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Abstract. Organic compounds represent a significant frac-1 Introduction
tion of submicrometer atmospheric aerosol mass. Even if

most of these compounds are semi-volatile in atmospheriztmospheric aerosol particles play an important role in the
concentrations, the ambient organic aerosol volatility is quitegarth's energy balance by absorbing and scattering solar ra-
uncertain. The most common volatility measurement methodyjation (direct effect) and influencing the properties and life-
relies on the use of a thermodenuder (TD). The aerosofime of clouds (indirect effects) (IPCC, 2007). They have sig-
passes through a heated tube where its more volatile compgyificant negative effects on human health, including prema-
nents evaporate, leaving the less volatile components behinglre geath, increases in respiratory illnesses, and cardiopul-
in the particulate phase. The typical result of a thermode-monary mortality (Nel, 2005; Pope and Dockery, 2008).
nuder measurement is the mass fraction remaining (MFR), aerosols contain a wide variety of inorganic and organic
which depends, among other factors, on the organic aerOSQJompounds, with organics representing about 50% of the
(OA) vaporization enthalpy and the accommodation coeffi-fine (<1pm) aerosol mass (Zhang et al., 2007). Organic
cient. We use a new method combining forward modeling,aerosol (OA) originates from many different natural and an-
introduction of “experimental” error, and inverse modeling thropogenic sources and processes. It can be emitted directly,
with error minimization for the interpretation of TD measure- e.g., from fossil fuels and biomass combustion (so-called pri-
ments. The OA volatility distribution, its effective vaporiza- mary organic aerosol), or formed by atmospheric oxidation
tion enthalpy, the mass accommodation coefficient and they yg|atile organic compounds (VOCs) (secondary organic
corresponding uncertainty ranges are calculated. Our resultgerosol, SOA). Since the oxidation pathways for VOCs are
indicate that existing TD-based approaches quite often cangomplex and the reactions lead to hundreds or thousands of
not estimate reliably the OA volatility distribution, leading oxygenated products, our understanding of organic aerosol
to large uncertainties, since there are many different combitgrmation mechanisms and the OA chemical and physical
nations of the three properties that can lead to similar ther roperties is still incomplete.
mograms. We propose an improved experimental approach The volatility of atmospheric OA is one of its most im-
combining TD and isothermal dilution measurements. Weportant physical properties. It determines the partitioning of
evaluate this experimental approach using the same modejpese organic compounds between the gas and particulate
and show that it is suitable for studies of OA volatility in the phases, and the organic aerosol concentration, and influences
lab and the field. the rate of reactions and the atmospheric fate of the corre-
sponding compounds. Measurement of the OA volatility dis-
tribution has been recognized as one of the major challenges
in our efforts to quantify the rates of formation of secondary
organic particulate matter (Donahue et al., 2012).
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OA consists of thousands of compounds, too few of whichlonger timescales, where equilibrium of the system can be
have been identified. The volatility basis set framework reached, have been performed by Grieshop et al. (2009).
(Donahue et al., 2006) was developed to describe absorp- Dynamic aerosol evaporation models (Riipinen et al.,
tive partitioning by lumping all these compounds into sur- 2010; Cappa, 2010; Fuentes and McFiggans, 2012) are
rogates along an axis of volatility. This approach typically needed in most cases for the interpretation of TD measure-
employs species with effective saturation concentrations aments and the estimation of OA volatility. However, the MFR
298 K separated by one order of magnitude (bin), with val-of OA in a TD depends not only on its volatility distribu-
ues ranging from, say, 0.01 to®0g n73. By quantifyingthe tion, but also on the vaporization enthalpy and potential mass
volatility distributions of primary and secondary OA, a phys- transfer resistances as the particles evaporate. The inversion
ically reasonable description of semi-volatile organics that isof the TD measurements to calculate the OA volatility dis-
still suitable for large-scale chemical transport models can bdribution has proven to be challenging because of the many
obtained (Pathak et al., 2007; Stanier et al., 2008). parameters affecting the resulting MFR.

Thermodenuders (TD) have been developed to measure Previous studies have assumed a priori values for the ef-
the volatility of ambient aerosol (Burtscher et al., 2001; fective vaporization enthalpy and the mass accommodation
Wehner et al., 2002, 2004; Kalberer et al., 2004; An et al.,coefficient in order to estimate the OA volatility. Lee et
2007). A TD consists of two basic parts: a heated tube wheral. (2010) tried to measure the volatility of ambient OA
the more volatile particle components evaporate, leaving lesassuming values for the vaporization enthalpy and the ac-
volatile species behind, and the denuder tube containing ustsommodation coefficient equal to 80 kJ mbland 0.05, re-
ally activated carbon where the evaporated material is adspectively. They used the time-dependent evaporation model
sorbed, avoiding potential re-condensation when the sampley Riipinen et al. (2010), with least-squares minimization,
is cooled to room temperature. The aerosol mass fraction reto reproduce ambient measurements collected in the east-
maining (MFR) at a given temperature, after passing throughern Mediterranean. For most measurements, it was difficult
the TD, is the most common way of reporting the TD mea- to estimate the volatility distribution, especially for the less
surements. volatile components. Moreover, a change in the accommo-

The measurement of the volatility of OA has received con-dation coefficient from 0.05 to 1 resulted in a shifting of
siderable attention recently, and has been carried out both ithe estimated volatility distribution by one order of magni-
the field (Engler et al., 2007; Huffman et al., 2009; Lee et al.,tude. Lee et al. (2011) used the same mass transfer model
2010; Cappa and Jimenez, 2010) and in the laboratory (An ein order to reproduce experimental measurements from dif-
al., 2007; Jonsson et al., 2007; Saleh et al., 2008; Faulhaber &rent precursors, assuming values for the vaporization en-
al., 2009). One of the main issues related to the use of therthalpy and the accommodation coefficient. Cappa (2010) de-
modenuders is whether equilibrium is reached in the heatveloped a new model of evaporation in a TD accounting for
ing section of the instrument. Saleh et al. (2008) used highthe cooling section and the velocity profile across the TD
organic aerosol concentrations, allowing the model organidube. They demonstrated the importance of the vaporization
aerosol in their experiments to reach equilibrium in their TD. enthalpy, especially for values less than 100 kJThoThey
Using their integrated volume method, they were then able taalso underlined the importance of constraining the value of
determine the saturation concentration of the correspondingccommodation coefficient in order to quantify the volatil-
organic particles. Riipinen et al. (2010) showed that equili-ity distribution of OA. Cappa and Jimenez (2010) used the
bration times in TDs depend on many factors, such as thenodel of Cappa (2010) to quantify the volatility distribu-
organic aerosol loading and the accommodation coefficienttion of ambient OA in Mexico City using measurements from
These authors argued that OA practically never reaches equthe MILAGRO (Megacity Initiative: Local And Global Re-
librium in a TD at ambient concentration levels. For labora- search Observations) campaign. Assuming several values for
tory measurements, equilibrium can be reached with the uséhe vaporization enthalpy, either using the relationship from
of high organic aerosol loadings (larger than 200 ug)m Epstein et al. (2010) or assuming that the vaporization en-
and when the residence time in the heated section of théhalpy depended linearly on temperature or that it had con-
TD exceeds 30s (Riipinen et al., 2010; Saleh et al., 2011)stant values from 50 to 150 kJ md}, they estimated differ-

An et al. (2007) introduced an improved TD allowing for ent volatility distributions. Changing the value of the accom-
larger residence times. Lee et al. (2010, 2011) performednodation coefficient from 1 to 0.1, the estimated volatility
thermodenuder experiments at two residence times, and adistribution was shifted to higher values by approximately
gued that multiple residence times are needed in order t@wne order of magnitude. Fuentes and McFiggans (2012) used
decouple mass transfer effects from thermodynamics. Sima dynamic aerosol evaporation model and the Epstein et
ilar conclusions were reached by Riipinen et al. (2010) andal. (2010) relationship for the vaporization enthalpy, to calcu-
Cappa (2010). Saleh et al. (2012) used a particle concentrdate the volatility distribution for a-pinene SOA together with
tor before passing the ambient aerosol through the thermoda small value of the accommodation coefficient. The estima-
enuder to increase the aerosol concentration levels and to reion of the accommodation coefficient during the evaporation
duce the equilibration timescale. Volatility measurements onof atmospheric OA has been the focus of a number of studies.
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Saleh et al. (2012) developed a method combining a partiproperties. Experimental approaches to improve these esti-
cle concentrator (in order to achieve high mass loadings) andnates and to reduce the corresponding uncertainties are ex-
a thermodenuder. Using the thermodenuder model by Saleplored. We examine the utility of using two residence times,
et al. (2011), they measured the effective evaporation coefusing isothermal dilution instead of thermodenuder measure-
ficient of ambient aerosol. Their results suggested accomments (Grieshop et al., 2009), and finally combining TD and
modation coefficients with values around 0.3 for the ambi-isothermal dilution measurements.

ent particles that they examined. Cappa and Wilson (2011)

focused on the evolution of organic aerosol mass spectra
from lubricating oil and secondary aerosol from a-pinene ox-2 Thermodenuder model
idation upon heating, using the Cappa (2010) model. ThexN

donted volatility distributi ¢ _ tudies (Pathak e use the mass transfer model of Riipinen et al. (2010)
adopted volatility distributions from previous studies (Patha modeling the time-dependent evaporation of multicompo-

et al., 2007; Grieshop et al., 2009), and a vaporization en ent aerosol particles by solving the mass transfer equa-

tha!py b‘f"sed on thg Epstein et al. (2010) relat!onshlp. One Oﬂons for a monodisperse population of particles suspended
their major conclusions was that there were high mass trans-

f ist imated dati Hicient thm air. We assume a monodisperse population of particles.

e:jre5|? fgﬁez(e_s 'n:ﬁ € accomtmo "ﬂﬁn coe |C|enss(;)£ Eee et al. (2010) showed with the use of the same mass

order o .). uring the evaporaion of the a-pinene " transfer model that this simplification resulted in errors of
The sensitivity of TD results to several additional pa-

. . . X only a few percent (2%), and it reduced the computational
rameters has also been investigated in past studies. Lee Bhne considerably. The mass flux of compounétom the
al' (2010) conpluded that a mon(_)dlsperse approan_atlon_uséas phase to the particles, is calculated by (Seinfeld and
ing one effective value for the diameter of the particles in- Pandis, 2006)
stead of the full distribution resulted in changes in the ther- '
mograms of less than 2%. Lee et al. (2011) explored the efy, _ Z”dpMiﬁmiDi( 0 B
1 b

fect of the cooling section and the role of surface free en- ' RTmp

ergy, and Cappa (2010) the role of the assumed value fofhered, is the particle diameter® the ideal gas constant,
the diffusion coefficient or the average effective diameter of 7, and D; the molecular weight and diffusion coefficient of
the particles. Once again, the conclusion was that these paompound: in the gas phase at temperatte, (the tem-
rameters were not as important as the vaporization enthalpgerature in the heated part of the TD), apl@ and p; are

and the accommodation coefficient for the estimation of thethe partial vapor pressures o#t the particle surface and far
VoIatiIity distribution. Recondensation in the Cooling section away from the partide' respective|y_ In our simulations, we
has been investigated in a number of studies (Cappa, 201Qissume a particle diameter of 200 nm, a molecular weight of
Saleh et al., 2011; Fuentes and McFiggans, 2012). Fuentes.2 kg mot! and a diffusion coefficient of 10 m?s 1.

and McFiggans (2012), through a parametric analysis, con- The mass flux is corrected for kinetic and transition regime
cluded that recondensation depends on a combination of faceffects with the factopnm; (Fuchs and Sutugin, 1970):

tors, such as the mass loading, the particle size and the kinetic
coefficient for re-condensation. Cappa (2010) showed thapy,; = ,
recondensation becomes significant for large aerosol load- 1+ (%imi +0.377) Kn; + g)airm_Kni2
ings (larger than 200 ugni); thus, it is a problem mostly

for laboratory experiments. Saleh et al. (2011) showed tha ¢ th of srand th ticle radi h
a configuration with a small diameter for the cooling section mean free path of vaperand the particle radius, aug; the

can lead to negligible recondensation, even for higher aerosd]'3sS accommo_datlo_n coefficient obn the particles. The
mean free path is estimated by

1+Kn;

)

yvhereKni is the Knudsen number, that is, the ratio of the

loadings.
In this study, we explore methods for estimating the OA 3-D;
. o . . . A= ——moy, 3)
volatility distribution, together with the effective vaporiza- ¢

tion enthalpy and mass accommodation coefficient. We dewnherez is the mean velocity of the gas molecules, given by
velop a method combining forward modeling with known

values for the three properties that we will try to estimate, _ 8-R-Tmp

introduction of random “experimental” error and, finally, in- €~ V' moM )
verse modeling with least-squares error minimization for the

estimation of the OA volatility distribution, its effective va- The partial vapor pressure ot the particle surfacey?, is
porization enthalpy and the mass accommodation coefficientdiven by

We show that the best fit does not correspond to the most 0 AM;o
accurate estimate, due to the multiple local minima occur-Pi = *iViPsati eXp(RTp,odp>
ring in this problem. We propose an approach of estimat- C*RTrp N ( AM.o )

ing an ensemble of solutions, and use them to derive a best — x;
guess and corresponding uncertainties for each of the three M; RTppd),

®)
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wherex; is the mole fraction ang; the activity coefficient of We use, as inputs, values for the geometry of the TD (the
i in the particle phasepsat; the pure-component vapor pres- length and the residence time in the heated tube), the temper-
sure ofi over a flat surfacef}, the particle temperature” ature inside the TD1p), the initial mass concentration of
represents the effective saturation concentration iofthe  the organic aerosoldaep), and the properties of the organic
volatility basis set (Donahue et al., 2006), afd is the mass  compounds (such as the volatility distribution, vaporization
fraction ofi in the particle. In this study, we will be using a enthalpy, accommodation coefficient, etc.). For the descrip-
fixed basis set with four volatility bins, with effective satu- tion of the geometry of the TD, we used the values for the
ration concentrations of 0.01, 0.1, 1 and 10 Ugirfor each  Carnegie Mellon TD of Lee et al. (2010). Specifically for the
volatility bin. We assume a surface tension of 0.05N'm heated tube, we used a length of 55 cm and a centerline resi-
as a median of the range used in Riipinen et al. (2010). Wealence time of 17 s.
repeated our simulations with values of 0.05-0.2 N-rfor Using the mass transfer model of Riipinen et al. (2010),
the surface energy, but this choice had practically no effecimodeling the time-dependent evaporation of multicompo-
on the results, since the particles examined are too big andent aerosol particles, we constructed theoretical thermo-
the Kelvin effect is not important. We also use a density ofgrams (MFR versudtp). Previous studies have often as-
the surrogate compounds of 1500 kg¥n sumed that thermograms can be directly connected to the
The saturation concentrations of the evaporating species atolatility of OA. Figure 1 indicates that we can have very
Ttp are estimated using the integrated form of the Clausius-similar thermograms for organic aerosols with very different

Clapeyron equation: volatilities (orders of magnitude different). In this example,
. the reduction in the saturation concentration is balanced by
C; (Trp) = changes in the accommodation coefficient and the vaporiza-
c* (298K)exp[AHvam <i B i)} <ﬁ3> ©) tion enthalpy. The similarity of these suggests that the inver-

i R 298 Tmp Tmo /)’ sion of the thermograms in order to calculate the OA volatil-

_ o ) ity will be very challenging.
whereA Hy,p; is the vaporization enthalpy of speciesThe
temperature dependence of the diffusion coefficients of the2.1 Pseudo-experimental data
evaporating species is taken into account by using
" In order to evaluate how well we can estimate the volatility
TTD H 1 H 13 - H ” 1
Di(Trp) = D; (299 (_) , @) distribution, we used “pseudo experlm_ents corruptmg_the
298 output of the TD model, for systems with known volatility

. . distributions and properties, with randomly generated “ex-
wherey. is a constant usually ranging from 1.5 to 2.0 (Chen perimental” errors. In this way, we could take into account

and Othmer, 1962). We used the value of 1.75 for all the stud- . oo
. the measurement uncertainty due to the variability of mea-
ied compounds.

. . . . surement conditions, and produce relatively realistic “exper-
The time-dependent evaporation of the organic aerosol is P y P

. . : . . imental results” for systems with known volatility distribu-
simulated by solving the differential equations for total par- y y

ticle massn,, and gas phase concentratiafisof the evapo- tions and properties. We “corrupted” the TD model predic-
. L gasp P tions with random errors assuming a normal distribution,
rating species:

based on the variability of laboratory measurements with the
dmp n dc: same TD conducted by Paciga and Pandis (2014), with a
P _ _ I; 7 I; - Not, ) .. .

» ;:1 p» tot (8)  standard deviation given by

P . —_— . 2
where Nyt is the total number concentration of the particles o =051-MFRiue— 0.5- MFRire, ©)

(assuming a monodisperse _particle popqlation). The MFR iy here MFRwe are the correct MFR values. A typical exam-
then calculated from the ratio of the particle mass &attyes ple is shown in Fig. 2.

(Wheretres is the residence time through the heating tube)’ |, the rest of the inversion approaches, pseudo-

to the initial mass of the particles. In this work, we study gyperimental data were used. In this way, the experimental
the evaporation of particles in a TD independently of the TD uncertainty was always taken into account, and an overes-

design and geometry: the only variables representing the ingmation/underestimation of the corresponding algorithm is
strument are the particle residence time and the temperatur,

: U&voided.

of the thermodenuder. We neglect the velocity and potential

temperature gradients in the radial direction and thus focu® 2 Optimum OA volatility distribution

on the particles moving along the centerline of the TD and at

the corresponding centerline temperature. Saleh et al. (201Ihe MATLAB least-squares fitting algorithlegcurvefitwas
showed that a similar model neglecting the radial dependencased in order to obtain the best possible fit between the
of the system reproduced well the behavior of model particles'measured” and modeled MFRs. Four lognormally equally

consisting of dicarboxylic acids. spaced volatility bins were used, with volatilities from£0
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Figure 1. Predicted thermograms (MFR versiigp) for OA with Figure 2._Typ_ica| example of “construction”_of TD pseudo-data.
different properties. A single-component aerosat & 1 pug n3, The red line is the thermogram corresponding to the true proper-
A Hyap=80kJ mot! and am=0.05) gives practically the same ties of the aerosol, and the black dots correspond to the “measured”

. e 3 MFR versusTtp for an aerosol consisting of two components: very
T‘:\:sgrlaona Ej ;giyg:;a:lfq)l?wer volatility'(= 0.01 ug ™=, low v_o_IatiIity mgterial (60 %C*=0.01 g m‘f”) and rela_tive!y high
volatility material (40 %C* = 10 ug n3), with a vaporization en-
thalpy and a mass accommodation coefficient equal to 100 k3mol
and 1, respectively. Twelve “measurements” were constructed for
to 10 ug nT3. The corresponding volatility distribution, va- €dually spaced temperatures between 24 and C4fly corrupting
porization enthalpy and mass accommodation coefficientN® correct values with random experimental errors.
were estimated by the algorithm minimizing the sum of the
tsr?;zrseeiggf-(rerzzggife??ewn?se.?rﬂﬁeN:zaRsTsO(;lee;reregEttilr%?;a?igﬂqe true value, and the est|m§ted accommodation coefficient
a total of 12 pseudo-measurements was used in all cases Was a factor of 25. Iowgr than It. S.h.OUId be.
. X . : =" The results, using different initial guesses for the case of
A wide variety of compositions was tested during the sim- . P
ulations, including one-component two—componentormulti—nm!tlp!e'comloOnent OA (Test 2), are shown in l_:|g. 3. For
compon’ent aerosols with various \’/olatility distributions and an |n_|t.|al guess 0f[000.30.7] for the Q‘ass fraCtlqu of the
with different values for the vaporization enthalpy and the volatility plns.(c* =[0.010.1110] ug m*), 50 kJ mof fgr
accommodation coefficient. The results for three of thesethe? \_/apor|zat|on enthalpy and 05 fqrthe ac commodapon co-
; L . _efficient, the shape of the volatility distribution was estimated
tests that are used as illustrative examples are shown in Ta-

ble 1. For Test 1 corresponding to OA consisting of ver correctly, but with significant errors of 0.1-0.2 in the 0.1, 1
o aﬁd hiah volatilit ma{)er'all(GgO % 0.01 T]g: a:’1dg40(; Y and 10 pg m? bins. The vaporization enthalpy estimation er-

w 3'9 volatiity matert 0U0LHY °  ror was 24 % and the estimated accommodation coefficient
10 ug m°), the optimization resulted in an absolute volatil-

itv error of less than 10 % for all bins. The vaporization en- &S 0.9, close to the true value of unity. This is however a lo-
y error ot fess thar o forall bins. 1he vaponzation €n- .. minimum of the objective function. The global minimum

thalpy was well estimated (relative error equal to 8 %), and, . . L

the mass accommodation coefficient was estimated within 4Timmum error) was found when we used an initial guess

factor oSfSZ (0.97 insteatlj of 0.5) IFlor T(:vstsz csé)lrrespon\éjvilngI to f[0.1 0.1 0.3 0.5] for the mass fractions, 80 kJ miofor

multicomponent OA (10% 0.1 ug‘n‘?i, 30% 1 g w3 and A Hyap, and 0.2 foram. The estimated OA volatility distribu-

. AR tion, in this case, is shown in Fig. 3b. In this case, the shape
0 3 ) ) ,
6.0 % 10ugm*), the estimated voIatll[ty distribution had A of the volatility distribution is not correct, and there are er-
different shape than the true one, with more material pre-

dicted for the bin of 1 ugm? (predicted mass fraction equal [I.Ohrz g‘;?ﬁ;:;i;a;tif;iso%fg:sh\ﬁrl)a;ug;y db;:zgriﬁg%zg(s)r?g-
to 0.49 instead of 0.3), and less for the 10 pigPrbin (pre-

. . X efficient were similar to those of the previous guess, with a
dicted mass fraction equal to 0.31 instead of 0.6). Also, some P 9

very low volatility material was estimated (predicted mass felative error of 35% fOrA Hyap. DUE t0 the experimental
y y P error, the global minimum can correspond to volatility distri-

_frac_tlon equal to 0.07 wh_|Ie none was prese_nt). The Vapor, \tions that are far from the true values. We conclude that the
ization enthalpy was estimated with a relative error equal

) . . optimization method may not be appropriate for the estima-
to 40 %, and the accommodation coefficient was well esti- P y pprop

. . . tion of the volatility distribution, the vaporization enthalpy
mated (0.72 instead O.f unity). F_qr Test 3 with the case Olcand the mass accommodation coefficient. It is also clear that
one-component OA with a volatility of 1 ugm, the esti-

. wen n roach for estimating th rr nding uncer-
mates of all properties were far from the truth. Most of theta(ianti:da approach for estimating the corresponding unce
material (88 %) was estimated to be in the 0.1 pgoin in- '
stead of 1 ugm3, and some material (12 %) was predicted

in the highest volatility bin of 10 pg m?. The estimated va-
porization enthalpy was more than a factor of 2 higher than

www.atmos-meas-tech.net/7/2953/2014/ Atmos. Meas. Tech., 7, 2289865 2014
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09 — 09 — wherey; is the value of property (the mass fractions of the
0.8l (@) local minimum 08! (b) global minimum ) L N )
volatility bin i or the vaporization enthalpk Hyap or the ac-

06 Predicted commodation coefficient lagm)).
§ 059 True Tre We also calculated the uncertainty range for all three prop-
% gj;'j predicted\ erties py calculating the standard deviatier) ¢f the corre-
= 02] sponding values:
0.14
00501 o1 1 10 Tool ol 1 N
Cr g md crgmd Z[((xi —%)2. (Ei))]
Figure 3. Estimated (bars) and true (red lines) volatility distribu- o = d ¥ . (12)
tion for OA consisting of 10 %C* = 0.1 ugn 3, 30% 1 g3, 3 [i]
60% 10 ug 3, A Hyap=50kJImott andam = 1, based on TD —~ LEi

pseudo-data(a) Solution corresponding to a local minimum of

the objective function. The estimated vaporization enthalpy and ac- The logarithms of the accommodation coefficient values

commodation coefficient ares Hyap=38kJmol* andam=0.9.  \vere used in order to avoid negative accommodation coeffi-

(b) Solution for the global minimum. The estimatédivapandam  cjent values inside the uncertainty range. We report one stan-

are 68k mof ! and 0.84, respectively. dard deviation as the uncertainty range in the rest of the pa-
per.

2.3 Estimation of uncertainty

In an effort to explore in more detail the solution space for the3 Results

problem, we discretized the parameter space and simulated )
all combinations of volatilitiesA Hyap andar. We used once The first parameter of the thermodenuder experiments ex-
more four bins for volatilities from 10 to 10 ugnT3, and plored was the number of measurements at different temper-

varied the mass fraction of each bin from 0 to 1 with a Stepatures in the thermogram under consideration. In previous
of 0.1. The values used fax Ho.. were from 20 to 200. with studies, thermodenuder measurements vary between 6 (An
discrete values of 20 50. 80 Vi%o 150 and 200 kJ‘Fh;zind etal., 2007) and 12 measurements (Faulhaber et al., 2009).
for an, the values were from 0.01 (large mass resistance) to A W'F’e variety of cases of OA were tested _durlng the

1 (no mass resistance), with discrete values of 0.01, O.055|mulat|0ns once more. The results for a multicomponent
0.1, 0.2, 0.5 and 1. We also tried in our simulations other A With rrsmstly nonvolatslle material (80 %30'01 Mgt 5%
discretizations for the values of the vaporization enthalpy and:1 91>, 10% 1 pgm® and 5% 10 ugm®), for the cases

the mass accommodation coefficient, and they did not affecP! 6 @nd 12 measurements, are givenin Fig. 4 as arepresenta-
the results. In the rest of the paper, the discretizations for thd've example. Forthe.flrst experlment, with asmgll ngmber of

A Hyap and thean, described above will be used for all of the measurements (6 points), there is large uncertainty in the two

simulations. For each simulation, the percentage error wal8@St volatile bins (with a standard deviation up to 0.25). The
estimated from uncertainty range in the least and most volatile bins (0.01 and

10 pg nT3) does not include the correct values for the distri-
100 | & bution. In the second experiment, twice as many measure-
=— Z (MFR; guess— MFR;)?, (10) ments were used (12 points), the estimated uncertainty range
i is smaller (the standard deviation of all the predicted mass
fractions is less than 0.08), and it contains the correct volatil-
where MFR guesds the MFR for a certain combination of pa- ity distribution. The relative error of the estimatedyap is
rameters for data point(corresponding to a specific temper- 139, in both experiments. Finally, tlag is underestimated
ature), MFR is the “measured” MFR, andis the number of  for hoth experiments, but with the second experiment (using
the different temperaturé&p used in our “measurements”™. 12 measurements), the uncertainty range includes the correct
After performing simulations for all combinations of all yg|ye.
properties, we identified the combinations that led to small  For cases of OA with more uniform volatility distributions
errors (less than 2 %). From these values, we then calculate(b_g_, cases where the mass fraction varies less than 0.2 be-
a “best estimate” using the inverse error as a weighting factween the bins), the use of 12 measurements instead of 6 gave
tor: similar estimates for the three properties (volatility distribu-
N tion, vaporization enthalpy and mass accommodation coeffi-
> [(x,») . (Ei')] cient) and the same uncertainty ranges. In cases of extreme
i ’ (11) volatility distributions, where most material is in one or two
N volatility bins, as in the case of the example in Fig. 4, using
D [E_] more measurements resulted in better estimates and smaller

E;

X =
i
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Table 1. Values of the true and estimated properties (volatility distribution, vaporization enthalpy, accommodation coefficient) for three OA
examples.

Test1 Test 2 Test3

OA with very low and  Multiple- One-

high volatility material component OA component OA
True values C}=[0.010.1110] C¥=[0.010.1110] C¥=[0.010.1110]

X;=[0.6000.4] X;=[00.10.30.6] X;=[0010]

AHvap: 100kJ moTl AH\/ap: 50kJ moI'l AH\/ap: 80kJ morl

am=0.5 am:]. (1m=1
Optimization results C;=[0.010.11 10] Cr=[0.010.1110] Cr=[0.010.1110]

X; =[0.63000.37] X;=[0.070.130.490.31] X;=[00.8800.12]

AHvap: 92 kJ mol’l AH\/ap: 70kJ moI'l AH\/ap: 181 kJ moTl

am = 0.97 am=0.72 am = 0.04

E; = 1.09° E; =03 E; =0.81

2 The error, given by Eq. (10), describes the quality of the fit.

38 e @ 09 @ in Sg(_:t. 2.2, the OA consists of two component_s_: very low
ol 1 6 points g;?: 12 points volatility material (60 % 0.01 pg ) and high volatility ma-
5 06 Estimate 508 terial (40 % 10 ugm?). The estimated uncertainty range is
B0 g - large, especially for the two least volatile bins (with an uncer-
4 03] 2 03] tainty equal to 0.2), but it includes the actual volatility distri-
= g"j = gi bution. Also, the estimated volatility distribution has the cor-
00! 00! rect shape. The estimated vaporization enthalpy has an error
' Crpgmd oot g]{ug m'3)1 1 of 5%, while the accommodation coefficient error is around
120 120 20%.
100] 6ot 100l 12 In the second test, we assume that the OA consists of
+ ] o+ 8 very low volatility material (50% 0.01pgm?) and rela-
E ol g tively high volatility material (50 % 1 pg m?). The shape of
% w0l S 20 the volatility distribution of the OA is not captured by the in-
3 5 T 5 version results, the estimated uncertainty range is large (the
ol o uncertainty of all the predicted mass fractions is around 0.2),

and the uncertainty range does not contain the actual volatil-
ity distribution. The error of the estimatedH,4pis 8 %. The
accommodation coefficient is underpredicted by one order
of magnitude (value equal to 0.15 instead of unity). The TD
measurements are not sufficient in this case for the accurate
estimation of the OA volatility distribution.

In order to evaluate how general the above results of the
proposed volatility estimation method are, we performed ad-
Figure 4. Estimated (bars) and true (red lines) parameter values ford'_t'or'.al tests using ten randomly generated VOIat'I'ty_ dis-
an OA with 80% 0.01pgm3, 5% 0.1pgnT3, 10% 1pgn3, tributions. The sets of parameters used are shown in Ta-
and 5% 10 pg m3, A Hyap=80kJ mot! andam = 1 for 6 mea-  ble 2. The ten first parameter sets have random OA volatility
surements(a) volatility distribution, (b) A Hyap, and(c) am, and  distributions, a vaporization enthalpy equal to 90 kJmhol
using 12 measurements féd) volatility distribution, (€) A Hyap, (chosen as a reasonable intermediate value between 20 and
and(f) am. The error bars represent the uncertainty of the estimated?00 kJ mo’rl), and an accommodation coefficient of 0.1
value. (chosen as a medium mass resistance). Additional cases with

either low (sets 11-13) or high mass transfer resistance (sets
uncertainty ranges than using only a small number of mea:l4_.16) and cases with low (sets 11 and 13) or higher vapor-
surements. ization _entha!p|es (sets 12, 15 and 1_6) were also exa_mlned.
In Fig. 5, we examine two more cases of OA with ex- The inversion results are shown in Table 3. They include
treme volatility distributions using 12 pseudo—measurementsthe average absolute errors for the VBS bins, the relative er-

In the first test, which is the same OA as in Test 1 discussed®" (%) for the vaporization enthalpy, and the errorsdai(in

N
o

=

[S]

©

0]
6 points 12 points

o
[

Accommodation coefficient

. Accommodation coefficient

0.01- .01-
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Table 2. Sets of random volatility distributions used for the evaluation of different inversion approaches.

OA

Mass fraction

parameter set 0.01ugm™ 0.1ugnt3

0.135

0.45
0.255
0.235
0.565
0.105
0.375
0.375
0.145
0.245
0.565
0.565
0.245
0.245
0.135
0.105

0.06
0.04
0.115
0.045
0.23
0.21
0.405
0.095
0.435
0.085
0.23
0.23
0.085
0.085
0.06
0.21

AHvap
lugn3  10pgnt3  (kImorl)  am
0.14 0.665 90 0.1
0.315 0.195 90 0.1
0.47 0.16 90 0.1
0.025 0.695 90 0.1
0.175 0.03 90 0.1
0.59 0.095 90 0.1
0.15 0.07 90 0.1
0.07 0.46 90 0.1
0.25 0.17 90 0.1
0.08 0.59 90 0.1
0.175 0.03 70 1
0.175 0.03 140 1
0.08 0.59 60 1
0.08 0.59 120 0.01
0.14 0.665 120 0.01
0.59 0.095 140 0.01

0.8

)
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071
06]
505/
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orders of magnitude). These results indicate that an accurate
estimation of the OA volatility distribution is challenging in
most cases. The volatility distribution was estimated with av-
erage absolute errors less than 0.1 for six out of the sixteen
cases tested (sets 1, 4, 8, 9 10 and 13), and for the rest of
the cases, the errors were up to 0.22. The average relative er-
ror of the estimated\ Hyap was roughly 10 %. The error for

the estimated accommodation coefficient varied from half to
almost one and a half order of magnitude. Concerning the un-
certainties (not shown), the uncertainty range of the volatility
distribution in most of the cases was large (around 0.2). Ex-
ceptions are the cases with most material in the lowest and
highest volatility bins, where the uncertainty range is 0.05—
0.15. The uncertainty in the estimatadd,,p for most of the
cases was around 20 %. The uncertainty in the estimated ac-
commodation coefficient varied from less than one order of
magnitude to two orders of magnitude.

Based on the above results, it is evident that it is very dif-
ficult to estimate the three properties accurately and with a
small uncertainty range, since there are many combinations
of properties than can lead to a thermogram quite similar to
the one from the pseudo-experiment. So, even if the uncer-
tainty estimation method proposed here is a step forward, the

Figure 5. Estimated (bars) and true property values (red lines) usingrp jhyersion results are either too uncertain or sometimes
12 TD measurements, for two types of O@) Volatility distribu-

tion, (b) A Hvap, (¢) am for OA, with 60 % 0.01 ug m* and 40 %
10 pg N3, A Hyap=100kJmot?! and am = 1, and(d) volatility
distribution,(e) A Hyap, and(f) am for OA, with 50 % 0.01 ug m3
and 50% 1ugm3. AHyap=150kJmot?! andam = 1. The error

bars represent the uncertainty of the estimated value.

Atmos. Meas. Tech., 7, 29532965 2014

erroneous. The TD measurements using one residence time
(17 s) are not sufficient to constrain the three properties, since
equilibrium is not reached in most cases. It is clear that im-
provements in the volatility measurement approach itself are
needed. A number of ideas are explored in the next section.
These include using more than one TD residence time or us-
ing measurements on much longer timescales (e.g., isother-
mal dilution measurements).

www.atmos-meas-tech.net/7/2953/2014/
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4 Improvements in the volatility measurement method 1.04

4.1 Use of two residence times 0.8 ‘Measurements'
In order to improve the method for the estimation of the OA v 0.6+ e . . ¢
volatility distribution, A Hyap and am, we simulated “mea- <

surements” using two residence times (Lee et al., 2010), but 04

with half the data points for each measurement (6 points for 021

each residence time). We used two residence times of 17 and

34s. The estimation of the volatility distributions was im- 0.0 : : : : : ,
proved, but the improvement in most cases was small to mod- 0 20 4 t?omimso 100 120

est. For example, for the case of OA consisting of very low
volatility material (50% 0.01 g nﬁ) and relatively high  Figure 6.1sothermal dilution measurements (MFR as a function of
volatility material (50 % 1 ug m®), the correct volatility dis-  time) for an aerosol with 60% 0.01ugth and 40% 10 pgm?,
tribution was still not retrieved, the uncertainty range once 2 Hvap=100kJmot & andam = 1. The red line corresponds to the
again was large (equal to 0.2), and it did not contain the aC_true pro;lz)ertles of the aerosol, and the black dots are the “measured
tual volatility distribution. The relative error of the estimated MFR values.
A Hyapwas 6 %. The accommodation coefficient was under-
predicted by one order of magnitude (value equal to 0.12 in-
stead of unity).

We performed a number of tests with different OA sys- o = 0.05- MFRye+0.03, (13)
tems. The use of two residence times resulted in improved es-
timates in some cases (e.g., single-component systems), biif1€ré MFRre are the correct MFR values. _
in the majority of the cases, the improvement was marginal. A typical set of isothermal dilution “measurements” is
The results were often quite similar to those of the one resi-SOWn in Fig. 6. The organic particles reach equilibrium

dence time discussed above (with twice the data points). Thi¥/ith the gas phase after approximately thirty minutes in this
was due to the fact that in most cases, the system is still faPseudo-experiment. The inversion results for the case of OA

from equilibrium. We concluded that just doubling the res- CONSisting of very low volatility material (60 % 0.01 ugh
idence time was not sufficient and that the residence time¢d"d high volatility material (40 % 10 ,“gT,ﬁ)' are shown in
should increase to tens of minutes in most of the cases. Thi§9- 7- The esumated_volaullty distribution had significant
is very difficult though for continuous flow systems, so the €O and 'the uncertainty was Ia}rge (equgl to 0.2). The ac-
next step was the exploration of the utility of evaporation commodation coefficient was estimated within 20 %.
measurements at much longer timescales than those that can 1 N€ dilution method was also used for the random sets

be reached with a TD. of volatility distributions shown in Table 2, and the results
are shown in Table 3. The average absolute errors for the
4.2 Isothermal dilution experiments VBS bins were around 0.2, and the errors for the accommo-

dation coefficient in all cases were up to one order of mag-
We tested the effectiveness of performing only isothermalnitude. Isothermal dilution did not consistently improve the
dilution measurements instead of TD measurements. Thestimated volatility distributions and the accommodation co-
isothermal evaporation of OA can take place in a smog chamefficient compared to the use of TD measurements. The un-
ber, and allows residence times of a few hours (Grieshop etertainty remains large, since there are still many combina-
al., 2009). The isothermal evaporation results at room temiions of the two properties that can lead to similar dilution
perature do not depend @y ap, but only onC* andam. We curves.
assume that we dilute our OA samples during the injection in
the chamber with a 10-fold volume of clean air, so in this 4.3 Combination of TD and isothermal dilution
way, the initial gas and particle concentrations are lowered measurements
by a factor of 10, and the system is out of equilibrium. We ) ) ) )
allow the aerosol to evaporate in the chamber for 2 h and as?V€ continued with the test of effectiveness of combin-
sume that its concentration is measured every 10 min. The efNd TD and isothermal dilution “measurements” using the
ror distribution used for the isothermal dilution is also basedS@Me method as in Sect. 2.3. We used the same discretiza-

on the variability of the corresponding laboratory data. wetion for the values of the volatility distribution, the vapor-

“corrupted” the time-dependent mass transfer model prediclzation enthalpy and the accommodation coefficient, and

tions with a random error, assuming a uniform distribution CONstructed, using the evaporation model, the theoretical
with a standard deviation given by thermograms. Using random numbers based on a normal

distribution (for the case of thermodenuder measurements)
and uniform distribution (for the case of isothermal dilution

www.atmos-meas-tech.net/7/2953/2014/ Atmos. Meas. Tech., 7, 2289865 2014
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Table 3. Results for the sets of random volatility distributions using different inversion approaches.

TD measurements Dilution measurements TD and dilution measurements
Average Relative Error for Average Error for Average Relative Error for
OA absolute error  error (%) for  am (orders absolute error  am (orders absolute error error (%)  am (orders
parameter set  for VBS bins AHyap of magnitude) for VBS bins  of magnitude) for VBS bins  faiHyap  of magnitude)
1 0.05 6 0.43 0.13 0.39 0.02 11 0
2 0.13 3 0.06 0.11 0.17 0.02 2 0.16
3 0.1 8 0.1 0.51 0.19 0.07 2 0.02
4 0.08 10 0.45 0.19 0.36 0.02 4 0.1
5 0.14 4 0.28 0.12 0.44 0.14 0.7 0.46
6 0.1 10 0.02 0.15 0.02 0.07 10 0.04
7 0.14 7 0.13 0.06 0.19 0.07 2 0.05
8 0.07 4 0.17 0.18 0.34 0.04 0.9 0.06
9 0.09 3 0.04 0.07 0.21 0.09 0.1 0.34
10 0.06 11 0.45 0.16 0.46 0.06 11 0.37
11 0.14 14 1.17 0.12 1.06 0.1 14 0.77
12 0.11 14 0.95 0.12 1.06 0.06 23 0.96
13 0.06 2 0.3 0.07 0.17 0.08 0.04 0.24
14 0.18 25 1.22 0.2 0.75 0.33 17 1
15 0.22 14 1.12 0.21 0.83 0.3 8 1.22
16 0.11 11 0.63 0.18 0.50 0.17 4 0.32
08 @ = 0 o A Hyapwas roughly 7 %. The error for the estimated accom-
071 modation coefficient for the cases of OA varied from less
0.6 —— . )
£ 05l 1 than half an order of magnitude up to one order of magni-
Boa tude. The uncertainties (not shown) for the volatility distri-

bution in 70 % of the cases were not higher than 0.05-0.1.
The uncertainties for the vaporization enthalpy were around
10 %. The accommodation coefficient, for the cases of OA
with a value equal to 0.1, had an uncertainty of half an or-
der of magnitude. For cases where the accommodation co-
Figure 7. Estimated (bars) volatility distribution and accommoda- efficient was equal to unity, it was underpredicted, with an
tion coefficient and true (red lines) values using isothermal dilu- uncertainty varying from half an order of magnitude (set 13),
tion “measurements”, for an OA with 60 % 0.01pgfand 40%  to one order of magnitude (set 11), to two orders of magni-
10ugnT3; AHyap=100kJmof ! andam = 1. (a) Volatility dis-  tude (set 12). For the cases of OA (sets 14 to 16) where the
tribution and(b) am. accommodation coefficient is equal to 0.01, it was overesti-
mated by up to one order of magnitude.

Problems appeared in the three cases (sets 5, 9, and 13) in
measurements), we produced pseudo-measurements for tU\ﬁ‘liCh less than 20 % of the OA evaporated, and in the three

different experiments. .Fo.r the resulting 24. measurementy,seq where equilibrium was not reached (sets 14, 15, and
(12 for each TD and dilution pseudo-experiment), we theny gy \;sing 4 higher initial dilution (100 times dilution), the

p_erformed the error mi_nimization with the per_centage EITOT 5 ctual volatility distribution was captured in sets 9 and 13,

|g|;/_en by Eqg. (10), trteatllngtﬁqually thfe_'rI'Dta?dTlS(t))tlhelrmarl]dl- with uncertainties equal to 0.2 and 0.1, respectively. Results
iution measurements. In the case ot 1es (Table 1) s OWBor set 5 improved marginally, because further evaporation
in Fig. 8, the estimated VOIZ.it'"ty d|str|b_ut|on has t_he COITeCt -1 not be achieved due to the large amount of nonvolatile
shape, and the corresponding uncertainty range is small (urﬁwaterial in the OA. The longer residence times improved the

certainty less than or equal to 0.1). Thefyep and thean accuracy of the estimated volatility distributions (errors less

were estimated within a few percent. In another challengingthan 0.1). The errors in Hyap and the accommodation coef-
test (Fig. 9), the shape of the volatility distribution is again ¢ ..co o reducedvi;pall cases

preI(qijtedhcorrectly. Thef est||m7a('§/ed Vagui of th_e Vapgrlzauon Summarizing, using both TD and dilution experiments re-
enthalpy has an error of only 7%, and the estimate aCcombroduced volatility distributions with average uncertainties

modation coefficient is 0.4 instead of unity. between 0.05 and 0.1 for most cases, provided that more than

}{{\/e also hrepea_tedTagl th; tlest7s Of;f Tfakilhe 2. The {E'ZO% or so of the aerosol evaporated during dilution and that
sulls are shown In lable 3. in o ob the cases, they,, system had enough time to come close to equilibrium.
volatility distribution was reproduced with absolute errors

. i he vaporization enthalpy was estimated with average errors
less than 0.1. The average relative error of the estlmateJ P Py g

Accommodation coefficient

001 01 1
Crugmd
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Figure 8. Estimated (bars) and true (red lines) parameter val-Figure 9. Estimated (bars) and true (red lines) parameter values
ues combining TD and isothermal dilution measurements, forcombining TD and isothermal dilution measurements, for an OA
an OA with 60% 0.01pgm® and 40% 10ugm3, AHyap=  With 50% 0.01pgm3 and 50% 1pg M3, A Hyap=150kJ mot
100kJImott andam = 1 for (a) volatility distribution, (b) AHyap, ~ @Ndam =1 for (a) volatility distribution, (b) A Hvap, and(c) am.

and(c) am.

with the use of dilution measurements. Use of isothermal di-

less than 10 % in most cases. Estimation of the accommoddution on its own instead of TD measurements usually leads
tion coefficient was more challenging than the other param{0 Worse estimates of the volatility distribution compared to
eters. Problems occur mostly when evaporation in dilutionthe TD. However, combining both TD and isothermal dilu-

experiments is less than 20 %, or when equi”brium is nottion measurements leads to promising results in the majority
reached. of the cases. Cases for which problems remain include those

in which the OA does not come close to equilibrium after di-

lution, or when the corresponding evaporated fraction is less
than 20 %. Increased dilution and longer residence times can
help in these cases. The approach combining TD and isother-
Multiple combinations of parameter§™, A Hyap, am) can mal dilution measurements is recommended for future stud-

lead to practically indistinguishable thermograms during TD €S 0f OA volatility in both the lab and the field.

measurements. The estimated volatility distribution, based

on the minimum error, can be wrong by several orders of

magnitude due to the multiple solutions that exist, leading

to multiple local minima of the objective function. We intro-

duce a new method combining forward modeling, introduc-

tion of experimental error and inverse modeling with error ggited by: J. Schneider

minimization for the interpretation of existing TD measure-

ments. With this method, using an ensemble of “best solu-

tions”, we were able to calculate a best estimate and an uncereferences

tainty range for the estimated volatility distribution, the va-

porization enthalpy and the accommodation coefficient. WeAn, W. J., Pathak, R. K., Lee, B. H., and Pandis, S. N.: Aerosol

show that this uncertainty range is often large and sometimes Volatility measurement using an improved thermodenuder: Ap-

does not even include the true value of the properties, with Plication to secondary organic aerosol, J. Aerosol. Sci., 38, 305—

the exception in the estimation of the vaporization enthalpy, 314 d0i10.1016/j.jaerosci.2006.12.002007.

where the errors are around 5-20 % in most cases tested, Curscher, H. Baltensperger, U., Bukowieck, N., Cohn, P,

. . Huglin, C., Mohr, M., Matter, U., Nyeki, S., Schmatloch, V.,

Experimental approaches that would improve the method

I d Th ; £ 1D Streit, N., and Weingartner, E.: Separation of volatile and non-
were explored. the periormance o measurements un- volatile aerosol fractions by thermodesorption: instrumental de-

der multiple residence times results in a small to modest \ejopment and applications, J. Aerosol Sci., 32, 427—442, 2001.
improvement in the results, since equilibrium is still not cappa, C. D.: A model of aerosol evaporation kinetics in a ther-
reached. The idea of using experiments on a totally longer modenuder, Atmos. Meas. Tech., 3, 579-592,1dbE194/amt-
timescale in order to achieve equilibrium was then examined 3-579-20102010.
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