution) in white. The variation of OOA-1 witfpeakwas not de-
(summed over alin/zs) calculated in five different ways: a. sum of  tectable; hence the values appear as one dot.
E(1), b. sum of|E(¢)|, c. sum ofE(¢) relative to total organics, d.
sum of | E(¢)| relative to total organics, and e. the sum of squared,
uncertainty-weighted (“scaled”) residual@(r) = E(t)/S(t), rela-
tive to expected valuesQ - exp(¢). Plots obtained with the PMF
evaluation tool, PET, by Ulbrich et al. (2009). The structure in the
residuals was not reduced notably from g2 to thep=3 solution.

lated and spectra indicative of splitting artifacts (e.g., OOA
split into two spectra exhibiting preeminent contributions of
m/z44 andm/z29, respectively).

Second, we evaluated mathematical diagnostics. The sum
of the squared, uncertainty-weighted residuals relative to its
by as much as 30%. Therefore, the roles of the number ofXpected valueg/Qexp, was close to 1 or lower fgp=1...3.
PMF factors as well as the rotational state of the solutionsThis ratio decreased by 33% frop¥1 to p=2, but only by
are discussed in the following sections. The presented sognother 4% fronp=2 to p=3 (representing a comparatively
lutions were obtained from the complete data makifor- ~ low decrease). Ap=2, Q/Qexp increased by only +0.01%
ganicm/z12...300, including OA plumes), averaged to 9- from fpeak=0.0 tofpeak=—0.2. The unexplained mass frac-
min resolution using PMF default settings (robust mafle= tion was about 1% using=1, but <0.1% usingp=2 and
outlier threshold=4, modeling uncertainty=0%). The consec-more factors.
utive PMF runs and the visualization of the PMF output were Moreover, we analyzed the model residuélsas a func-
mediated via the PMF evaluation tool, PET, described by Ul-tion of time. Structures in these residuals indicate that some

brich et al. (2009). OA processes and/or OA sources cannot be fully approxi-
mated by the model. The structure in the model residuals
C2 Number of factors (p) could be markedly reduced by increasing the number of fac-

tors fromp=1to p=2 (Fig. C1). When further increasing the
First, we investigated the choice of different numbers of fac-number of factors fronp=2 to p=3 only a minor decrease of
tors, p, with respect to ancillary data. The 1-factorial PMF the model residual€;, could be observed (Fig. C2).
solution yielded a spectrum resembling OOA, and the corre-
sponding time series correlated with particulate sulfate (meaC3 Inducing different rotational states (fpeak)
sured with the Q-AMS) ak2=0.56. However, the correlation
with AMS-sulfate was even higheR€=0.68) for OOA-1  Based on considerations presented in Sect. C2 and in the
obtained by the 2-factor PMF. In addition, the second fac-manuscript, we focus on the 2-factor PMF solution and ex-
tor OOA-2 coincided episodically (was weakly correlated) amine rotations for that solution here. Roughly speaking,
with AMS-nitrate. The solutions fop=3 and more factors fpeak<0, fpeak-0, andfpeak=0 discriminate three different
resulted in at least two time series that were highly corre-PMF-AMS cases similar with respect to the shape of OOA-1,
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and the time trends of both OOA-1 and OOA-2 (and the

4183

of-flight aerosol mass spectrometry, Environ. Sci. Technol., 42,

corresponding pattern of the daily cycles). However, these 4478-4485, 2008. _
cases are quite different in the relative peak intensities ofAiken, A. C., Salcedo, D., Cubison, M. J., Huffman, J. A., DeCarlo,

organic masses ah/z43 andm/z44, f43 andfss, particu-
larly in OOA-2 (where fa3 < faa if fpeak<O, faz~ faq if
fpeak=0, and fi3 > fa4 if fpeak-0; cf. Fig. C3), and also
with respect to the relative abundances [%0OA] of OOA-1
and OOA-2. The relative OOA-1 fraction is 55%...61%
for fpeak=—1.00..—0.05, it is 72% forfpeak=0, and it is
79%...81% forfpeak=+0.05...+1.00.

There are three reasons for choosing a negdipeak
(and/or specifically afpeak=—0.20). First, with increasing
values offpeak low S/N (signal-to-noise) fragments become
more increasingly important, e.g., figeak=0, fi5 has sim-
ilar magnitude aga3 or fa4. In other words, with increasing
fpeakvalues the PMF factor profiles become dissimilar from

realistic OA components (also represented in Fig. C3). Sec-

ond, the TD-AMS-PMF (i.e., data matrX’ included ambi-

P. F., Ulbrich, I. M., Docherty, K. S., Sueper, D., Kimmel, J.
R., Worsnop, D. R., Trimborn, A., Northway, M., Stone, E. A,
Schauer, J. J., Volkamer, R. M., Fortner, E., de Foy, B., Wang, J.,
Laskin, A., Shutthanandan, V., Zheng, J., Zhang, R., Gaffney, J.,
Marley, N. A., Paredes-Miranda, G., Arnott, W. P., Molina, L. T.,
Sosa, G., and Jimenez, J. L.: Mexico City aerosol analysis during
MILAGRO using high resolution aerosol mass spectrometry at
the urban supersite (TO) — Part 1: Fine particle composition and
organic source apportionment, Atmos. Chem. Phys., 9, 6633—
6653, 2009,

http://www.atmos-chem-phys.net/9/6633/2009/

Allan, J. D., Jimenez, J. L., Williams, P. |., Alfarra, M. R., Bower,

K. N., Jayne, J. T., Coe, H., and Worsnop, D. R.: Quantita-
tive sampling using an Aerodyne aerosol mass spectrometer —
1. Techniques of data interpretation and error analysis, J. Geo-
phys. Res.-Atmos., 108(D3), 4090, doi:10.1029/2002JD002358,
2003., 2003.

ent and thermodenuded OA data) results are relatively simin 1, 3 D Delia. A. E.. Coe. H.. Bower. K. N.. Alfarra. M. R.

lar to AMS-PMF (i.e., data matrixX, included ambient OA
data exclusively) afpeak=—0.20, which is consistent with

Jimenez, J. L., Middlebrook, A. M., Drewnick, F., Onasch, T. B.,
Canagaratna, M. R., Jayne, J. T., and Worsnop, D. R.: A gen-

the relative organic spectra measured by the AMS: the spec- eralised method for the extraction of chemically resolved mass
trum of the ambient organic aerosol is indistinguishable from  spectra from aerodyne aerosol mass spectrometer data, J. Aerosol
the spectrum of the thermodenuded organic aerosol (Fig. 8 in Sci., 35, 909-922, 2004.

the manuscript)_ Th"'d, the prof”e mea];_o_zo m|ght be An, W. J., Pathak, R. K., Lee, B.-H., and Pandis, S. N.: Aerosol
more “realistic” than the one at highéweak Explicitly, the vqlati!ity measurement using an improved thermoder_mder: Ap-
OOA-2 — profile affpeake—0.20 is closer to the typical data, g'l'iat'z%%;o secondary organic aerosol, J. Aerosol Sci., 38, 305—
WhICh is represented by the plagigs vs. fme F.Ig' .C3’ than Atkinson-Palombo, C. M., Miller, J. A., and Balling Jr., R. C.:

it would be the case fdpeak>—0.20. This projection of the Quantifying the ozone "weekend effect” at various locations in
data further shows that OOA-2 (eak-—0.20) and OOA-1  ppganix Arizona, Atmos. Environ., 40, 7644—7658, 2006.

span the continuum of OA with respect to obseryag fa4- Bahreini, R., Ervens, B., Middlebrook, A. M., Warneke, C., de
ratios (discarding some outliers), and the 1-factor OOA can Gouw, J. A., DeCarlo, P. F., Jimenez, J. L., Brock, C. A., Neu-
be viewed as a centered solution. man, J. A., Ryerson, T. B., Stark, H., Atlas, E., Brioude, J.,
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