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Abstract. A variable residence time thermodenuder (TD) secondary organic aerosol. This low volatility is consistent

was combined with an Aerodyne Aerosol Mass Spectromewith its highly oxygenated AMS mass spectrum. The results

ter (AMS) and a Scanning Mobility Particle Sizer (SMPS) are found to be highly sensitive to the mass accommodation
to measure the volatility distribution of aged organic aerosolcoefficient of the evaporating species. This analysis is based
in the Eastern Mediterranean during the Finokalia Aerosolon the assumption that there were no significant reactions
Measurement Experiment in May of 2008 (FAME-2008). taking place inside the thermodenuder.

A new method for the quantification of the organic aerosol
volatility distribution was developed combining measure-
ments of all three instruments together with an aerosol dy-;  |ntroduction
namics model.

Challenges in the interpretation of ambient Atmospheric particulate matter contains a variety of both in-
thermodenuder-AMS measurements include the potenorganic and organic compounds. Organic compounds often
tial resistances to mass transfer during particle evaporationare the major fraction of fine particulate matter, contributing
the effects of particle size on the evaporated mass fraction0-90% to its mass depending on the location and season
the changes in the AMS collection efficiency and particle (Kanakidou et al., 2005). Organic aerosol is either emitted
density as the particles evaporate partially in the TD, anddirectly (primary organic aerosol, POA) or formed in the at-
finally potential losses inside the TD. Our proposed mea-mosphere by condensation of low vapor pressure products
surement and data analysis method accounts for all of thesef the oxidation of volatile organic compounds (VOCs) (sec-
problems combining the AMS and SMPS measurements.  ondary organic aerosol, SOA). Since the oxidation pathways

The AMS collection efficiency of the aerosol that passedfor VOCs are complex and the reactions lead to several sets
through the TD was found to be approximately 10% lower of oxygenated products, our understanding of organic aerosol
than the collection efficiency of the aerosol that passedformation mechanisms and their chemical and physical prop-
through the bypass. The organic aerosol measured at Ferties is still incomplete. The volatility of atmospheric or-
nokalia is approximately 2 or more orders of magnitude ganic aerosol (OA) is one of its most important physical
less volatile than fresh laboratory-generated monoterpene ( properties determining its ambient concentration. The OA
pinene,g-pinene and limonene under low N@onditions)  volatility distribution provides indirect information about its

chemical composition and can reflect its origin and history in
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the atmosphere (Jonsson et al., 2007).
Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

12150 B. H. Lee et al.: Application during the Finokalia Aerosol Measurement Experiment (FAME-2008)

\olatility measurements have been performed for(Denkenberger et al., 2007; Wu et al., 2009) that this may
over four decades. The general method for volatility not be always the case especially for the measurements at
measurements is to pass the aerosol through a heated tubehigher temperatures.
which the more volatile components evaporate leaving less Recently, Aerosol Mass Spectrometers (AMSs) (Jayne et
volatile components behind in the particulate phase to beal., 2000; Jimenez et al., 2003; DeCarlo et al., 2006) have
detected and analyzed by various instruments downstream dfeen combined with TD systems to obtain information about
the heated flow tube. For example, Pinnick et al. (1987) usedhe relationships between the organic aerosol composition
a light scattering aerosol counter downstream of a fusedand its volatility (Faulhaber et al., 2009; Grieshop et al.,
quartz tube wrapped with a nichrome ribbon heating elemen009a; Huffman et al., 2009; Kostenidou et al., 2009; Cappa
to gain information about the composition of ambient aerosoland Jimenez, 2010). The challenges in the interpretation of
at a rural site in southern New Mexico. Clarke (1991) usedambient TD-AMS measurements, which include the poten-
six heated tubes in front of a differential mobility analyzer tial resistances to mass transfer during particle evaporation,
(DMA) and a laser optical particle counter to obtain size the role of particle size, the changes in the AMS collection
dependent measurement of aerosol volatility. Burtscherefficiency and particle density as the particles evaporate par-
et al. (2001) improved the simple heated tube method bytally during heating, and finally potential losses inside the
developing a thermodenuder (TD) which is a heated flowthermodenuder, have not been fully addressed. Due to these
tube followed by an adsorption/cooling section in which challenges and the lack of the corresponding theoretical anal-
gases are removed by adsorption onto activated charcoajsis, comparisons of the findings of different studies are dif-
to avoid potential recondensation. Wehner et al. (2002)ficult (Cappa and Jimenez, 2010).
improved the design further by improving the homogeneity |n this study, a variable residence time thermodenuder,
of the temperature profile and increasing the residence timg Quadruple-AMS and a Scanning Mobility Particle Sizer
in the heating section. Numerous TDs have been designe(SMPS), were combined to investigate the volatility of or-
and built upon the ideas of Burtscher et al. (2001) andganic aerosol in the Eastern Mediterranean during the Fi-
Wehner et al. (2002); however the operating characteristichiokalia Aerosol Measurement Experiment—2008 (FAME-
of existing TD systems vary dramatically from instrument 2008). A new data analysis method, which addresses the
to instrument. For example, the reported average residencehallenges of ambient TD-AMS measurements, is applied
time in the heated zone of the thermodenuder is as small afr the quantification of the organic aerosol volatility distri-
0.57s in Jonsson et al. (2007) and as large as 53s in Lepution.

(2010). An et al. (2007) investigated effects of residence

times on the aerosol volatility and suggested that TDs need

to be operated at a range of residence times due to the Methods

potential resistances to mass transfer from the particulate to

the gas phase. 2.1 Field operation of thermodenuder-AMS system

Volatility measurements of organic aerosol have received
considerable attention recently and have been carried ouberosol volatility measurements were made using a
both in the field (Engler et al., 2007; Huffman et al., 2009) thermodenuder-AMS system in the May 2008 EUCAARI
and in the laboratory (An et al., 2007; Jonsson et al., 2007{European Integrated Project on Aerosol Cloud Climate
Faulhaber et al., 2009). Lee (2010) used an aerosol dynamAir Quality Interactions) intensive campaign (Kulmala et
ics model based on the volatility basis set (VBS) approachal., 2009). The measurements took place during 8 May—
(Donahue et al., 2006) and SOA vyield parameters derived® June 2008 at a remote sampling site close to Finokalia in
from smog chamber studies to show that, due to mass trang=rete, Greece. There were no local sources close-by, allow-
fer resistances in the particulate phase or at the interface, aing the study of aged organic aerosol from different source
effective accommodation coefficient of 0.05 was needed forregions (Pikridas et al., 2010).
the description of at least the early stage of the evaporation. The thermodenuder (TD) used is based on the design of
Using the model, he suggested that particles do not reackivehner et al. (2002) and An et al. (2007). It consists of two
equilibrium with the surrounding gas phase even after 16 sparts; a heating section followed by an organic vapor adsorp-
Riipinen et al. (2010) have estimated that ambient aerosotion and cooling section. The heating section consists of two
almost never reaches equilibrium inside TDs, and thereforeconcentric stainless steel tubes, 55 cm in length, wrapped in a
TDs provide information on the evaporation rates of particlesheating tape (OMEGALUX, HTWC 102-010). The aerosol
and not directly on their equilibrium states. Extracting the flows through the inner tube (3.5cm D), and fine sand oc-
volatility of OA from the TD measurements requires use of cupies the space between the outer (6 cmID) and the inner
mass transfer models that can account for the effects of patube to retain a uniform internal temperature profile. The
ticle size, concentration and mass transfer resistances. Abuter tube is wrapped in the heating tape with a percentage
these studies assume that the OA does not react to a sigontroller which semi-automatically controls temperature in
nificant degree inside the TD. However, there is evidencethe heating tube. The TD temperature remains stable within
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420 cles exiting or bypassing the thermodenuder were split into
1 two streams; one entering the SMPS, the other going to the
o400 T > % AMS for real-time size and composition measurements at
g 380 + various temperatures. The comprehensive analysis of AMS
® spectra is presented by Hildebrandt et al. (2010). Three ther-
g 300 mocouples (OMEGACLAD, KTSS-HH) were used to mea-
% 340 + sure centerline temperatures in the middle of the heating sec-
% tion (T1), at the exit of the heating sectioff,(, and at the
2307 exit of the adsorption/cooling sectiofig). Temperatures re-
© 300 L ! ported in this paper are the centerline temperatures in the
] middle of heating section7}) corresponding to the maxi-
280 mum temperature mentioned above.
-0.1 0 0.1 02 03 04 05 06
Distance from entrance (m) 2.2 Thermodenuder-AMS data analysis

Fig. 1. Temperature profile along the axis of the heating section atThe analysis of ambient thermodenuder-AMS measurements
a flow ratg of 1.15Lmin?. Lines are fitted to Qescribe the temper- g complicated by potential changes in the AMS collection
ature profile in the TD for the aerosol dynamics model. efficiency and organic aerosol density as particles partially
evaporate upon heating in the TD, particle losses within the
TD, and the potential resistances to mass transfer during par-
1°C for several hours at various flow rates and temperatureicle evaporation. Here we propose a data analysis method
up to 25C°C. The temperature profile was measured with for ambient thermodenuder-AMS data accounting for all of
a 60cm long thermocouple (OMEGACLAD, KQXL-18E) these problems.
positioned in the center of the heating tube in the direc-
tion of the flow at flow rates of 1.15 and 0.15L mih 2.2.1 Collection efficiency and organic density
which were used in FAME-2008 (Fig. 1). At flow rates of
1.15L mimr ! and 0.15 L mir1, the corresponding centerline The AMS does not always measure the whole aerosol sam-
residence times of the aerosol in the heating section are 14@le due to the partial transmission of particles, bouncing of
and 105 s, respectively. As shown on Fig. 1, the temperaturdess “sticky” particles on the vaporizer, and to a lesser ex-
increases relatively slowly at the entrance of the heating tubdent shape-related collection losses at the vaporizer (Slowik
and reaches the maximum temperature at around 25 cm frorfit al., 2004; Huffman et al., 2005; Canagaratna et al., 2006;
the entrance staying withit3°C of this value before falling Matthew et al., 2008). Thus the overall collection effi-
near the exit, 50 cm from the entrance, of the heating tubeciency (CE) depends on the aerosol composition, morphol-
This maximum temperature will be referenced for each mea09y, shape and size. The CE values may also change after
surement and the measured temperature profile will be useBartial evaporation of particles in the TD. This may be due
for the analysis. to different behavior in the AMS vaporizer of particles with
The adsorption/cooling section, 45cm in length, has aIess-\/_olat_ile compounds, or changes in particle shape, or a
tubular mesh (3.5cmID) inside the stainless steel tubefOMPination of these. Another parameter that may change
(6.5cm D) to hold activated carbon (Fisher Scientific, 6— UPON heating, evaporation of the more volatile OA compo-
14Mesh). The connection, a 3.5cm ID stainless steeln€Nts, and subsequent cooling is the organic aerosql density.
tube, between the heating and adsorption/cooling section The AMS-SMPS measurement matching algorithm of

is insulated by fiberglass in order to prevent potential re-<0Stenidou et al. (2007) is used to calculate the CE of the
condensation due to cooling. AMS and the organic density for both the ambient and ther-

A d le Aerod A M Spect N odenuded aerosol as a function of time for the full study.
S Qua} rul\ao k()a'l' eLo y.nf S?rOSOSM:iSSS Tg?gorg;ne Tr and he approach combines the mass distributions from the AMS
a Scanning Mobility Particle Sizer (SMPS, ). placed 54 the volume distributions provided by the SMPS. The

dowpstream of the. _thermodenu'der, were Co”.‘b'”ed to "Naerosol water content during the FAME-2008 measurements
vestigate the volatility of organic aerosol during FAME-

. . X X aried from 0—-20% of the total mass (the particles were not
2008. During ambient aerosol sampling, particles passe% ! 0 (the parti W

alternatively through the thermodenuder or the bypass lin ried before sampling) and was included in the algorithm.
(0.25inch, copper tube). The aerosol flow direction was con(—arhe total density for the algorithm is given by:

trolled by three-way solenoid valves (Alcon, U33-42-21-12).

The valves were automatically switched using Labview andP = [
FieldPoint units (National Instruments, FP-1000, FP-RLY-

422, and FP-TC-120). Switching between the ambient andvhere /s is the mass fraction of the ammonium sulfatgg
thermodenuded measurements occurred every 12 min. Partis the mass fraction of the organiocsy is the mass fraction

-1
@_,_@_ﬁc_""] (]_)
Pa/s Porg Pw
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of the water,pys is the density of the ammonium sulfate e
(1.77 gcnt3), porg is the unknown organic density apg is ] Ao AL M AL SMNAN |
the water density (1.0 g cnd). The AMS nitrate concentra- o1 T Y NMANT
tion was only about 1% of the total aerosol mass measuredt *°] i
by the AMS during FAME-2008 and is not included in the

analysis. The contribution of sea-salt and dust in the size

range used by the algorithm (less than 500 nm) was negligi- 0T T T T T T T T T T T
ble (Pikridas et al., 2010). The method takes into account 1.0 -
that the particles have a size-dependent density but assumes os- A Ak ANNAMSAY AN -
that OA density is size independent. The matching algorithm§ 0564 \/,,/VV’ W v YA
matches the AMS mass distribution and the SMPS volumeg ] L
distribution using the OA density and collection efficiency as § .,

0.4 L

oIIectioQEfficie ncy

C

0.2 o
Ambient CE
T
1

. . ., . . - - Q

fitting parameters. The best fit is selected using the minimum® 1~ Themodenuded CE

error score (Kostenidou et al., 2007) resulting in estimates 9 101112131415 16 17 18 192021 22232425 262728293031 1 2 3 4 5
. . . May 2008 Date June 2008

of these two parameters and their corresponding uncertainty

range.

. S . . Fig. 2. Changes in the AMS collection efficiency for the ambi-
Using the opt|m|.zat|on- _algorlthm of Koste.nldou et ent (top) and thermodenuded (bottom) aerosol during month long

al. (2007) the collection efficiency of the AMS (Fig. 2) and FavE-2008 period. The shading represents the solutions within

the organic density for the ambient and thermodenuded samtoo, of the minimum error score of the distribution matching algo-

ples for the FAME-2008 periods were calculated. The calcu-rithm and the horizontal lines represent the mean value.
lated average collection efficiency of AMS for the denuded
and ambient samples are 0#®.09 and 0.85- 0.08 respec-

tively. The AMS collection efficiency is found to be approxi- ;e by Cross et al. (2007). The variability of the estimated

mqtely 10% lower for th.e aeroso! that Passes through the Tpdensity is in general higher than that of the collection effi-
This may be due to the increase in the less sticky, less V°|at'|%iency. Part of this variability is probably due to the higher

Comp_ound_s in the aerosol as more volatlle_compounds_; arﬁncertainty of the estimated density given the relatively low
vaporized in the TD. There are other potential explanatlonsContribution of OA (a little less than 30% on average) to the
including the evaporation of water in the TD, changes in the

. ] submicrometer PM during FAME-2008. Part of it may also
morphology of the particles due to changes in the OA/suh‘atebe due to changes in the morphology of the OA during the

ra}tlo, etc. The relatively high values of t.he estmated am- tudy including its partial dissolution in the aqueous phase
bient PM CE compared to the 0.5, that is sometimes usecz

the default choi h ther inf tion | abl nd a corresponding change of its density.
as the detaullt cholce when no other information 1S avaliable, - 1, tast the robustness of the calculated CE we repeated the
may be due to the acidic nature of the particles that did not ef

X ‘optimization assuming a constant density of 1.3 gérfor
floresce even at low RH. This may have reduced the bounccf‘ane OA during the whole campaign. The average calculated

qf paf"c'es.'” the AMS'. There are other potent!al eprana-CE for this case was within 1% of the values calculated based
tions including the specifics of the Q-AMS used in the study on the variable density

or the nature of the very aged organic OA. Atter application The calculated collection efficiency was also not affected

of this C°”e°“2” efficiency, the AMS sulfate concentration by potential differences in the water content of the aerosol
agreed. well g =0.95 _and slope equal to 1.09) W't.h CON" measured by the AMS and the SMPS. The AMS water was
Eentrdatlonsl mzeasurzd |_nderr)1enfdtlelrgly b)_/ll,%l\ﬂ;tehrs (H'Iéje' h used in the CE collection algorithm both for the ambient and
r?nht eta d OOA%O) uring t e fuf L;]ratllori% the SFU Y- The y ermodenuded measurements. This water was close to zero
sulphate an concentrations in the 1-1.3um micrometers, . o s ermodenuded aerosol. Engelhart et al. (2010) have

1 I 0, 0,
:ﬁglgn IS alvlvaﬁ/ stlessdtkgAn '10F4) al?dl_usgally less tr|1an E;/"IO eported that the water estimated from the AMS measure-
ePM3 suiphate and LA In Fino alia ( erasopoulos €tal., ents (assuming water relative ionization efficiency equal
2007). This agreement increases our confidence in the est|-

d CE value for th bient PM. There i ind d fo 1) is consistent with the actual water content of the par-
mate value orthe ambient PM. There is no indepen ,enficles (that was measured by the AMS). This suggests that
way to confirm the CE for the thermodenuded aerosol with

. there were no inconsistencies in our CE estimate related to

the available measurements. . ... the way that water and its evaporation in the TD was treated.

For FAME-2008, the average organic aerosol densmesAS a worst case sensitivity test we assumed that half of the

for trl% thermodenuded and a3mb|ent agrosol are£@28 016501 water evaporated inside the AMS inlet system (Ze-
gem and 1.35j:0.229mr respectwely.. The den- lenyuk et al., 2006). Repeating the optimization with this

sity of the OA Sremamlng aft'er. evaporation at D assumption resulted in changes of the CE by less than 5%
(1.26+0.24 g cnT™) was not statistically different from that which is the worst case for this effect. A higher error is com-

. 3
of the OA remaining at 14@ (1'31i0'.319 cnT). These pletely inconsistent with the Engelhart et al. (2010) results.
values are in agreement with the ambient OA density deter-
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2.2.2 Particle losses inside the thermodenuder 6000

Particle losses inside the TD are caused by a combina-s~ 5000 + s
tion of sedimentation, diffusion and thermophoresis. Losses 5 1 .o
due to sedimentation increase with increasing particle size, P 4000 3
diffusive losses increase as particle size decreases, and Iosse§ 00 1 — R AR y = 0.85x
due to thermophoresis are weakly size dependent (Burtschers ] g - R?=0.95
et al., 2001). For FAME-2008, the total losses in the ther- 5 2000 + L el

modenuder are determined by comparing the SMPS number§ ] e > .
distributions of the ambient and heated samples. The size = 1000 AL
distribution during FAME-2008 was that of aged continen- |
tal aerosol with relatively few particles smaller than 50 nm
(Pikridas et al., 2010). With the exception of six nucleation
events that lasted only an hour to two each during the month
of th_e_ measurements, the_distribution was quite stable. Th_i%ig. 3. Number concentrations in the thermodenuder (TD) vs. am-
stability resulted in approximately constant number losses iryient aerosol number concentrations for FAME-2008. The line is a
the TD, around 15% of the total (Fig. 3). These losses arginear fit of y = 0.85x. Each data point is the average of 24 min.
comparable with losses in other TDs reported by Wehner et

al. (2002) and Huffman et al. (2008).

Since sedimentation, diffusional, and thermophoretic pro-smaller than approximately 50 nm during the periods with-
cesses are size- and temperature-dependent, the total mamgt nucleation (Pikridas et al., 2010), and the significant res-
losses may be size and temperature dependent. We explorédence time of particles in the atmosphere (more than a day
these dependencies by plotting the losses as a function of thduring most of the study) before reaching the site. All of
particle fraction smaller than 0.1 um and also as a function otthese suggest that the particles in this site (as in most remote
temperature (not shown). The losses were not strongly sizesites) were quite close to the internally mixed state.
dependent but more strongly temperature-dependent. Based The error introduced by the simplification of a size-
on these results we assumed that the losses are size ind@dependent loss correction and the assumption of internally
pendent but are different for each sample and temperaturgnixed particles are examined in the next section.

(we did not assume a constant 15% loss). Therefore, we use
a size-independent Corre_ction factor t_hat is determined for, 5 3 Algorithm consistency check
each sample (every 24 min). For the higher temperatures the

i 0,
losses were higher t.har'1 average and aroun.d 20%. Since the aerosol volatility measurement combines the AMS,
A potential complication in our approach is that the shape

) . i S which provides a mass distribution as a function of aerody-
of the part|cl_es may ch_ange durlng their evap(_)ranon in thenamic diameter, and the SMPS, which measures a number
TDl' I_f a p:l;xrucle ?]f a glvebn malss IS not sgherlcgl :jhen NOt istribution as a function of a mobility diameter, a consis-
only its volume changes but also its aerodynamic diameteryy ., check between the AMS and SMPS can be made ac-
This results in the Sh'f“”g of the size Q|str|but|on both hon- counting for estimated losses inside the thermodenuder and
_zonta_llly and \_le_zrtlcallyhdurlnghthe match;}r?g _and Ol:: algborlthn;_the calculated changes in organic aerosol density and the
Is quite sensitive to these changes. This issue has been digy)s co|jection efficiency. The check is made by calculating
CUSS?P' _by Kostenldou- et al. (2007) in their analysis of the he evaporated SMPS number and volume distributions from
sensitivity .Of the glgonthm to shape changes. We repeatet{[ihe corresponding ambient measurements and then compar-
the analysis for d|ﬁereqt valges of the S,haP? facj(or.,The ing them with the SMPS measurements after the thermode-
error score of the algorithm Incréases S|gn|f|ca'nt'ly if a NON-huder. This procedure uses the measured OA mass distribu-
unity value of the shape factor is used. The minimum €ror,, oy the AMS, the aerosol composition measured also
corresponds tq = 1 and the error 3t = 1.03 is double that by the AMS, and the estimated number losses, OA density,
of the x =1 case. Even more importantly, when a value of and collection efficiency

1.03 was used the same collection efficiency was calculated The aerosol volume f'raction remaining (VFR) after heat-

for the thermodenuded particles. The estimated density ori1n correcting for the TD losses. varving CE and densitv. is
the other hand increases significantly joexceeding unity. 9. 9 » varying Y.

These results support the robustness of the calculated colleg-stlmatecj based on the AMS measurements as:

tion efficiency. [OAlrp/ +[Sulfate$ro/ ~  [Watelrp
Our methodology implicitly assumes that the particles areypr— R Porg.TD — Pa/s - w1 (2)
internally mixed. This assumption is supported by the lack [ ]amb/porgfamﬁ[ ! ae%mb/pa/ﬁ[ atelam/ ,

of local sources affecting the site during FAME-2008 (Hilde- CEup 1
brandt et al., 2010; Pikridas et al., 2010), the lack of particles "CEmp 1—fy

0

0 1000 2000 3000 4000 5000 6000

Ambient Number Conc. (cm™)
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where subscript TD represents a sample that passes through2.4 Multi-component organic aerosol
the TD, subscript amb represents a sample that bypasses the evaporation model
TD (i.e. ambient sample), [OA] is the mass concentration of
organic aerosol[Sulfate is the mass concentration of am- In the last step of the analysis, a mass transfer model (Lee,
monium sulfate or bisulfate, [Water] is the mass concentra-2010; Riipinen et al., 2010) is used to simulate the time-
tions of water,pqys is the density of the ammonium sulfate, dependent evaporation of the aerosol in the thermodenuder.
pw is the water densityporg is the OA density estimated The model is based on the volatility basis set approach,
by the optimization algorithm of Kostenidou et al. (2007) where effective saturation concentrations are predetermined
(Fig. 3), CEmp is the collection efficiency of the AMS for using a lognormally spaced fixed basis set (Donahue et al.,
the ambient sample, GE is the CE for the thermodenuded 2006), and it assumes that organic vapors are in equilibrium
sample, andfy is the fraction of particle number losses in with the aerosol phase at the entrance of the TD. The tem-
the TD, calculated based on the SMPS number distributiongerature profile in the heating section is simulated based on
of the ambient and heated samples. The concentrations gfiecewise polynomial fits to the measured temperature pro-
other PM components (nitrates, chloride, EC) were very file in the heating section for the flow rates used in the study
small during FAME-2008 (Pikridas et al., 2010) and are not (Fig. 1).
included in this ratio. The diameter of an evaporated particle, Besides the volatility distribution, also other properties —
D, 1p is given by: particularly the vaporization enthalpies and mass accommo-
. 13 dation coefficients — of the aerosol constituents affect their
Dy 10=Dpamb(VFR) ) evaporation in the TD. An effective vaporization enthalpy
where D, amp is the diameter of the ambient (bypassed) of 80kJ mot is used for the aerosol as a base case. The
aerosol. Then the estimated evaporated number distributiogffective mass accommodation coefficient is chosen to be
after the TDn,, (Dp,1p), is given by: 0.05, consistent with the TD results by Lee (2010) for bio-
genic SOA evaporation. There is no quantitative informa-
1 (Dp,1D) =1 (Dp,amb) - (dD”’amb/de,TD) (1= fn) (4)  tion about the accommodation coefficients of organic aerosol

. . . constituents available in the current literature (Kulmala and
wheren,, (D is the ambient number distribution from
i (D, amb) Wanger, 2001; Kolb et al., 2010) however low accommo-

the SMPS. Likewise the estimated evaporated volume distri-dation coefficients of oraanic aerosol have been reported
bution,n, (D, 1p), can be represented as: 9 P

(Grieshop et al., 2007, 2009b; Saleh et al., 2009; Lee, 2010).
ny(Dp D) =1y (Dp,amb - (de,amb/de ) L= fn) (5) The corresponding average volatility distribution of the am-

’ bient organic aerosol is then estimated by letting the volatility
wheren, (Dp,amb) is the ambient volume distribution from  djstribution vary and minimizing the sum of the squared dif-
the SMPS. ferences between the MFR model predictions and the ther-

The estimated evaporated number and volume distribumodenuder measurements. The aerosol was approximated
tions (Egs . 4 and 5) were compared with the actual thermodyiith a monodisperse aerosol with a diameter of 300 nm, the
enuded number and volume distributions, respectively, formedian diameter of the average volume distribution during
consistency in our analysis algorithm and the corresponding-AME-2008 (Pikridas et al., 2010). Use of the full distri-
AMS and SMPS measurements. Typical results are showmytion resulted in differences in evaporated mass fraction of

in Figs. 4 and 5. The predicted evaporated distributions areynly a few percent but increased the optimization time con-
in agreement with the actual thermodenuded distributions foisiderably.

all particle diameters. This confirms that (1) the losses were

not strongly size-dependent for this dataset, (2) the method

for the post-correction for the losses inside the TD and thez Results and discussion

changes in the AMS CE and organic aerosol density during

heating is reasonable, (3) the measurements from the AM3.1  volatility of organic aerosol

and SMPS are consistent with each other and organic in-

formation from the AMS can be used to estimate the actualFor FAME-2008 data, 24 min averaged values of CE and par-
evaporated fraction of organic aerosol as a function time andicle losses inside the TD are used for the post-correction.
temperature for the FAME-2008 period. This test also showsrigure 6 shows the effect of making these corrections on the
that there was not complete evaporation of a significant fracestimated organic mass fraction of organic aerosol remain-
tion of particles (the number distributions would not match ing after the TD. The thermogram, a plot of the organic mass
in that case) and supports our assumptions that the particlefgaction remaining (MFR) after heating as a function of TD
were internally mixed, of a size independent CE and a practemperature, shows that the particle losses inside the TD and
tically spherical shape of the thermodenuded particles (bothhe changes in the AMS CE during heating result in approxi-
the number and volume distributions would not match if any mately 20% underestimation of the MFR. The differences be-
of these were not true). tween the corrected and uncorrected data are greater at higher
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Fig. 4. Number and volume distributions of ambient aerosol and
thermodenuded aerosol while TD was operated at®@@uring  Fig, 5. Number and volume distributions of ambient aerosol and
01:00-02:00a.m. on 2 June. Also plotted is the predicted aerosojhermodenuded aerosol while TD was operated at°@@uring
distribution accounting for both the changes in the AMS CE and 05:00-06:00 p.m. on 3 June. Also plotted is the predicted aerosol
density and the losses in the TD system. The fraction of numbeljstribution accounting for both the changes in the AMS CE and
losses {y) was 0.140, and the collection efficiencies for the TD gensity and the losses in the TD system. The fraction of number
and ambient samples were 0.85 and 0.90, respectively. losses {x) was 0.153, and the collection efficiencies for the TD
and ambient samples were 0.80 and 0.95, respectively.

temperature (around 30% differences in MFR) since the par-
ticle losses inside the TD are greater at higher temperature.

The ambient aerosol during FAME-2008 was much less3-2 OA volatility distribution
volatile than fresh laboratory-generaieginene SOA (gen-
erated in the same manner as Lee, 2010) of the same averadéree different sets of four logarithmically-spaced volatility
size (Fig. 6). This is due to the fact that the ambient aerosobins were used in the simulations: one ranging from effec-
during FAME-2008 was highly oxidized as suggested by itstive saturation concentration at 298 K of 0.001 to 1 ugPm
organic mass spectrum (Hildebrandt et al., 2010) due to th@ne from 0.01 to 10 pg r?, and one from 0.1 to 100 pgTA.
strong oxidizing conditions and remote sampling site without The MATLAB least-squares fitting algorithiegcurvefitwas
local sources (Pikridas et al., 2010). More detailed analysesised to obtain the best possible fit between the measured and
of the AMS spectra from the ambient measurements are premodeled MFRs. To obtain the best fit, first the appropriate
sented elsewhere (Hildebrandt et al., 2010). Approximatelyvolatility basis set bins were chosen based on two-parameter
70% of the OA evaporated at 185G for a residence time fits to the measured MFR vs. temperature data, where lower
of 14s. The evaporated fraction increased to 80% at thisand upper limits of the volatilities were defined. Then the
temperature after 105s in the heating zone. This suggestsitial aerosol mass fractions of each of the bins in the cho-
that most of the OA even after significant aging in the at- sen volatility basis set were varied. The MFR data set was
mosphere appears to be semivolatile in the TD operating aaveraged over each°Z range to reduce the computational
150°C. The mass spectra of the ambient OA and the OAburden of the fitting procedure. The measurement points cor-
left after passing through the TD were surprisingly similar responding to both residence times (14 and 105 s) were given
(Hildebrandt et al., 2010). the same statistical weight in the fits. This was achieved by
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Fig. 6. Mass fraction remaining after heating in the TD (for 14 s) Temperature (°C)
as a function of temperature for uncorrected TD-AMS data, cor-
rec_:tc_ed (for the Iossgs in TD an_d the changes in AMS colIecti_onFig_ 7. The modeled mass fractions remaining (lines, see Table 1
efficiency and density) data during FAME-2008. Each data pOInFfor details) corresponding to different input data to the TD model,

Is the average of 30 MFR data sets (each MFR data setis 24 i yith the fitting data set (markers with error bars of one stan-
averaged). Also plotted is the thermogram of fresh lab-genesated 44 jeviation). Each data point is the average of 30 MFR data sets
pinene SOA with mass concentration of approximately 10 ng M (each MFR data set is 24 min averaged). The base case runs (lines)
and size of approximately 250nm.  Lines are linear fits t0 guide 5 the runs corresponding to maximum (lighter shaded areas) and
the eye. minimum (darker shaded areas) variation in MFR uporXah0.1

shift in the volatility distribution.

duplicating the data points in the 105 s data set to yield the

same number of data points as in the 14 s data set. The sensitivity of the results was tested by letting the mass
_ The aerosol mass fractionfs cor_responding to the best fifraction vary by+0.1 in one volatility bin at a time from
in the base case runs are given in Table 1. These resulige pest fit value reported in Table 1. Since the mass frac-
suggest that 70% of the OA had effective saturation COn+jons need to sum to unity, the variation in one bin was com-
centrations of 1pugm?® or less at 298 K. The observations pensated in a corresponding opposite variation in one of the
canzbe expslamed with all the OA being semivolati® (= other bins, thus resulting in 12 separate sensitivity runs for
10"“pg 7). However, the lack of measurements at much ihe 4-pin basis set. The dark shaded areas in Fig. 7 represent
higher temperatures leaves open the possibility of existencgye minimum variation as compared to the optimum solu-
of a non-volatile fraction (less than 20%) of the OA. The tion and correspond to the cases where the 0.1 variation was
measurement data for the two residence times and the mogsychanged between the two least volatile bins, keeping the
eled MFR are illustrated in Fig. 7. . higher volatility bins unchanged. The maximum sensitivity
The measurements were designed to explore the link beyas expectedly observed for the cases where the variation
tween OA composition (as measured by the AMS) andyas introduced in the least and most volatile bins. The sen-
its volatility with most of the measurements performed at sjtjyity studies suggest that it is difficult to separate the exact
110°C corresponding to the evaporation of approximately gistribution in the two least volatile of the bins. However, it
half of the FAME-2008 OA. The surprising result of the can pe concluded that the ratio between the contribution of
study was that the AMS OA spectrum showed little variabil- he two least volatile bins (0.1 pgTh or less) and the two
ity during the whole month of the FAME-2008 study (Hilde- 1 ost volatile bins (1-10 ug#) is close to 2/3, at least if

brandt et al., 2010). While this could be seen as an advantag@e vaporization enthalpy can be approximated with a con-
because it allows us to analyze our measurements together,dtant value of 80 kJ mot.

resulted in a sub-optimal distribution of measurements (too |, Fig. 8, the obtained volatility distributions for to-
many of them at the same residence time and temperaturg, organic concentration of 10ugt and total organic

and fewer in the rest of the space). Despite this, given theyergsol concentration of 2.8 ugt (the average OA con-
little variability of the investigated OA and its volatility and  centration during FAME-2008) are compared to the corre-
the fact that each data point in Fig. 7 represents an average %fponding distributions for fresk-pinene SOA (produced
approximately 30 h of measurements our results at differenf, qark, low NQ,, and low RH conditions) reported by
residence times and temperatures are relatively robust. Thigthak et al. (2007). These results suggest that the aged
also allows us, at least as a first approximation, to analyze alherosol measured during FAME-2008 is approximately two
the measurements together. or more orders of magnitude less volatile than the fresh
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Table 1. The input parameters(is the effective mass accommodation coefficiextyap the vaporization enthalpy) in the model calcu-
lations, and the corresponding mass fractions on each volatility in the aerosol phase, as determined from least squares fits of modeled tc
measured VFR data. The norm of residuals describes the goodness of the fit.

Base case Low vaporization  Vaporization enthalpies ~ Unity accommodation =~ Accommodation
enthalpy from Epstein et al. (2010) coefficient coefficient 0.005
a 0.05 0.05 0.05 1.00 0.005
AHyap (kJmol 1) 80 45 AHyap (C*) 80 80
C* (ugm3) [0.010.1110] [1101001000] [I¢F 10751041073 [0.0010.01 0.1 1] [0.1110100]
X [0.20.20.30.3] [0.30.30.20.2] [0.30.40.10.2] [0.20.20.30.3] [0.20.20.30.3]
Norm of residuals 0.1 0.5 1.6 0.1 0.2
14 6
a) c)
o 12f . )l &5 .
E o-pinene 3 £ o-pinene 3
310' COA=2_'8 ug/m , 34_ COA=0._3pg/m ,
5 8r Corg.tot =251 pg/m 5 3 Corg, tot 10 pg/m
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Fig. 8. The volatility distributions of aged ambient organic aerosol during FAME-2008 (bottom(bjototal organic concentration of
10 ug n3 and (d) total organic aerosol concentration of 2.8 p@ﬁmre compared to the corresponding distributions(&rc) fresh a-
pinene SOA (produced in dark, low NQand low RH conditions) reported by Pathak et al. (2007).

laboratory-generated SOA frompinene ozonolysis under bution is thus much less than the uncertainty related to con-
low NOy conditions. The volatilities o-pinene SOA and  straining the data in the fitting procedure.
limonene SOA under the same low N@onditions were Since the predicted MFRs are likely to depend strongly on
similar to that ofw-pinene (Lee, 2010). the values used for the vaporization enthalpies and mass ac-
As mentioned earlier, the model results are obtained aseommodation coefficients of the aerosol, we tested the sensi-
suming a monodisperse aerosol of 300 nm. To test the sertivity of the obtained volatility distribution to these variables.
sitivity of the results to this assumption, we compared theAssuming an effective vaporization enthalpy of 45 kJniol
simulated results of the MFRs (using the optimum volatil- (consistent with Lee, 2010 for fresh monoterpene SOA) did
ity distribution given for the baseline case in Table 1) for a not reproduce the measurements as successfully as the base-
monodispersed aerosol size distribution and a full size distridine case (Table 1 and Fig. 9a). We also attempted to estimate
bution corresponding to the mean mass size distribution durthe volatility distribution using a distribution of tabulated va-
ing the FAME-2008 campaign. The difference in the MFR porization enthalpies based on data of real compounds, as
simulations using the full distribution and the monodispersesuggested by Epstein et al. (2010) but we could not repro-
distribution was less than 2% in all the studied temperaturesduce the observations with this set of parameters: the volatili-
The corresponding uncertainty in the fitted volatility distri- ties corresponding to the best fit were extremely low, ranging
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from the fits are presented in Table 1, and the corresponding

a) ™ modeled MFRs in Fig. 9. The unity effective accommodation
0.8l ' coefficient is also compatible with our measurements result-
\‘ﬂm ' ing in an estimated volatility distribution that is roughly an
oel L\,!:;--I., | order of magnitude less than the=0.05 case.
v I, | To investigate the sensitivity of the results to the weighting
= of the high and low residence time data points we have fitted
041 ® Data, 145 only the 14 s residence times neglecting the longer residence
@ Data, 105s . .
— 8H,_(C) (Epstei et al, 2010), 145 times. The best fit for the data once more corresponded to the
0.2} | ==2H,,,(C") Epstein et al., 2010, 1055 volatility basis set [0.01, 0.1, 1, 10] but with mass fraction

mmmAH =45 kJ/mol, 14 5
vap

values [0.3, 0.2, 0.1, 0.4] instead of the basecase values [0.2,
_--_\H_ap:45 kJ/mol, 105 s

‘ , ‘ , 0.2, 0.3, 0.3]. So use of the short residence time measure-
20 40 60 80 100 120 140 ments results in an increase of the predicted material with
Temperature (°C) . . .
relatively low volatility (less or equal than 0.1 micrograms
per cubic meter) from 40 percent to 50 percent of the total.
We also repeated the fitting exercise including the higher res-
idence time results but without increasing their weight. Once

b)

08 more the best fit corresponded to the to the volatility basis
set [0.01, 0.1, 1, 10] but with mass fraction values [0.2, 0.2,
06} 0.2, 0.4]. These results suggest that our conclusions about
% the volatility distribution are relatively robust with respect to
0.4l the treatment of the short and long residence time points in

® Data, 145
@® Data, 105s
—u=1.0,145s
0.2F === =10,105s
=mmeg=0005 14 s
=== =005 1055

the optimization. While this treatment does introduce some
uncertainty in the calculated volatility distributions, it does
not affect our conclusion about the relatively low volatility
of the organic PM during FAME-2008.
20 20 60 80 00 120 140 We have also tried a number of different choices of bin
Temperature (°C) numbers, locations, etc. and the best fit with up to five free
parameters that we were able to obtain is the one discussed
Fig. 9. The modeled mass fractions remaining (lines, see Table 1f°rabove. While it is always possible that using a large number
details) corresponding to differentinput data to the TD model, alongy¢ 4 -2 meters one could fit the data even better, we do find
with the fitting data set (markers). Each data point is the average oP . . ’ .
such an exercise problematic. The data that we are trying to

30 MFR data sets (each MFR data set is 24 min averaged). Th?. d icallv d ina S-lik
sensitivity runs with(a) low vaporization enthalpy and vaporization It correspond to two monotonically decreasing S-like curves.

enthalpy of Epstein et al. (2010p) unity mass accommodation ON€ can imagine a model with three maybg four free param-

coefficient and mass accommodation coefficient of 0.005. The blueEters fitted to these measurements. Anything more complex

color corresponds to residence time of 14's, and the red to 105s. than that constitutes over-fitting and the results are probably
guestionable.

from 1076 to 103 pgm 3, and the predicted temperature- 4
dependence was considerably steeper than observed (Table 1
and Fig. 9a). Cappa and Jimenez (2010) have reached simA data analysis method for ambient TD-AMS measurements
lar conclusions about the importance of the vaporization enis developed and applied to the data taken during FAME-
thalpies in the interpretation of TD results. Corresponding2008. The method takes account of the challenges that arise
comparisons to the case where the mass accommodation cot the interpretation of ambient TD-AMS measurements.
efficient was assumed to be unity — thus corresponding to th@he ambient data are post corrected for the changes in the
case of maximum evaporation — or 0.005 are also presentedMS collection efficiency as the particles evaporate partially
in Fig. 9b and Table 1. These results highlight the fact thatduring heating and particle losses inside the thermodenuder.
roughly an order of magnitude change in the mass accommoParticle losses in the thermodenuder are approximately 15%
dation coefficient is “equivalent” to a corresponding changeand the AMS CE of the thermodenuded samples was around
in the volatility distribution. This uncertainty could poten- 10% lower than that of the ambient/bypass samples. Overall
tially be overcome by varying residence times in the heatedhese corrections increased the MFR by approximately 20%,
section of the thermodenuder to the extent where no variafor FAME-2008. An organic aerosol evaporation model is
tion with time would be seen in the MFRs — thus ensuring used to simulate the time-dependent behavior of the aerosol
the uncoupling of kinetic and thermodynamic effects in theinside the TD and estimate the volatility distribution of the
evaporation inside TDs. The volatility distributions obtained ambient organic aerosol. The model shows that the organic

Conclusions
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aerosol measured during FAME-2008 is approximately twoClarke, A. D.: A thermo-optic technique for in-situ analysis of size-

or more orders of magnitude less volatile than laboratory- resolved aerosol physicochemistry, Atmos. Environ., 25, 635—
generated monoterpene-pinene, 8-pinene and limonene 644, 1991.

under low NQ conditions) SOA. Our analysis is based on Cross, E. S, Slowik, J. G Davidovits, P., Allan, J. D., Worsnop, D.

the assumption that the effect of reactions inside the TD was R Jayne. J. T., Lewis, D. K., Canagaratna, M., and Onasch, T.
small or negligible. While this assumption has been used in B.: Laboratory and ambient particle density determinations using

. - . . . L light scattering in conjunction with aerosol mass spectrometry,
all TD field studies, it clearly requires further investigation. Aerosol Sci. Technol., 41, 343-359, 2007.

Use of two residence times allows for a more constrainedpecarlo, P. F., Kimmel, J. R., Trimborn, A. M., Northway, M.

determination of the aerosol volatility by — at least partly — J., Jayne, J. T., Aiken, A. C., Gonin, M., Fuhrer, K., Hor-
uncoupling the kinetic and thermodynamic influences on the vath, T., Docherty, K. S., Worsnop, D. R., and Jimenez, J.
TD output. However, even with the two residence times used L.: Field-Deployable, High-Resolution, Time-of-Flight Aerosol
a rather wide range of effective accommodation coefficients Mass Spectrometer, Anal. Chem., 78, 82818289, 2006.
(from 0.05 to 1) were consistent with the data resulting in Denkenberger, K. A, Moffet, R. C., Holecek, J. C., Rebotier, T. P.,
significant uncertainty (almost an order of magnitude) in the ~2"d Prather, K. A.: Real-time, single-particle measurements of
estimated volatility distribution. Our analysis suggests that oligomers in aged ambient aerosol particles, Environ. Sci. Tech-
measurements at even higher residence times (several 100 nol., 41, 5439_5446’. 2007. . .

g . o T T I%nahue, N. M., Robinson, A. L., Stanier, C. O., and Pandis,
may be needed to further coqstraln the volgtlhty dlstrlbuu_on S. N.. Coupled partitioning, dilution, and chemical aging of
of OA at these low concentration levels. This will be a major  semjyolatile organics, Environ. Sci. Technol., 40, 2635-2643,
experimental challenge and will require very careful treat- 2q0s6.
ment of the particle losses inside the TD. Also better tem-Engler, C., Rose, D., Wehner, B., Wiedensohler, A., Brggemann, E.,
poral distribution of the measurements with more measure- Gnauk, T., Spindler, G., Tuch, T., and Birmili, W.: Size distribu-
ments performed to investigate the effect of residence time tions of non-volatile particle residuals g3 800 nm) at a rural

on the measured MER is recommended for future studies. site in Germany and relation to air mass origin, Atmos. Chem.
Phys., 7, 5785-5802, doi:10.5194/acp-7-5785-2007, 2007.
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