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Abstract

Measurements of the sensitivity of organic aerosol (OA, and its components) mass
to changes in temperature were recently reported by Huffman et al. (2009) using a
tandem thermodenuder-aerosol mass spectrometer (TD-AMS) system in Mexico City
and the Los Angeles area. Here, we use these measurements to derive quantitative5

estimates of aerosol volatility within the framework of absorptive partitioning theory
using a kinetic model of aerosol evaporation in the TD. OA volatility distributions (or
“basis-sets”) are determined using several assumptions as to the enthalpy of vapor-
ization (∆Hvap). We present two definitions of “non-volatile OA,” one being a global
and one a local definition. Based on these definitions, our analysis indicates that a10

substantial fraction of the organic aerosol is comprised of non-volatile components that
will not evaporate under any atmospheric conditions, on the order of 50–80% when
the most realistic ∆Hvap assumptions are considered. The sensitivity of the total OA
mass to dilution and ambient changes in temperature has been assessed for the var-
ious ∆Hvap assumptions. The temperature sensitivity is relatively independent of the15

particular ∆Hvap assumptions whereas dilution sensitivity is found to be greatest for the
low (∆Hvap =50 kJ/mol) and lowest for the high (∆Hvap =150 kJ/mol) assumptions. This
difference arises from the high ∆Hvap assumptions yielding volatility distributions with
a greater fraction of non-volatile material than the low ∆Hvap assumptions. If the ob-
servations are fit using a 1 or 2-component model the sensitivity of the OA to dilution is20

unrealistically high. An empirical method introduced by Faulhaber et al. (2009) has also
been used to independently estimate a volatility distribution for the ambient OA and is
found to give results consistent with the high and variable ∆Hvap assumptions. Our re-
sults also show that the amount of semivolatile gas-phase organics in equilibrium with
the OA could range from ∼20% to 400% of the OA mass, with smaller values generally25

corresponding to the higher ∆Hvap assumptions. The volatility of various OA compo-
nents determined from factor analysis of AMS spectra has also been assessed. In
general, it is found that the fraction of non-volatile material follows the pattern: biomass
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burning OA < hydrocarbon-like OA < semivolatile oxygenated OA < low-volatility oxy-
genated OA. Correspondingly, the sensitivity to dilution and the estimated amount of
semivolatile gas-phase material for the OA factors follows the reverse order. Primary
OA has a substantial semivolatile fraction, in agreement with previous results, while
the non-volatile fraction appears to be dominated by oxygenated OA produced by at-5

mospheric aging. The overall OA volatility is thus controlled by the relative contribution
of each aerosol type to the total OA burden. Finally, the model/measurement compari-
son appears to require OA having an evaporation coefficient (γe) substantially greater
than 10−2; at this point it is not possible to place firmer constraints on γe based on the
observations.10

1 Introduction

Atmospheric aerosol particles play an important role in the Earth’s climate system
through their ability to absorb and scatter solar radiation and influence the proper-
ties of clouds (IPCC, 2007) and have significant negative effects on human health (Nel,
2005; Pope and Dockery, 2006). Aerosols are comprised of a wide variety of materials,15

with organic species commonly making up about 50% of the submicron aerosol mass
(Zhang et al., 2007). Despite the ubiquity of organic aerosol (OA), large uncertainties
remain with respect to its formation, chemical evolution and removal mechanisms. Or-
ganic aerosol in the atmosphere derives from either primary emissions (termed POA)
or from secondary formation following reactions of gas-phase compounds (termed20

SOA) (Kanakidou et al., 2005; De Gouw and Jimenez, 2009). Atmospheric models
of OA formation generally follow from absorptive partitioning theory (Pankow, 1994),
using either a two-product (Odum et al., 1996) or volatility basis-set framework (Don-
ahue et al., 2006; Robinson et al., 2007). Two different 2-dimensional basis sets have
been recently proposed (Jimenez et al., 2009; Pankow and Barsanti, 2009). Unfortu-25

nately, the use of these approaches in models, especially for the more complex ones,
is limited by the lack of information on the volatility distributions of different types of OA,
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and perhaps for this reason it has typically led to either an under-estimate of ambient
OA mass loadings (e.g. Heald et al., 2005; Volkamer et al., 2006) or model OA with
physical properties, such as volatility, that are inconsistent with observations (Dzepina
et al., 2009).

Here, we use a detailed kinetic model of aerosol evaporation (Cappa, 2009) to quan-5

titatively parameterize the volatility of ambient organic aerosol from measurements
made in Mexico City during the MILAGRO campaign (Huffman et al., 2009a). Having
specific knowledge of the volatility distribution of the compounds comprising ambient
OA allows for more direct comparison with physical properties of model OA. Through
this analysis, it is demonstrated that a substantial fraction of the ambient OA in this10

region is extremely “non-volatile,” in that it would remain in the particle phase under
any conditions in the Earth’s atmosphere. Volatility distributions for OA using various
assumptions for the enthalpy of vaporization of the OA fractions are derived. Implica-
tions of our results towards the amount of available gas-phase semivolatile material in
the atmosphere and the sensitivity of OA to dilution are discussed.15

2 General approach

Ambient OA volatility was quantified by determining distributions of ambient-
temperature effective saturation concentrations (C∗

i , in µg/m3 at 298.15 K) that pro-
vide good agreement between model and measured mass thermograms from a
thermodenuder-aerosol mass spectrometer system (TD-AMS). The TD and the Aero-20

dyne high-resolution AMS used in this work have been described by Huffman et
al. (2008) and DeCarlo et al. (2006) respectively. A TD consists of a heated tube
followed by a denuder section where the gases are exposed to a charcoal adsorbent.
A mass thermogram is a plot of the amount of OA mass remaining in the particle phase
after passing the particles through a TD as a function of the thermodenuder tempera-25

ture. Here, we focus on the mass thermogram for the campaign-average total OA and
its components observed during MILAGRO (Huffman et al., 2009a).
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C∗
i is directly proportional to vapor pressure through the relationship

C∗
i =

MWi106pi ,Lζi
RT

(1)

where MWi is the molecular weight (g/mol), R is the ideal gas constant
(8.314 J mol−1 K−1), T is the temperature (K), ζ i is the activity coefficient in the OA
phase and pi ,L is the (sub-cooled liquid) saturation vapor pressure (Pa) of compound5

i (which may also represent a class of compounds). In specifying the Ci ,sat distri-
butions we have taken the approach of using a log10 volatility basis-set framework
(Donahue et al., 2006). This framework keeps track of the amount of total organic ma-
terial (Ci ,tot=Ci ,gas+Ci ,aer) in each volatility bin, and the total OA concentration (COA)
is calculated using the equation10

COA =
∑
i

Ci ,tot

(
1+

C∗
i

COA

)−1

. (2)

In this work, the Ci ,tot values in each volatility bin are adjusted iteratively until the differ-
ences between the thermal denuder observations (Huffman et al., 2009a) and simula-
tions (Cappa, 2009) are minimized. An upper limit on C∗

i of 1000 µg/m3 has been used
here as higher volatility species are not constrained by the TD observations, and for15

most cases it is only possible to provide an approximate upper limit on the contribution
of the C∗ =1000 µg/m3 bin. This is because the actual OA mass in the C∗ =1000 µg/m3

bin is, for these cases, only a small fraction of the total OA and thus does not strongly
influence the overall calculated mass thermogram. Estimation of an upper-limit to the
Ci ,tot for this bin is possible because if too large of values are used then the overall20

aerosol becomes too volatile in comparison with the observations.
For the lower limit C∗, we have taken the approach of trying to minimize the total

number of bins required to obtain model/measurement agreement, while using a con-
tinuous set of bins. The variation of Ci ,tot values with C∗ is not known a priori. Here, we
assume that the Ci ,tot vary exponentially with C∗, specifically that the distribution has the25
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form Ci ,tot =a1 + a2exp[a3(log(C∗)-3)] (Table 1). This form was chosen in part because
it is generally consistent with observations of the volatility distributions determined for
laboratory secondary OA (Presto and Donahue, 2006) and for OA from diesel and
woodsmoke emissions (Robinson et al., 2007), but more importantly because it was
found to provide generally good agreement between the model and observations. Note5

that this relationship should not be extrapolated to C∗ values above ∼103µg/m3 as the
observations do not provide constraints on such high volatility species. We also consid-
ered a linear relationship between Ci ,tot and C∗; this worked for some ∆Hvap values but
we found that this did not provide as robust results as the exponential relationship for
all cases considered. It is likely that other forms (e.g. a power law, square dependence,10

etc.) of the relationship would also allow for determination of volatility basis-sets that
would provide good model/measurement agreement.

In addition to specifying the Ci ,tot distribution, it is necessary to specify the tempera-
ture dependence of the C∗

i for each basis set bin. We have assumed that the temper-
ature dependence of C∗ can be specified assuming vapor pressures vary according to15

the Clausius-Clapeyron equation such that

C∗(T )=C∗(Tref)
(
Tref

T

)
exp

[
−
∆Hvap

R

(
1
T
− 1
Tref

)]
(3)

Like the Ctot distribution, the variation of ∆Hvap with C∗ is not known a priori. We
consider here a number of different assumptions, either using a single value of C∗ in-
dependent ∆Hvap or allowing ∆Hvap to vary with C∗. For the variable ∆Hvap assumption,20

we have used a modified form of the semi-empirical relationship established by Epstein
et al. (2009):

∆Hvap=131−11log(C∗);∆Hvap<200kJ/mol. (4)

Our modification is to specify an upper-limit of 200 kJ/mol on the ∆Hvap values.
Without this limit, we find that ∆Hvap values become unrealistically large for very low25
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volatility species, and we are unable to determine a basis set that gives reasonable
model/measurement agreement. Note that this is a somewhat arbitrary limit, but is gen-
erally consistent with the largest ∆Hvap values determined for individual dicarboxylic
acids (Cappa et al., 2007). For the fixed ∆Hvap assumptions, we have considered
∆Hvap =50, 75, 100, 125 and 150 kJ/mol.5

The model used is a time-dependent, multi-component evaporation model wherein
the evolution of both the particle and gas-phase as they pass through a thermode-
nuder are simulated (Cappa, 2009). The model accounts for the effects of heating of
the particles and for denuding of the gas-phase. It is assumed that the particle/gas
system is initially in equilibrium at ambient temperature (25 ◦C) and that the aerosol is10

describable according to partitioning theory (Pankow, 1994; Odum et al., 1996) and
that the particles therefore exhibit liquid-like behavior (i.e. are well-mixed). Liquid-like
behavior is generally expected given the numerous compounds that likely comprise
the OA (Marcolli et al., 2004; Cappa et al., 2008) and is the basis of all models that
implement secondary OA formation. The initial equilibrium state depends on the spec-15

ified Ci ,tot distribution and the total COA. We use here COA =17 µg/m3 to be consistent
with the campaign average COA observed during MILAGRO (Aiken et al., 2009b). The
results are somewhat sensitive to the choice of the initial particle diameter (dp), the
gas-phase diffusion coefficient (Di ) and the assumed residence time in the thermode-
nuder (tres), as discussed in Cappa (2009). To be consistent with the measurements20

we have used tres =16 s at ambient temperature, which decreases as the temperature
increases due to the expansion of the gas (Huffman et al., 2009a). We have used
values of dp =250 nm and of Di =3.5×10−6 m2/s. For reference, this choice of Di cor-
responds approximately to the diffusivity of a straight-chain C16 hydrocarbon (Hilal et
al., 2003). Smaller compounds are likely to have somewhat higher Di values, but as25

shown in Cappa (2009) the choice of a larger value for Di will lead to a shift of the mass
thermogram to lower temperatures by only a few degrees. Similarly, choosing to use
a larger (smaller) dp will lead to a shift of the calculated mass thermogram to higher
(lower) temperatures by only a few degrees. As will be seen below, the uncertainty in
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these values is much less important for the final result compared to the lack of specific
knowledge of the ∆Hvap distribution.

The model also requires as input a value for the evaporation coefficient, γe, (i.e.
mass accommodation coefficient). Estimates of the evaporation coefficient for organic
aerosol are currently uncertain. It has been suggested that it is generally appropriate5

to assume γe =1 (Pound, 1972; Cammenga, 1980; Davis et al., 1980; Kulmala and
Wagner, 2001). However, some recent measurements for individual dicarboxylic acids
suggest that lower values (γe∼0.1) may be possible (Saleh et al., 2009). Also, dilu-
tion measurements using laboratory-generated secondary and primary OA have been
interpreted as indicating even lower values (0.001<γe<0.01) (Grieshop et al., 2007;10

Grieshop et al., 2009b). Given the current uncertainties in γe for organic aerosol, we
have considered the model results using γe =1, 0.1 and 0.01. Our general discussion
will be based on the assumption that γe =1, and the lower values will be discussed as
specific cases.

The observations against which the model results are compared are from the 200615

MILAGRO campaign in Mexico City (Molina et al., 2008). The volatility of OA was deter-
mined by passing the ambient aerosol through a thermodenuder (Huffman et al., 2008)
at a series of temperatures while monitoring the submicron aerosol (and specifically the
OA) concentration and composition using an Aerodyne high-resolution aerosol mass
spectrometer (DeCarlo et al., 2006) as reported by Huffman et al. (2009a). The mea-20

surements were carried out at the “T0” Supersite located inside Mexico city about 9 km
NNW of the city center. A complete mass thermogram was obtained every 160 min
and measurements were made semi-continuously for 2 weeks. The analysis here is
focused on the average total OA thermograms. However, it was observed that there
were substantial differences in the thermograms of different OA factors, as deduced25

from positive matrix factorization (PMF) of the mass spectral time series (Ulbrich et
al., 2009). The various OA “types” arising from this analysis have different spectral
signatures, correlations with external tracers, time series, diurnal cycles, and size dis-
tributions, and are therefore assumed to derive from different sources and/or have
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different formation mechanisms. Factor analysis of the MILAGRO dataset identified
several OA types which are similar to those identified elsewhere (Jimenez et al., 2009),
namely oxygenated OA (a surrogate of secondary OA), hydrocarbon-like OA (a surro-
gate of anthropogenic combustion primary OA) and biomass burning OA, which was
dominated by smoke from fires near Mexico City (Aiken et al., 2009a). The OOA com-5

ponent appeared to be less volatile, and the HOA and BBOA factors slightly more
volatile than the average OA. These differences will be briefly addressed. Although
not explicitly modeled here, Huffman et al. (2009a) also presented results for River-
side, CA, a polluted location in the Los Angeles Basin where OA was dominated by
SOA (Docherty et al., 2008). The thermograms for Riverside are similar to those from10

Mexico City (Huffman et al., 2009a), and thus the general conclusions from this work
are expected to be broadly applicable to similar locations dominated by anthropogenic
pollution.

3 Results and discussion

3.1 Volatility distributions from model-measurement comparison15

It is possible to determine a volatility basis-set that provides for good agreement be-
tween the model and observed mass thermograms of total OA for each of the ∆Hi ,vap
distributions considered, whether fixed or variable (Figs. 1 and 2). This indicates that
a unique volatility distribution for ambient aerosol cannot be established without better
knowledge of the appropriate ∆Hi ,vap distribution to use.20

As mentioned above, if the semi-empirical relationship determined by Epstein et
al. (2009) is used without modification it is not possible to determine a volatility distri-
bution that is consistent with the observations. This is because as ∆Hi ,vap increases the
sensitivity of C∗ to temperature changes increases; the increase in ∆Hi ,vap essentially
offsets the decrease in C∗ such that even extremely low C∗ material does not persist to25

high enough temperatures (see Fig. S1, http://www.atmos-chem-phys-discuss.net/10/

1909

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-supplement.pdf
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-supplement.pdf
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-supplement.pdf


ACPD
10, 1901–1939, 2010

Quantitative
estimates of the
volatility of OA

C. D. Cappa and
J. L. Jimenez

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

1901/2010/acpd-10-1901-2010-supplement.pdf). However, when an upper-limit was
placed on ∆Hi ,vap, it was possible to match the observations. For this variable ∆Hi ,vap

assumption, extremely low volatility material (C∗ =10−15µg/m3) was required to match
the observations, as the differences in volatility between the bins are reduced as tem-
perature increases. If the upper-limit on ∆Hi ,vap is adjusted to be higher (lower), it was5

found that the minimum C∗ bin required to match the observations is lower (higher).
It is also possible to determine volatility distributions that provide good

model/measurement agreement using C∗-independent ∆Hi ,vap values (Figs. 1 and 2).
An inverse relationship between the needed number of basis-set bins (or, equivalently,
the minimum C∗) and the assumed ∆Hi ,vap was found to exist, with higher ∆Hi ,vap val-10

ues requiring lower C∗ values, for the reason described above (Table 1). We find it is
also possible to match the observations assuming the total OA was composed of as
few as one or two compounds, if the ∆Hi ,vap and C∗ values are judiciously selected (Fig-
ures 1 and 2). This is analogous to the one or two-product models originally used for
secondary OA modeling (Odum et al., 1996). However, this requires physically unreal-15

istically low values for ∆Hvap (19 kJ/mol or 28 and 22 kJ/mol for one or two components,

respectively) and relatively large C∗ values (C∗ =36 µg/m3 for the one component or 45
and 10 µg/m3 for two component case). Similarly high values of C∗ have been reported
when fitting two-product models to chamber yield data vs. COA at room temperature
(e.g. Griffin et al., 1999). Similarly low ∆Hi ,vap values have often been previously used20

to describe the overall sensitivity of OA to changes in temperature (Donahue et al.,
2005; Offenberg et al., 2006; Stanier et al., 2007). However, as was pointed out by
Donahue et al. (2006), the use of such low values is only valid as a simplification when
attempting to represent the aerosol as a whole as one or very few lumped components
(Donahue et al., 2006); when individual compounds (or a wide range of volatility bins)25

are used (such as is the case here) the use of larger ∆Hi ,vap values, consistent with the
properties of individual compounds, is more appropriate. As such, the variable ∆Hvap
or ∆Hvap≥100 kJ/mol might be considered the most realistic of the assumptions used
here.
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In each of the above cases we have assumed that ∆Hvap is temperature indepen-
dent. However, ∆Hvap values actually decrease somewhat with temperature. We have
therefore also considered how use of a temperature dependent ∆Hvap in our model in-
fluences our results. We have assumed ∆Hvap(T )=∆Hvap(Tref) – ∆Cp(T – Tref), where
∆Cp is the difference in heat capacities between the condensed and gaseous states5

(J mol−1 K−1) (MacLeod et al., 2007) and Tref =298.15 K. C∗(T ) values are determined
through an iterative process. In general, we find that the influence of allowing for a
T-dependent ∆Hvap is greatest for the low ∆Hvap assumptions and smallest for the high
and variable ∆Hvap assumptions. This is as expected given that the TD model results
generally show a greater sensitivity to changes in ∆Hvap for low ∆Hvap than for high10

∆Hvap for individual components (Cappa, 2009). The actual magnitude of the influence

depends explicitly on the assumed ∆Cp value. If we use ∆Cp =0.12 kJ mol−1 K−1,
which is the value for malonic acid from Epstein et al. (2009), for the most realistic
high and variable ∆Hvap assumptions the use of a T -dependent ∆Hvap has only a very
small influence on the derived volatility distributions. For the low ∆Hvap assumptions,15

use of the T -dependent ∆Hvap with ∆Cp =0.12 kJ mol−1 K−1 leads to an aerosol that
is somewhat more volatile than for the T-independent case. If we use a much larger
value for ∆Cp (0.5 kJ mol−1 K−1), the resulting 150 kJ/mol and variable ∆Hvap volatility
distributions do change qualitatively to some extent (the necessary C∗

min increases), but
importantly the quantitative aspects (such as sensitivity to dilution and the non-volatile20

fractions, discussed below) are changed from the T -independent cases by less than
10%.

Alternatively, Faulhaber et al. (2009) introduced an empirical method for inferring
volatility distributions from measured mass thermograms. Specifically, they related the
T50 (the temperature at which 50% of the mass remains for a given compound or com-25

ponent) to the compound vapor pressure. They calibrated this method using a number
of relatively low volatility compounds with high ∆Hvap values (C∗ ranging from ∼0.1–

10 µg/m3 and ∆Hvap from ∼120–150 kJ/mol). We have used their calibration curve to
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deduce a volatility distribution for the MILAGRO OA. The volatility distribution deter-
mined using the Faulhaber et al. (2009) relationship was found to be most similar to
that derived under the ∆Hvap =150 kJ/mol and the variable ∆Hvap assumptions, which
is to be expected given the nature of the compounds used in their calibration (see
Fig. 2).5

These volatility distributions, derived from the ambient observations, can be com-
pared with volatility distributions determined for laboratory SOA (e.g. α-pinene+O3;
Stanier et al., 2007) and POA; e.g. diesel and wood smoke aerosol (Grieshop et al.,
2009b) (Fig. 2). The lowest C∗ bin considered in these studies was 10−2µg/m3 and
there was very little material in the C∗ =10−1 and 10−2µg/m3 bins. As such, the volatil-10

ity of the laboratory SOA and POA appears to be significantly greater than that of the
derived ambient distributions, even for the ∆Hvap =50 kJ/mol assumption, consistent
with the mass fraction remaining for the laboratory aerosol going to zero at much lower
temperatures than in the ambient observations (Grieshop et al., 2009b; Huffman et al.,
2009b).15

3.2 Dilution and the atmospheric non-volatile fraction

Here, we introduce two definitions of the “atmospheric non-volatile” OA material. The
first can be considered as a local definition, wherein compounds having C∗<COA/20
are considered non-volatile. With this definition, the C∗ of non-volatile material de-
pends explicitly on the concurrent aerosol mass concentration and temperature, i.e.20

for our case, a “locally non-volatile” species will not evaporate appreciably under the
average conditions in downtown Mexico City. The second definition is a global non-
volatile fraction, and refers to compounds with C∗ values such that they will always be
nearly entirely in the particle phase under almost all conditions found on the Earth’s
atmosphere. We determine this global non-volatile C∗ by identifying the bins that re-25

main >95% in the particle phase when the Mexico City OA is diluted to 0.1µg/m3

at a temperature of 40 ◦C. Considering each of the ∆Hvap assumptions individually,
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we find that, in general, compounds with C∗≤10−3µg/m3 can be considered glob-
ally non-volatile (see Fig. S2 http://www.atmos-chem-phys-discuss.net/10/1901/2010/
acpd-10-1901-2010-supplement.pdf). Note that these definitions are less arbitrary
than the OA mass fraction remaining at some pre-specified temperature in a ther-
modenuder or a volatility tandem differential mobility analyzer (Kalberer et al., 2004)5

as they are independent of the specific experimental details such as residence time or
particle size. However, to facilitate interpretations of TD measurements we have calcu-
lated the temperature at which only 50% of the material with C∗ =10−3µg/m3 (termed
T50,nv ) remains for the different ∆Hvap assumptions for the residence time of the TD
used in the Huffman et al. (2009a) study. Above this temperature, it can reasonably be10

assumed that the remaining material is globally non-volatile. The T50,nv values range
from ∼225 ◦C (∆Hvap =75 kJ/mol) to ∼100 ◦C (∆Hvap =150 kJ/mol), with the variable

∆Hvap assumption (for which ∆Hvap =164 kJ/mol at C∗ =10−3µg/m3) giving the lowest
T50,nv value, ∼92 ◦C (see Fig. S3 http://www.atmos-chem-phys-discuss.net/10/1901/
2010/acpd-10-1901-2010-supplement.pdf). Thus, we see that a generally applicable15

value for T50,nv cannot be determined in the absence of more specific information as
to the appropriate ∆Hvap values to use to describe OA volatility. We therefore con-
servatively suggest that for the TD used by Huffman et al. (2009a) and other similarly
designed TD’s, at temperatures greater than 150 ◦C the OA remaining can very likely
be considered as globally non-volatile and that at temperatures greater than 100 ◦C the20

OA remaining can probably be considered as globally non-volatile.
Depending on the assumed ∆Hvap, the locally non-volatile fraction, fnv,l , of OA during

MILAGRO varies from 26% to 71% (Table 1). The corresponding globally non-volatile
fraction, fnv,g, varies from 0 to 59% (Table 1). In general, both fnv,l and fnv,g increase
with the assumed ∆Hvap and are largest for the variable ∆Hvap assumption. Alterna-25

tively, using the volatility distribution deduced using Faulhaber et al. (2009) relationship
discussed above, fnv,g =56%. Such a large fraction of non-volatile material is consis-
tent with an important role for condensed-phase chemistry (Kalberer et al., 2004) or
heterogeneous reactions (Smith et al., 2009), and is a result of oxygenated OA being
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a substantial fraction of the overall Mexico City OA. Gas-phase mechanisms have dif-
ficulty producing very low C∗ compounds because compounds with C∗≤COA are more
than 50% partitioned to the particle phase and functionalization through typical gas-
phase OH+hydrocarbon reactions are not likely to lead to a decrease in Csat by more
than ca. a factor of 1000. For example, the addition of a single ketone function group to5

a straight-chain hydrocarbon decreases the vapor pressure by approximately a factor
of 10, the addition of an alcohol group by a factor of 100 and the addition of a car-
boxylic acid group by a factor of 1000 (c.f. Fig. 1b in Goldstein and Galbally, 2007).
Thus, starting with compounds with C∗ =17 µg/m3 (the MILAGRO campaign average),
gas-phase reactions will only lead to production of significant concentrations of mate-10

rial with C∗≥10−2µg/m3. The observed Mexico City OA volatility was lowest towards the
end of the day (Huffman et al., 2009a), following the period when photochemical activity
and secondary organic aerosol formation was highest. This suggests that the reactions
that form the low volatility material are relatively fast, occurring on a time-scale of a few
hours.15

We note that it is possible that some of the species present in the aerosol at high
temperatures may be formed in the thermodenuder itself due to heating, as previously
suggested (Denkenberger et al., 2007). However, this type of chemistry is most likely
at the higher temperatures in the TD, and the previous results only suggested chemical
reactions occurring at 150 ◦C and above. Therefore, although the detailed volatility20

distribution of the lower volatility bins is the most uncertain, the fact that a substantial
fraction of the ambient OA is effectively non-volatile is not given our estimate of the
T50,nv above.

The sensitivity of the total OA burden to factors other than temperature changes,
such as dilution, will depend explicitly on the non-volatile fraction. A greater amount of25

non-volatile material will lead to a lower sensitivity of COA to dilution. SOA formed from
two-product models undergoes very rapid evaporation upon dilution, which is probably
unrealistic (Dzepina et al., 2009). Similarly high evaporation would be predicted with
the one or two product fits to the thermal denuder data, since the values of C∗ and
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∆Hvap are similar to those in typical SOA 2-product models. As the evolution of COA
upon dilution is sensitive to the organic gas and particle-phase concentrations in the
dilution air, we have assessed this effects for the various ∆Hvap assumptions by estab-
lishing an upper-limit to the sensitivity of the COA to a given dilution. An upper-limit is
obtained by assuming that the dilution air is perfectly clean (i.e. COA =0 and Cgas =0).5

Dilution is therefore implemented simply by dividing the initial Ctot by the dilution factor
and calculating the new equilibrium condition (i.e. a dilution factor of 2 corresponds
to a 50% decrease in the total organic concentration.) The influence of evaporation
on the OA mass for a given dilution factor is characterized by calculating the percent
difference from the mass loss that results from dilution before re-equilibration,10

Eloss =100%

[
1−

COA(DF )

COA(0)
/
DF

]
(5)

where DF is the dilution factor, COA(DF ) is the re-equilibrated COA after dilution, COA(0)
is the OA mass prior to dilution, and Eloss is the relative mass loss due to evaporation of
semivolatile components. A value of Eloss =50% corresponds to a factor of 2 decrease
in the OA mass concentration compared to dilution alone (i.e. without evaporation).15

As expected based on the calculated fnv values, the variable ∆Hvap assumption
shows the weakest response to dilution (i.e. has the smallest Eloss values), and for
the fixed ∆Hvap assumptions the response to dilution increases with decreasing as-
sumed ∆Hvap (Fig. 3a), as more material is present in bins of higher C∗

i . The response
of the one and two component cases to dilution is very large, with all of the OA evapo-20

rating for dilution factors <2. This is because for these cases as dilution proceeds Ctot
drops below the minimum C∗ and all of the OA evaporates. Considered relative to the
∆Hvap =100 kJ/mol assumption, there is an approximately constant difference in the
Eloss values between different assumptions (Fig. 3b). For the cases with higher ∆Hvap
values (including the variable assumption) Eloss is smaller by 20–30%, while for the25

cases with lower ∆Hvap values Eloss is greater by 30% (75 kJ/mol) to ×2 (50 kJ/mol).
For the two-component case, which is analogous to two-product OA formation models
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(e.g. Odum et al., 1996), the aerosol is predicted to completely evaporate when the
dilution factor is ≥1.6; the two-component model OA is extremely sensitive to dilution.

We compare these results, determined using volatility distributions constrained by
the measurements, to that obtained using the volatility distribution determined by
Dzepina et al., where they used a photochemical box-model to simulate the evolution5

of the gas and particle phase organics on a specific day during the MCMA-2003 cam-
paign, also in downtown Mexico City (Dzepina et al., 2009). We assume here isother-
mal dilution and thus specification of ∆Hvap values is not necessary for this comparison.
Here, we use the Ctot distributions that were determined for 6 a.m., 9 a.m., 12 p.m. and
2 p.m. (c.f. their Fig. 8). The minimum C∗ considered in the Dzepina et al. study was10

10−2µg/m3 and the COA at each time are given in Table 2. The sensitivity of COA to
dilution using the distributions determined by Dzepina et al. falls in between that deter-
mined here for the constant ∆Hvap =50 kJ/mol and ∆Hvap =75 kJ/mol distributions for
dilution factors <20. This is not surprising since the C∗ minimum for the 50 kJ/mol as-
sumption considered was also 10−2 µg/m3. The difference in Eloss between the Dzepina15

et al. distributions and the ∆Hvap =100 kJ/mol distribution ranges from ∼30% (low DF )
to 100% (high DF ) (Fig. 3b). Note that the sensitivity to dilution is essentially indepen-
dent of time of day and is relatively high as the SOA models used in that study did not
form very low volatility material. However, the sensitivity is much lower than that for the
two-component model aerosol distribution considered above.20

3.3 Aerosol formation potential

The amount of available semivolatile gas-phase material (Cg
SVOC

=ΣCi ,gas, where
SVOC indicates semivolatile organic compounds) also depends on the assumed
∆Hvap. This is important because it represents the amount of “potential” aerosol that
might result from further gas-phase chemical processing, or that may condense if the25

air is cooled by e.g. convective lifting. Our analysis can only place constraints on the
Cg

SVOC
with C∗≤1000 µg/m3 or 100 µg/m3. The constraints are stronger when only bins
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with C∗≤100 µg/m3 are considered; for C∗ =1000 µg/m3, the Cg
SVOC

estimates should
be considered as approximate upper-limits. The abundance of higher volatility mate-
rial, which does not partition to any significant extent to the particle phase but can still
react to produce lower-volatility products, is unconstrained by the TD experiments. The
amount of very high-volatility material is generally much larger than the OA concentra-5

tion, especially for volatile organic compounds (VOC) with C∗>106µg/m3 (for example,
toluene has a C∗∼108µg/m3). Nonetheless, the estimates of Cg

SVOC
provided here are

useful because a single gas-phase oxidation reaction for these compounds can convert
them to compounds with low enough volatility to readily partition to the particle phase.
Higher volatility components may need to undergo multiple oxidation steps.10

For the fixed ∆Hvap assumptions, Cg
SVOC

is found to decrease with increasing

∆Hvap, from 64 µg/m3 (∼4×COA) at 50 kJ/mol to 9 µg/m3 (∼0.5×COA) at 150 kJ/mol

when all bins up to C∗ =1000 µg/m3 are considered. When only compounds with
C∗≤100 µg/m3 are considered, Cg

SVOC
ranges from 18 µg/m3 (∼1×COA) for 50 kJ/mol

to only 4 µg/m3 (0.25×COA) for 150 kJ/mol (Table 1). For the variable ∆Hvap assump-15

tion, Cg
SVOC

=26 µg/m3(1.5×COA) or 7 µg/m3 (∼0.4×COA) when the C∗ =1000 µg/m3 bin
is included or excluded, respectively. Thus, depending on the assumption as to the ap-
propriate ∆Hvap distribution to use, the amount of low/semi-volatile gas-phase material
(i.e. potential aerosol mass) can vary by up to a factor of 7. These values can be com-
pared to the Dzepina et al. (2009) results, where the Cg

SVOC
/COA (using COA =17 µg/m3)20

varied from 1.2 or 0.7 (at 2 p.m.) to 1.2 or 0.5 (at 6 a.m.) when only the C∗≤103µg/m3 or
C∗≤102µg/m3 compounds are considered, respectively. Thus, the potential condens-
able mass derived based on the observed (campaign average) aerosol volatility is, in
general, of the same order of magnitude as that from the photochemical box model, de-
pending on the time of day considered. These values can additionally be compared to25

estimates of the total observed organic carbon at the T0 site during MILAGRO, where
it was found that the ratio between the gas-phase (including the very high-volatility ma-
terial not constrained by the TD measurements) and the observed OA concentrations

1917

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 1901–1939, 2010

Quantitative
estimates of the
volatility of OA

C. D. Cappa and
J. L. Jimenez

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

was ∼37 (Heald et al., 2008). Thus, the Cg
SVOC

is found to be only a small fraction of
the total gas-phase organic material.

Cooling by a few tens of degrees upon convective lifting of the air parcel may also
lead to increased partitioning to the particle phase without further chemistry. The mag-
nitude of this gas-to-particle partitioning depends both on the sensitivity to temperature5

changes of the species vapor pressures (i.e. ∆Hvap) and the available Cg
SVOC

. As an
example, we have calculated the increase in COA accompanying a decrease in tem-
perature from 25 ◦C to −35 ◦C for the various ∆Hvap assumptions (where the initial COA

was 17 µg/m3). It is found that, for temperatures greater than ∼10 ◦C the increase in
COA is relatively insensitive to the particular ∆Hvap assumption used, with SOA mass10

increases ranging from a factor of 1.2 to 1.5 (only C∗≤100 µg/m3) and 1.4 to 1.9 (includ-
ing C∗ =1000 µg/m3) depending on the particular assumptions (Fig. 4). This indicates
that over this temperature range the larger Cg

SVOC
values (i.e. the potentially condens-

able aerosol mass) associated with the lower ∆Hvap assumptions are balanced to some
extent by the greater sensitivity to temperature changes of the C∗ values for the higher15

∆Hvap assumption. This is perhaps not surprising since each of the volatility distribu-
tions was derived to provide an equivalent response to temperature changes in the
thermodenuder regardless of the assumed ∆Hvap, and the range of cooling consid-
ered here is very close to the initial range of heating in the TD. At lower temperatures,
however, the calculated COA for the different ∆Hvap assumptions diverge, with the lower20

∆Hvap assumptions generally leading to greater calculated COA. This results from there

being overall more potentially condensable mass (Cg
SVOC

) for the lower ∆Hvap assump-

tions. In the limit of very low temperatures, all of the Cg
SVOC

will condense to the particle
phase and for many of the ∆Hvap assumptions considered there is little change in COA
for temperatures below 0 ◦C (Fig. 4). Of additional consideration, it is important to note25

that the derived volatility distributions must be used in a self-consistent manner, i.e. with
the ∆Hvap assumption from which it was initially derived. For example, if the volatility
distribution derived for the ∆Hvap= 100 kJ/mol assumption is assumed to actually have
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a ∆Hvap =50 kJ/mol, then the COA(5 ◦C)/COA(25 ◦C) is only 1.4 instead of 1.9.

3.4 Volatility of different organic aerosol components

Mass thermograms were determined by Huffman et al. (2009a) for the MILAGRO cam-
paign average HOA, BBOA and OOA factors, and the OOA factors were further subdi-
vided into OOA-1, more aged, and OOA-2, less aged, factors. Recently the terminology5

of low-volatility OOA (LV-OOA) and semivolatile OOA (SV-OOA) has been introduced
to replace OOA-1 and OOA-2, respectively (Jimenez et al., 2009), and we will adopt
this new terminology here. Volatility distributions for each of these aerosol types have
been determined from the mass thermograms for each factor reported by Huffman et
al. (2009a) (Fig. 5). For consistency with the campaign-average OA analysis above,10

we use COA =17 µg/m3 for each of the OA factors. We also restrict our analysis to the
∆Hvap =100 kJ/mol assumption since our goal here is only to provide an estimate of
how the volatility of the various OA types differ and since its results are similar to those
of the variable ∆Hvap approach (Fig. 2), but without the need for extremely low volatility
bins which are uncertain.15

As with the campaign average OA, the assumption that Ctot increases exponentially
with C∗ allows for good model/measurement agreement for each of the OA types de-
termined from factor analysis, with the exception of LV-OOA. Instead, to match the
model to the observed LV-OOA mass thermogram requires that Ctot is constant or
even increases with decreasing C∗, with both linear and exponential relationships pro-20

viding reasonable agreement (see Fig. S4 http://www.atmos-chem-phys-discuss.net/
10/1901/2010/acpd-10-1901-2010-supplement.pdf). We have found that the assumed
functional form for LV-OOA has only a very small influence on the calculated non-
volatile fraction, sensitivity to dilution and Cg

SVOC
and thus, for consistency with the

campaign average OA and the other OA types, we adopt the exponential relationship25

for LV-OOA (where the constant in the exponential term is now negative instead of
positive, Table 1).

The campaign average OA volatility is determined by the relative abundances of
1919
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the different OA types weighted by their respective volatilities. The amount of ma-
terial which is effectively non-volatile under ambient conditions is very different for
the different OA types, with the locally non-volatile fraction going from 96% for LV-
OOA to 58% for SV-OOA, and only 43% for HOA and 32% for BBOA. The glob-
ally non-volatile fractions go from 88% for LV-OOA to 28% for SV-OOA, and are5

only 22% for HOA and 9% for BBOA. (Note that the use of other functional forms
for the LV-OOA volatility distribution leads to a range in fnv,g from 84% to 86%;
see supplementary material, http://www.atmos-chem-phys-discuss.net/10/1901/2010/
acpd-10-1901-2010-supplement.pdf.) This confirms that ambient OOA, and especially
aged LV-OOA, is of much lower volatility than considered in current SOA models and is10

effectively non-volatile. This very low-volatility material is likely mostly the result of pho-
tochemical processing, with only a minor fraction being derived from direct emissions.
This has important implications for atmospheric modeling, such as global models which
can predict a substantial increase in the fraction of OA attributable to SOA in the free
troposphere due to the effect of cold ambient temperatures on the semivolatile SOA15

generated by traditional SOA models (Kanakidou et al., 2005). Additionally, the HOA
is somewhat less volatile than source testing suggests for fresh emissions (Robinson
et al., 2007; Grieshop et al., 2009b), which may indicate an influence of rapid pho-
tochemical processing. BBOA volatility is known to vary with source (Huffman et al.,
2009b), and thus the values determined here may be specific to regions dominated by20

pine burning .
Conversely, the amount of high C∗ components required to bring the model and ob-

served mass thermograms into agreement is greatest for the BBOA factor, followed by
the HOA factor and lowest for the LV-OOA factor. Correspondingly, the gas-phase ma-
terial available for condensation or further OA formation upon oxidation will be larger for25

HOA and BBOA periods than for OOA (Table 1). Specifically, Cg
SVOC

/COA is 2.4 for the
BBOA factor, 2.1 for the HOA factor, and only 0.7 for the OOA factor (compared with 1.7
for the campaign average OA). Again, it should be kept in mind that this only includes
compounds with C∗≤103µg/m3, but it does suggest that the potential for further OA
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formation (specifically photochemically-driven SOA production) is greater when BBOA
or HOA are dominant than when OOA is dominant. This result can be rationalized by
recognizing that air masses in which OOA is dominant will have already undergone sig-
nificant photochemical processing, which has led to growth of the particle phase OA at
the expense of the semivolatile gas-phase species. However, reactions of high-volatility5

compounds could lead to the replenishment of the semivolatile pool, thus complicating
this simple picture to some extent.

As above, that the different OA factors have very different volatility distributions
means that they also have very different sensitivities to dilution. For example, for a
factor of 5 dilution Eloss is ∼50% for BBOA but only ∼1% for LV-OOA (Fig. 6). DeCarlo10

et al. (2008) observed continuous chemical aging (oxygen gain) of the OA observed
around Mexico City over a timescale of a day, even though the OA mass had ceased
to increase, and concluded that the aging was much faster than could be explained by
heterogeneous oxidation. Our results may help explain this trend, pointing to the evap-
oration of the more volatile species upon dilution, followed by additional gas-phase15

oxidation and re-condensation (Grieshop et al., 2009a).

3.5 Influence of the evaporation coefficient

In the above analysis we have assumed that the evaporation coefficient for organic
aerosol is unity. However, as discussed above, lower values may be possible (Grieshop
et al., 2007, 2009b; Saleh et al., 2009). We consider here how assumptions of γe =0.120

or γe =0.01 influence our results. To first order, a change in γe can be thought of as
equivalent to a change in C∗, i.e. that from the point of view of evaporation kinetics in
the TD, changing γe from 1 to 0.1 has a similar effect as decreasing all the effective
C∗ values by a factor of 10. Thus, a compound with C∗ =100 µg/m3 and γe =0.1 would
evaporate similarly to one with C∗ =10 µg/m3 and γe =1. Conversely, the volatility dis-25

tributions would shift one bin to the right (towards higher volatilities) if γe =0.1 was
assumed instead of γe =1. Although consideration of γe in this manner is only approx-
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imately correct it provides a reasonable basis for interpretation of the results. (Note
that we are working under the assumption that γe does not influence the initial equilib-
rium state since much longer equilibration times are available in the atmosphere and
therefore the initial distribution between the gas and particle phases will still behave as
if C∗ =100 µg/m3.)5

Starting with γe =0.01, we find that it is not possible to find a volatility distribu-
tion for any assumed ∆Hvap that yields good model-measurement agreement over
the entire temperature range (see Figure S5). In particular, it is at low-temperatures
where the discrepancy is most apparent. This is because when γe =0.01 the par-
ticles do not evaporate fast enough in the model at low temperatures and thus the10

calculated mass fraction remaining is too large for thermodenuder temperatures less
than ∼ 75 ◦C. This is perhaps not surprising since evaporation at the lowest ther-
modenuder temperatures is governed by the highest volatility components and when
γe =0.01 the C∗ =1000 µg/m3 and C∗ =100 µg/m3 compounds are effectively behav-
ing as if they were C∗ =10 µg/m3 and C∗ =1µg/m3 compounds. The largest disagree-15

ment is found for the low constant ∆Hvap assumptions; for larger assumed ∆Hvap
the model-measurement disagreement decreases overall, but inconsistencies remain
for the lowest temperatures (see Fig. S5 http://www.atmos-chem-phys-discuss.net/10/
1901/2010/acpd-10-1901-2010-supplement.pdf). As such, the observations appear to
rule out γe values as low as 0.01 for ambient organic aerosol and certainly rule out20

lower values (i.e. 0.001).
Considering now γe =0.1, we find that it is possible to find Ctot distributions that are

generally consistent with the observations. However, as might be expected, more mass
must be placed in higher volatility bins, compared to the γe =1 case, in order to have
sufficient particle evaporation at low temperatures in the TD. As a result the aerosol25

formation potential (i.e. Cg
SVOC

) is increased, by approximately 30-80% compared to the
γe =1 case (Table 1). The total OA mass becomes somewhat more sensitive to dilution
when the γe =0.1 distributions are used, with the Eloss terms for γe =0.1 being greater
than the Eloss terms for γe =1 for all cases considered (Fig. S6). The increase in COA
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upon cooling is also greater for the γe =0.1 cases, with COA(5 ◦C) being approximately
25% higher when γe =0.1 than when γe =1, starting from the same COA(25 ◦C).

4 Conclusions

Measurements of the change in the total organic aerosol mass in response to changes
in temperature provide a measure of the volatility of the components comprising the5

aerosol particles. Here, we have compared OA volatility measurements from Mex-
ico City with results from a physically-based model to determine volatility distributions
that are quantitatively consistent with the observations. An exponential relationship be-
tween Ci ,tot (the total organic concentration in each bin of the basis set) and C∗

i provides
for good model/measurement agreement. A constraint on our conclusions arises from10

the vaporization enthalpies of the OA components not being known a priori, and thus
we have presented volatility distributions for different reasonable assumptions about
∆Hvap.

Use of a semi-empirical relationship between C∗ and ∆Hvap (Epstein et al., 2009)
does not allow for model/measurement agreement over the entire temperature range15

for any assumed volatility distribution. However, when a modified version of this re-
lationship is used model/measurement agreement can be obtained. From this re-
lationship, the majority of the OA is found to be non-volatile (ca. 60–90%, depend-
ing on the definition of non-volatile used) and extremely low volatility material (with
C∗<10−10µg/m3) is required. As an alternative, we have also considered a series of20

cases where ∆Hvap is assumed to be constant and independent of C∗. For these situa-
tions we find that in general: (1) the abundance of non-volatile material increases with
the assumed ∆Hvap; (2) the sensitivity of the OA abundance to dilution increases with
decreasing ∆Hvap; and (3) the aerosol formation potential is greater for lower assumed
∆Hvap. The ambient observations can be fit assuming a 1 or 2-product model with25

parameters similar to those derived from traditional chamber-based 2-product models.
However with a 1 or 2 product model there is no material at all which is atmospheri-
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cally non-volatile, and the OA is found to be extremely sensitive to dilution, likely to a
physically unrealistic extent.

We have additionally used the empirical relationship between T50 and C∗ established
by Faulhaber et al. (2009) to independently determine a volatility distribution for the MI-
LAGRO OA. This method yields a volatility distribution similar to the ∆Hvap =150 kJ/mol5

and the variable ∆Hvap assumptions, and the resulting global non-volatile fraction is
56%.

Volatility distributions were also determined for the various OA factors determined
from PMF analysis of the OA mass spectral time-series. It was found that BBOA
(biomass burning OA) was the most volatile, followed by HOA (hydrocarbon-like OA),10

SV-OOA (semivolatile oxygenated OA) and then LV-OOA (low volatility oxygenated
OA). Correspondingly, the aerosol formation potential is greatest for BBOA and lowest
for LV-OOA. LV-OOA, which is a substantial fraction of the global OA burden (Jimenez
et al., 2009), is found to be almost entirely non-volatile while <25% of HOA and BBOA
can be considered globally non-volatile.15

The influence of the evaporation coefficient on the derived volatility distributions was
also considered. When the assumed γe was decreased from 1 to 0.1, the derived
gas-phase material in equilibrium with the OA (which is a potential source of additional
aerosol mass) increased as did the sensitivity of the equilibrium aerosol mass to dilution
and changes in temperature. It was determined that the observations are generally20

inconsistent with an assumed evaporation coefficient of 10−2 or lower.
Although these results cannot provide a single, definitive volatility distribution for or-

ganic aerosol in Mexico City (and other polluted urban regions) due to the uncertainties
in ∆Hvap and γe, they nonetheless provide the first quantitative estimates of the volatil-
ity of ambient OA and, using a semi-empirical estimate of ∆Hvap for OA, suggest that25

much of the OA mass is effectively non-volatile. It is important to note that the derived
volatility distributions must be used in a self-consistent manner, i.e. that the volatil-
ity distribution derived for a particular ∆Hvap assumption not be used with a different
∆Hvap. To do so would lead to unrealistic responses of the OA mass due to temperature

1924

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 1901–1939, 2010

Quantitative
estimates of the
volatility of OA

C. D. Cappa and
J. L. Jimenez

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

changes accompanying e.g. convective lofting or diurnal cycles.
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Table 1. Parameters describing the volatility basis sets determined for the various ∆Hvap cases.
Values are shown for the γe =1 and γe =0.1 cases, along with the values determined for the
individual organic aerosol factors.

∆Hvap 50 kJ/mol 75 kJ/mol 100 kJ/mol 125 kJ/mol 150 kJ/mol Variablea One compound Two compounds

γe =1.0

Cg
SVOC (µg/m3)b 63.7/17.8 39.5/11.6 29.4/8.7 19.9/6.5 9.2/4.1 26.1/7.3 66 39

Cg
SVOC/C

b
OA 3.8/1.0 2.3/0.7 1.7/0.5 1.2/0.4 0.5/0.2 1.5/0.4 3.9 2.3

fnv,l 0.51 0.67 0.75 0.81 0.87 0.80 0 0
fnv,g 0.00 0.23 0.39 0.50 0.57 0.59 0 0
C∗

min (µg/m3)c 10−2 10−4 10−6 10−8 10−10 10−15 – –
a1 1.87 1.93 1.65 1.4 1.15 0.77 – 0
a2 44 26 19 12 4 18 – 152
a3 1 1 1 0.9 0.5 1 – 1.2

γe =0.1

Cg
SVOC (µg/m3)b 124.2/28.0 72.9/18.5 42.4/13.2 27.1/9.3 22.6/7.8 39.6/10.4 195 113.8

Cg
SVOC/C

b
OA 7.3/1.6 4.3/1.1 2.5/0.8 1.6/0.5 1.3/0.5 2.3/0.6 11.5 6.7

Cg
SVOC,γ=0.1/Cg

SVOC,γe=1

b
1.9/1.6 1.8/1.6 1.4/1.5 1.4/1.4 2.5/1.9 1.5/1.4 3.0 2.9

a1 0.9 1.35 1.15 1.1 1.02 0.69 – 0
a2 97 54 28.5 17 14 29 – 1370
a3 1.25 1.15 0.9 0.8 0.8 1.1 – 3.1

Factor OA HOA BBOA OOA LV-OOA HV-OOA

Cg
SVOC (µg/m3)b 29.4/9.1 36.4/13.0 41.1/15.4 12.4/5.0 0.4/0.3 14.5/6.9

Cg
SVOC/C

b
OA 1.7/0.5 2.1/0.76 2.4/0.9 0.7/0.3 0.0/0.0 0.9/0.4

fnv,l 0.61 0.43 0.32 0.68 0.96 0.58
fnv,g 0.39 0.22 0.09 0.45 0.88 0.28
C∗

min (µg/m3)c 10−6 10−6 10−5 10−6 10−7 10−5

a1 1.65 0.78 0.1 1.94 0 0.7
a2 19 23 26 5.5 0.135 7
a3 1 0.7 0.6 0.8 −0.37 0.3

a ∆Hvap =131–11 log(C∗) with maximum ∆Hvap =200 kJ/mol
b The first value reported includes all compounds with C∗<=1000 µg/m3 and the second all
compounds with C∗<=100 µg/m3.
c C∗

min is the lowest C∗ bin required to match the observations
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Table 2. The organic aerosol mass and relative semivolatile gas-phase concentrations for the
time periods considered from Dzepina et al. (2009).

Time of Day 2 p.m. 12 p.m. 9 p.m. 6 p.m.

COA (µg/m3)a 38 23 13 6
Cg

SVOC /Cb
OA 0.85 1.1 1.5 1.6

a For zero dilution.
b Calculated only for C∗≤1000 µg/m3 compounds.
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Fig. 1. Calculated (lines) and observed (circles) mass thermograms for the campaign average
organic aerosol from Mexico City. Results are shown for each of the different ∆Hvap cases
considered. The dashed lines in are the model results assuming the OA is comprised of only
one (black) or two (red) components.

1933

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 1901–1939, 2010

Quantitative
estimates of the
volatility of OA

C. D. Cappa and
J. L. Jimenez

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 2. The volatility distributions corresponding to the MFR curves in Fig. 1 are shown for
assumed ∆Hvap values of (a) 50 kJ/mol, (b) 75 kJ/mol, (c) 100 kJ/mol, (d) 125 kJ/mol, (e)
150 kJ/mol and (f) the variable ∆Hvap assumptions. Distributions are also shown for the (g)
1-component and (h) 2-component cases and (i) for that determined using the empirical rela-
tionship from Faulhaber et al. (2009). For comparison, volatility distributions for (j) SOA from
the α-pinene+O3 reaction (Presto et al., 2006) and (k) diesel emissions POA (Grieshop et al.,
2009). Note that there is a break and change from linear to a log scale for the y-axis. In the
distributions, the black boxes correspond to the total organic mass (gas+particle phase) and
the colored boxes correspond to the particle phase only.
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Fig. 3. (top) The Eloss, or the additional mass loss due to evaporation after dilution, is shown
as a function of the dilution factor for the various ∆Hvap cases (see legend; colors correspond
to Fig. 2). The dashed lines correspond to the results when the Dzepina et al. (2009) volatility
distributions are used; the thick line is for the 2 p.m. case and the thin lines are for other times.
(bottom) The various Eloss are shown relative to that calculated for the ∆Hvap =100 kJ/mol case.
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Fig. 4. The calculated increase in COA upon cooling from 25 ◦C (without dilution) is shown
for each of the assumed ∆Hvap. Relative values, i.e. COA(25 ◦C)/COA(T ), are shown when the

C∗ =1000 µg/m3 bin is included (left axis, solid lines) and excluded (right axis, dashed lines).
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Fig. 5. Volatility distributions derived for the MILAGRO campaign average OA, HOA, BBOA and
OOA (including LV-OOA and SV-OOA) factors are shown along with the calculated (assuming
∆Hvap =100 kJ/mol) and observed mass thermograms.
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Fig. 6. The Eloss (i.e. the additional mass loss due to evaporation after dilution) is shown
as a function of the dilution factor for the various campaign average OA factors (assuming
∆Hvap =100 kJ/mol).

1938

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1901/2010/acpd-10-1901-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

