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Abstract. We present a methodology to model secondary or-volatility organic emissions in aircraft exhaust are similar to
ganic aerosol (SOA) formation from the photo-oxidation of literature data for large:-alkanes and other low-volatility
unspeciated low-volatility organics (semi-volatile and inter- organics. The estimated yields vary with fuel composition
mediate volatile organic compounds) emitted by combustion(Jet Propellent-8 versus Fischer-Tropsch) and engine load
systems. It is formulated using the volatility basis-set ap-(ground idle versus non-ground idle). The framework devel-
proach. Unspeciated low-volatility organics are classified byoped here is suitable for modeling SOA formation from emis-
volatility and then allowed to react with the hydroxyl rad- sions from other combustion systems.
ical. The new methodology allows for larger reductions in
volatility with each oxidation step than previous volatility
basis set models, which is more consistent with the addition
of common functional groups and similar to those used byl Introduction
traditional SOA models. The methodology is illustrated us-
ing data collected during two field campaigns that charac-Atmospheric aerosols exert a large influence on climate and
terized the atmospheric evolution of dilute gas-turbine en-public health (Bernstein et al., 2004, IPCC, 2007). Sec-
gine emissions using a smog chamber. In those experimentondary organic aerosol (SOA), defined as the organic par-
photo-oxidation formed a significant amount of SOA, much ticulate mass arising from the oxidation products of gas-
of which could not be explained based on the emissions ophase organic species, accounts for a significant fraction of
traditional speciated precursors; we refer to the unexplainedhe submicron dry atmospheric aerosol mass (Zhang et al.,
SOA as non-traditional SOA (NT-SOA). The NT-SOA can be 2007). Until recently, SOA formation was believed to be
explained by emissions of unspeciated low-volatility organ-dominated by the first-generation oxidation products of high-
ics measured using sorbents. We show that the parameterizux volatile organic compounds (VOC) such as terpenes and
tion proposed by Robinson et al. (2007) is unable to explainsingle-ring aromatics. SOA formed from speciated VOCs
the timing of the NT-SOA formation in the aircraft experi- is defined as traditional SOA (T-SOA) and is explicitly ac-
ments because it assumes a very modest reduction in volatisounted for in chemical transport models. However, these
ity of the precursors with every oxidation reaction. In con- models systematically under-predict organic aerosol levels
trast the new method better reproduces the NT-SOA forma{Heald et al., 2005; Vutukuru et al., 2006; Johnson et al.,
tion. The NT-SOA yields estimated for the unspeciated low-2006; Morris et al., 2006; Dzepina et al., 2009, 2010), es-
pecially during photo-chemically active periods.
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Recent laboratory and field studies show that combustiorSOA concentrations (Shrivastava et al., 2008; Tsimpidi et al.,
emissions when photo-oxidized form substantial SOA mass2010; Dzepina et al., 2010; Pye and Seinfeld, 2010; Jathar et
greatly in excess of what can be explained by T-SOA modelsal., 2011) and properties (Jathar et al., 2011; Shrivastava et
(Robinson et al., 2007; Grieshop et al., 2009; Hodzic et al.,al., 2008; Dzepina et al., 2009).

2010; Miracolo et al., 2011, 2012). Robinson et al. (2007) There are several shortcomings with existing methods to
proposed that a significant fraction of the unexplained SOAmodel NT-SOA formation. First, the methods and their pa-
stemmed from the oxidation of unspeciated low-volatility rameters are not based on explicit fitting of experimental
organics, i.e. semi-volatile and intermediate volatility or- data like what is done for traditional SOA. Shrivastava et
ganic compounds (SVOC and IVOC). SVOCs refer to or-al. (2008) showed that the parameters used in Robinson et
ganic species that have an effective saturation concentratioal. (2007) reasonably predict the measured SOA formation
(C*) between 1 and £qug nm3 and IVOCs refer to species from diesel exhaust. Further, the same parameters have been
that haveC* values between f0and 10 pgn3. S/IVOCs  used to model all emissions (fossil fuel, bio fuel and biomass
are co-emitted by combustion sources but are less volatildurning) (Shrivastava et al., 2008; Jathar et al., 2011). Pye
than VOC. However, these emissions are often not includedind Seinfeld (2010) used naphthalene as a surrogate for
in models because the vast majority of them cannot be speall unspeciated IVOCs even though these are thought to be
ciated, they do not contribute significantly to ozone for- mainly branched and cyclic alkanes (Robinson et al., 2007,
mation, and their measurement requires difficult-to-use sor2010; Isaacman et al., 2012; Schauer et al., 1999). Second,
bents. Fundamentally, S/IVOCs form SOA in the same man-existing mechanisms assume that each oxidation reaction re-
ner as VOCs; gas-phase oxidation adds functional groupsluces the volatility of the precursor by one to two orders of
to the precursor molecule, creating lower volatility (vapor magnitude, which is less than the reduction seen with the ad-
pressure) products that condense into the particle phase. Thdition of common functional groups (e.g. acids, nitrates, or
lower initial volatility of S/IVOCs mean that they can have carbonyls) (Kroll and Seinfeld, 2008). For VOCs such as
higher SOA yields than VOCs (Lim and Ziemann, 2009b; benzene (Ng et al., 2007), isoprene (Ng et al., 2006) and
Presto et al., 2010). SOA formed from S/IVOC vapors is de-cyclooctane (Tkacik et al., 2012), the particle-phase oxida-
noted as non-traditional SOA (NT-SOA). tion products are almost 5 to 8 orders of magnitude lower

A key attribute of S/IVOC vapors is that the vast ma- in volatility than the precursor. Third, the unspeciated IVOC
jority of their mass cannot be speciated by traditional emissions were not directly measured. For the Robinson-
one-dimensional gas-chromatography-based analytical tect2007 method they were estimated by scaling POA emissions
niques (Schauer et al., 1999, 2002). Instead they are classbased on the work of Schauer et al. (1999, 2001, 2002); for
fied as an unresolved complex mixture (UCM) that is thoughtthe Pye and Seinfeld (2010) method they were estimated by
to be dominated by co-eluting branched and cyclic alkanesscaling naphthalene emissions.

(Robinson et al., 2007, 2010; Isaacman et al., 2012; Schauer In this paper, we present a new method (Hybrid method)
et al., 1999). The problem is fundamentally caused by theto represent NT-SOA formation from unspeciated S/IVOC
number of isomers growing exponentially with carbon num- vapors. First, we present the theoretical framework which
ber (Goldstein and Galbally, 2007). Since the molecular idendis based on the volatility basis set approach (Donahue et
tity of the vast majority of S/IVOC mass cannot be ascer-al., 2006) and the work of Pankow (1994) and Odum et
tained, SOA formation from these compounds cannot be in-al. (1996). Next, to illustrate the new approach, it is applied
vestigated or modeled in the same manner as traditional spge SOA data from smog chamber experiments conducted on
ciated SOA precursors (benzene, alpha-pinene, et al.). Indilute aircraft exhaust. A limitation of smog chamber experi-
stead, NT-SOA models have been based on the volatility oiments is their limited oxidant exposure; they only capture, at
the emissions and a volatility-based oxidation mechanisnmmost, the atmospheric evolution of the first generation or two
(Robinson et al., 2007; Dzepina et al., 2009; Murphy andof oxidation of the precursors and their immediate products.
Pandis, 2009; Jathar et al., 2011). Therefore, the data provide little constraint on the potential

Robinson et al. (2007) proposed a method (Robinson+ole of multi-generational oxidation. The Hybrid method is
2007) for NT-SOA formation in which volatility classified intended to be a general approach to parameterize NT-SOA
but unspeciated S/IVOC vapors react with the hydroxyl rad-formation from combustion sources. Here, aircraft exhaust is
ical (OH) to form products that were one order of magni- only used as an illustrative example.
tude lower in volatility than their precursor. Pye and Sein-
feld (2010) proposed a single-step mechanism for unspeci-
ated SVOCs where the products of oxidation were two or-2 SOA model formulation
ders of magnitude lower in volatility than the precursor; they
used SOA-yield data for naphthalene as a surrogate for allThe modeling of both T-SOA and NT-SOA is commonly
unspeciated IVOCs. Both methods have been implementebased on the approach of Pankow (1994) and Odum et
in plume, regional and global chemical transport modelsal. (1996), which parameterizes smog chamber SOA data us-
and help close large gaps between observed and predictdédg a set of semi-volatile surrogate products. The amount
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of SOA is defined by the gas-patrticle partitioning of theselar to T-SOA models). Second, the Robinson-2007 parame-
surrogate products. While Odum et al. (1996) representederization assumes the same reduction in volatility for each
SOA with two surrogate products, more recently, researchergeneration of oxidation. However, recent experiments indi-
(Hildebrandt et al., 2009; Shakya and Griffin, 2010) havecate that the reduction in volatility due to oxidation reac-
used four or more surrogates expressed using the volatilityions changes as the molecules become more oxygenated and
basis set (VBS) (Donahue et al., 2006). The VBS (Donahudragmentation (carbon-carbon scission) becomes important
etal., 2006) separates low-volatility organics into logarithmi- (Chacon-Madrid et al., 2010; Chacon-Madrid and Donahue,
cally spaced bins of effective saturation concentratiéf)(  2011; Kroll et al., 2011). Therefore, a more realistic NT-SOA
at 298 K.C* (inverse of the Pankow-type partitioning coef- parameterization would use a different mechanism for later
ficient, Kp) is proportional to the saturation vapor pressure; generation oxidation.

it is a semi-empirical property that describes the gas-particle To address these shortcomings, we propose that the first
partitioning of an organic mixture (Pankow, 1994). The gas-generation of NT-SOA production from the oxidation of
particle partitioning of the set of surrogate products is calcu-S/IVOC be treated similar to T-SOA (with precursor spe-

lated using absorptive partitioning theory: cific parameters) and that multi-generational oxidation be
treated the same for all SOA. We call this the Hybrid ap-

(14 Cr -1 c _i M| ) proach, which enables a single, unified framework to be used

G = Con on=2 % x Milgip to model both T-SOA and NT-SOA. We first describe that

=1 . . . .
' framework and then its application to develop parameteriza-

where,¢; is the fraction of mass in volatility bini" in the tions for NT-SOA formation.

particulate phase;* is the effective saturation concentra- The framework can be represented using the following
tion of bin “i” in ug M3, Coa is the total particulate OA con-  equations:

centration in pgm3, M;g4p is the total organic concentra-

tion (gas+ particle) in bin §” in ug m—3 andN is the number dx;]1 = —koy x, [OXI[X ;] 2)

of basis set bins. The VBS is used to track the concentration d o !
of all low-volatility organics (SOA and S/IVOC emissions).

Although both the SOA formation and S/IVOC emissions d[M;g+pl
can be tracked using a single basis set, for this work we use dr
three separate basis sets to separately track different types of

= ZaiﬁjkOx,Xj [OX][X/]
J

material. One VBS tracks the traditional semivolatile prod- first-generation products

ucts formed from the oxidation of traditional speciated SOA N

precursors. A second tracks the fresh, un-oxidized S/IVOC + Y Bikkox.m, [OXI[ My g] — kox. i, [OXI[ Miig]  (3)
emissions and a third tracks the oxidation products from the k T
S/IVOC emissions. production

T-SOA has traditionally been modeled using a distribu-
tion of first-generation, non-reactive surrogate products that
were much lower in volatility than their precursor. More re- Equation (2) represents the first-generation oxidation of SOA
cently, these models have been extended to include multiprecursors (speciated VOC or S/IVOC) whéts x; is the
generational oxidation of the first-generation products (Lanereaction rate between the oxidant [Ox] and SOA precursor
et al., 2008; Farina et al., 2010; Murphy and Pandis, 2009)[X ;]. The index; indicates different precursors, either spe-
Previous work has modeled NT-SOA formation from un- ciated VOC precursors or volatility bins of the S/IVOC distri-
speciated S/IVOCs with a simple, volatility-based multi- bution. Equation (3) tracks the secondary organic material in
generational oxidation scheme (Robinson-2007) (RobinsorVBS bin “i”. M;qp is the total gag- particle organic mass
et al., 2007; Shrivastava et al., 2008; Jathar et al., 2011)in bin “i” of the VBS; its gas-particle partitioning is calcu-
However, there are two potential shortcomings with this ap-lated using Eq. (1). The first term in Eq. (3) represents the
proach. First, the Robinson-2007 parameterization assume#st-generation products formed in bii'“as a result of the
that each oxidation reaction only reduces the volatility of the precursor oxidation wherg;_ ; is the mass yield for the first-
precursor by one order of magnitude. However, oxidationgeneration oxidation reaction. The second and third terms in
reactions form a variety of products with different volatili- Eq. (3) account for the continued evolution of material in the
ties; for example the addition of a single carbonyl, alcohol, VBS due to multi-generational oxidation where we assume
nitrate or acid group creates a product with a volatility ap- that only vapors in the VBSM|g) react. g ; is the mass
proximately 1, 3, 3 or 4 orders of magnitude lower than theyield from multi-generational oxidation reactions in bi'*
precursor (Kroll and Seinfeld, 2008). Therefore, a more re-andkox v is the oxidation rate of vapors in the VBS.
alistic NT-SOA parameterization would distribute the prod- To interpret smog chamber data, the framework (Egs. 1—
ucts over a set of volatility bins, with some of the bins hav- 3) is implemented in a box model that is comprised of two
ing much lower volatility than the precursor species (simi- modules: a T-SOA and a NT-SOA module, both of which

multi-generational oxidation
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are described below. The T-SOA module is based on a stardodecane, or cyclohexane) and OH is assumed to be the only
dard SOA model formulated using the VBS (Pankow, 1994;oxidant. We use SAPRC lumping and mass-yields; (in
Odum et al., 1996; Donahue et al., 2006); it uses the speciEq. 3) proposed by Murphy and Pandis (2010) for all the
ated VOC emissions and oxidant data to predict the amounspeciated VOC precursors listed in Table 2. The Murphy and
of T-SOA that is formed. In the NT-SOA module, the amount Pandis (2010) mass yields are at the high end of those re-
of NT-SOA formed is first estimated by subtracting off the ported in the literature; therefore the T-SOA prediction is an
predicted T-SOA from the measured SOA. Then, the parameupper bound estimate, which, in turn, results in a lower bound
ters in Egs. (1-3) are determined by fitting the NT-SOA data.estimate for NT-SOA. The lumping and parametesx(x;
Defining the NT-SOA by difference effectively assumes andq; ;) for the T-SOA model are provided in Tables S1 and
that the T-SOA module is correct. However, published yieldsS2 (Supplement). Figure 1a shows a schematic for the T-SOA
for T-SOA precursors (e.g. toluene) vary by more than a fac-model.
tor of two (Ng et al., 2007; Lane et al., 2008; Hildebrandt To treat multi-generational oxidation of T-SOA, we use
et al., 2009). As discussed below, the T-SOA model used fothe parameterizations recently applied to anthropogenic SOA
this work is based on upper end of the published data andn regional and global models (Murphy and Pandis, 2009,
therefore the difference approach may systematically under2010; Farina et al., 2010; Jathar et al., 2011). Gas-phase
estimate the amount of NT-SOA. mass of the T-SOA products reacts with the OH radical
Interpreting smog chamber data with the NT-SOA model (koxm = 1 x 10~ cm® molecules®s™) to form products
(Egs. 1-3) requires differentiating between first and laterthat are one order of magnitude lower in volatility than the
generation oxidation products. In the context of this paper,precursor or shifted by on€* bin relative to the precursor.
the term “first generation” refers to the first set of stable prod-To account for the addition of oxygen, 7.5 % of the precur-
ucts that arise after a series of oxidation reactions (Lim andsor’s mass is added to the product. Hence, for T-S&A,in
Ziemann, 2005). The term “multi-generation” refers to the Eq. (3) takes the form:
continued oxidation of the stable first-generation products.
However, cleanly differentiating between the first and later +1.075 if k=i+1,
generations of products is difficult in photo-oxidation exper- ik = { 0 otherwise )
iments. In this paper, we empirically differentiate between
first and multi-generational oxidation by assuming that the
SOA formed during a typical 3 to 4 h smog chamber experi-2.2  Non-traditional SOA (NT-SOA)
ment is dominated by the first generation of oxidation. This
seems like a reasonable assumption because these expeXiT-SOA is defined as the SOA mass formed through the ox-
ments typically have aggregate hydroxyl radical exposuregdation of unspeciated S/IVOC vapors. It is calculated exper-
of around 16 molecules hcm3, which creates about one e- imentally as the difference between the measured SOA and
fold of oxidation for precursors with typical S/IVOC reaction the predicted T-SOA. In this section, we present two different
rate constants (Atkinson and Arey, 2003). This assumptiorapproaches to parameterize the NT-SOA formation using the
breaks down in systems in which multi-generational productsvBS framework (Egs. 1-3). The methods differ in whether
are significantly more reactive than the original precursors. and how they account for first-generation oxidation and on-
Based on our definition of first-generation (inside the smoggoing multi-generational oxidation (see Fig. 1b and c).
chamber) and multi-generational (beyond the smog cham-
ber) oxidation, theoretically we do not need to run the multi- 2.2.1 Robinson-2007 method
generational oxidation mechanism while modeling SOA in
the smog chamber. But doing so would incorrectly imply Robinson et al. (2007) proposed a simple method to model
that the oxidation products formed in the smog chamber are&NT-SOA formation, which uses a single oxidation kernel
non-reactive. Hence, for the sake of completeness (but at thior all S/IVOC oxidation reactions. This method omits a
cost of not being true to our definitions), we let the oxidation detailed description of the volatility distribution of first-
products that are formed in the smog chamber to underggeneration products and instead uses the same, simple,

multi-generational oxidation. multi-generational oxidation scheme for every reaction. The
method is shown schematically in Fig. 1b.
2.1 Traditional SOA (T-SOA) The simplest way to implement this scheme is to place the

volatility-resolved unspeciated S/IVOC precursor mass)(
Previously, T-SOA has been defined as the non-reactive, stadirectly into the corresponding VB34;), which eliminates
ble oxidation product of traditional SOA precursors. In this Eq. (2) and the first term in Eq. (3). Similar to the treatment of
work, we define T-SOA as the first and multi-generational multi-generational oxidation for T-SOA (Lane et al., 2008),
SOA mass arising through the oxidation of speciated VOCany gas-phase mass in the VBS reacts with the OH radical to
precursors. To simulate T-SOA formatioX,; in Eg. (2)  form a product that is in a lower volatility bin than its pre-
represents an individual precursor (e.g. benzene, toluene, reursor. For NT-SOA (Robinson-2007; , takes the form:
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2.2.2 Hybrid method

o |(@T-SOA model
@ The Hybrid method is similar to the previously discussed T-
_E SOA model. It is shown schematically in Fig. 1c. The first
Q generation of oxidation of S/IVOC vapors and subsequent
S oxidation (fstgen) | | | I Speciated NT-SOA formation is parameterized by fitting Egs. (1-3) to
S l l \ l Organic smog chamber data. A generic multi-generational oxidation
2 scheme is then used for subsequent generations of oxida-
tion. This allows for a more physically realistic treatment of
21012345¢67 the first-generation oxidation that better represents known ef-
- fects of oxidation on volatility.
7 EE)?SO(I))‘IL{I)SonQOW R In the Hybrid method, for the first generation of oxida-
g I H ¥ tion, the volatility-resolved unspeciated S/IVOC emissions
e oxigation (" gen) +» ¥ are treated as precursops () in Eq. (2) and their vapors are
ﬁ | assumed to react only with the OH radical. We assume that
g Il y A4 kox.x; is 4x 107t cm® molecules® s for vapors with a
5 [T vIYBEEE C* <10*pg 23 and 3x 10~ cm® molecules® s~1 for va-
= VIVIVI I HNHHND pors with C* > 10* pg n3 based on reactivity data for-
alkanes in these volatility ranges (Atkinson and Arey, 2003).
2-10123 4567
o [(CHybrid gy g To determine the mass-yield matrix;(; in Eq. 3), we as-
@ |((NTSOA)R JA JA Y - sume that each precursor undergoes several oxidation reac-
S K AE AR AR : tions in the smog chamber before it forms a stable set of prod-
3D A DAY i ucts. Hence, we expect the particle-phase oxidation products
% Lo to be much less volatile compared to its precursor. For a
oxidation (1st gen) . % _3 .
£ PR v ot sl VOC like toluene C* ~ 1.6 x 10% ug n3), Hildebrandt et
<23 - al. (2009) observed that the products of oxidation were cen-
| Oxidation (n' gen) | tered around th€* = 100 andC* = 1000 pg nT2 bins, i.e.

most of the products were 5 to 6 orders of magnitude lower
than the precursor (toluene). Tkacik et al. (2012) observed
that most of the measurable photo-oxidation products of cy-
Fig. 1. Schematics that illustrate the SOA mechanism for@e  cloalkanes and branched alkanes were 3 to 6 orders of mag-
T-SOA model,(b) Robinson-2007 method arfd) Hybrid method. nitude lower in volatility than their precursor. Therefore, we
assume that in the Hybrid method, a precursor is allowed to
form oxidation products that are 3 to 6 orders of magnitude
lower in volatility than the precursor.
P The mass-yield matrixof ; in Eq. 3) for the Hybrid
Bik = { +(%+ Jowy) c;{r]:e:véi:eq’ (5)  method is derived by fitting the NT-SOA data. Since there are
eight precursors@* = 1 to 10 pgnm3; Table 2) and each
where,q is the shift in volatility for the product anglyy is precursor’s products are fit across 4 VBS bins, the Hybrid
the fraction of oxygen added to the product per reaction.  method potentially requires 32 free parameters (many more
To simulate NT-SOA formation using the Robinson-2007 than can be constrained with the data). Presto et al. (2010),
method, one must definkoxm, foxy andg. Robinson et  following the work of Lim and Ziemann (2009), found that
al. (2007) and Shrivastava et al. (2008) usedoam Of for n-alkanes, the addition of 2 carbon atoms shifted its cor-
4 x 10~ em® moleculess™?, a foxy 0f 0.075and @ of 1 responding SOA product distribution, on average, by one
based on SOA data for diesel exhaust. Grieshop et al. (20090 bin or one order of magnitude i6* space. Therefore,
proposed &op m of 4 x 10~ cm®molecules®s™, a foxy, ~ we assume the same product distribution arising from each
of 0.40 aq of 2 based on SOA data for dilute woodsmoke. S/IVOC precursor bin, but shifted in volatility space by one
Dzepina et al. (2009, 2010) and Hodzic et al. (2010) haveorder of magnitude. This approach reduces the number of
applied these parameterizations to simulate SOA formatiorfree parameters to four. For instance, df [b1 c1 d1] rep-
over Mexico City. resents the mass yield for the precurgdr= 10f ugnr3
In this manuscript, we evaluate the previously proposedacrossC* bins [1 10 100 1000] (ug ), the mass-yield ma-
sets ofkon,Mm, foxy and g-values. We also fitthe NT-SOA data trix «; ; for all precursors would take the same form shifted
to determine an optimum set of values for these parameterby one bin.
for the Robinson-2007 method.

2-101 2345867
logio C*
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Table 1.List of smog chamber experiments.

No Experiment Name Engine Fuel Load Reference

1 CFM56-JP8-Ground Idle (1) CFM56-2B  JP8 4% Presto et al.

2 CFM56-JP8-Ground Idle (2) CFM56-2B  JP8 4% (2011, 2012),

3 CFM56-JP8-Ground Idle (3) CFM56-2B  JP8 4% Miracolo et

4 CFM56-JP8-Taxi CFM56-2B  JPS8 7% al. (2011)

5 CFM56-JP8-Landing CFM56-2B  JP8 30%

6 CFM56-JP8-Takeoff CFM56-2B  JP8 85%

7 T63-JP8-Ground Idle T63 JP8 Ground Idle  Miracolo et

8 T63-FT-Ground Idle (1) T63 FT Ground Idle  al. (2012),

9 T63-FT-Ground Idle (2) T63 FT Ground Idle  Drozd et al. (2012),
10 T63-Blend-Ground Idle T63 JP8:FT Blend GroundlIdle Presto etal. (2012)
11 T63-JP8-Cruise T63 JP8 Cruise

12 T63-FT-Cruise T63 FT Cruise

JP8/FT 50:50 blend fuels at ground idle and cruise loads.

On amass-basis, JP8 consists of 53 % straight/cyclic alkanes,
30 % branched alkanes and 17 % aromatics while FT consists
of 88 % branched alkanes and 12 % cyclic alkanes (Corporan

Precursors
C*=10° C*=10' C*=102 C*=103 C’=10¢ C*=105 C*=10° C*=107

: P s s H zjzs et al., 2011). The experiments used in this work are listed in
o Lo La | - | - | -~ [ -« |cwmtoe Table 1, including the naming convention used in the paper.
da | o | b | a | - ; ; R [P Briefly, the experiments involved collecting emissions
di | e | b | a | - - - |o=t02 g from about 1-m downstream of the engine exit plane and
Qij = ol d e b a | - - feston % then transferring them through a heated transfer line into a
dq c1 b1 a1 - C*=100 @

portable Teflon smog chamber. The emissions were diluted
h | e | bt | & |C=t0 50 to 200 times with clean (HEPA- and activated-carbon fil-
M L T L R ter) air to achieve primary PM concentration levels in the
o OO chamber that were representative of those typically found
roughly 100-m downstream of the engine exit plarelQ
©) pg n3). To initiate photo-oxidation, the chamber was ex-
posed to natural or artificial sunlight; a suite of instruments
For multi-generational oxidation, we use the same set ofifacked the evolution of the gas- and particle-phase pollu-
parameters used to model the multi-generational oxidatiorfants. Pho_to-omdgtlon mc_reased the aerosol levels inside the
of T-SOA (Eq. 4). chamber, in certain experiments to 100s of pgfnirhe rel-
ative humidity in the chamber was low: (18 %).

d1 C =104

3 Experimental data 3.2 Overview of PM and SOA data

3.1 Overview of experimental methods Figure 2 compiles the primary (elemental carbon and pri-
mary organic aerosol or POA) and secondary PM (sulfate
The Hybrid model is illustrated using data from smog cham-and SOA) data from the two field campaigns. Briefly, EC
ber experiments conducted on diluted emissions from twoand POA emissions were based on quartz filter samples col-
different gas-turbine aircraft engines. Here, we provide alected off of a dilution tunnel (Drozd et al., 2012; Presto
brief overview of both datasets; further details can be foundet al., 2011). Sulfate and SOA were based on AMS and
in Miracolo et al. (2011), Presto et al. (2011), Miracolo et SMPS measurements made at the end 8fto 4 h of photo-
al. (2012) and Drozd et al. (2012). The first study investigatedoxidation inside the smog chamber (Miracolo et al., 2011,
SOA formation from diluted emissions from a CFM56-2B 2012). The chamber data were converted to a fuel basis using
gas-turbine engine operating on Jet Propellant — 8 (JP8) fuethe background-corrected measured,@0Oncentration. The
(Presto et al., 2011; Miracolo et al., 2011) at four different sum of the measured primary PM emissions and secondary
engine loads (4 % — ground idle, 7 % — taxiing, 30 % — land- PM formation spans two orders of magnitude (50—4250 mg
ing and 85% — takeoff). In the second study, experimentskg-fuel~1) and is a strong function of the engine type, en-
were conducted on diluted emissions from a T63 gas tur-gine load and fuel. These variations are discussed in detail
boshaft engine operating on JP8, Fischer-Tropsch (FT) anéth companion publications (Presto et al., 2011; Miracolo et
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Table 2. Emission factor (mg kg-fuéll) for speciated VOCs and S/IVOCs for each engine, fuel and engine load (Miracolo et al., 2011,
2012; Presto et al., 2012)* values are determined either from the NIST database or EPA's Estimation Program Interface suite.

Type  Species C* (ug m-3) CFM56-JP8 \ T63-JP8 \ T63-FT | T63-Blend
Ground Idle  Taxi Landing Takeoff GroundIdle Cruise| Ground Idle Cruise| Ground Idle

VOC 1-butene 6.4210° 194.6 58.4 2.2 2.2 401.1 1.2 159.1 15 292.7
1-heptene 3.2¢108 61.5 18.5 - - 0.1 0.0 6.3 0.0 11.6
1-hexene 8.3510° 811 243 - - - - - - -
1-methylcyclohexene 3.90108 5.2 1.6 - - - - - - -
1-octene 1.0410° 5.9 1.8 1.2 1.2 - - - - -
1-pentene 2.3910° 912 27.4 10.8 10.9 81.7 0.0 69.8 0.0 0.0
1,2-butadiene 2.710° 6.4 1.9 - - 1.4 0.0 4.8 0.0 37
1,2-diethylbenzene 7.6410° 10.9 3.3 1.9 1.9 - - - - -
1,2,3-trimethylbenzene 9.510°8 47.0 14.1 1.7 1.7 4.3 0.0 10.8 0.0 32.7
1,2,4-trimethylbenzene 1.3007 41.9 12.6 7.4 7.4 24.9 0.0 30.5 0.0 119.8
1,2,4,5-tetramethylbenzene 14900 27.2 8.2 - - - - - - -
1,3-butadiene 6.1410° 230.3 69.1 - - 391.3 2.8 76.4 1.4 0.0
1,3-diethylbenzene 7.67L0° 10.2 3.1 1.8 1.8 14.6 1.2 180.9 0.0 125.4
1,3,5-trimethylbenzene 1.54.07 14.4 4.3 1.0 1.0 16.4 0.0 39.1 0.0 47.7
1,4-diethylbenzene 7.1:310° 46.7 14.0 1.9 1.9 3.7 3.9 75.6 0.0 68.2
2-ethyltoluene 1.59107 12.6 3.8 34.2 34.2 16.0 2.8 11.1 0.0 30.7
2-methyl-1-butene 2.2010° 30.3 9.1 1.0 1.0 525 0.0 81.1 0.0 26.6
2-methyl-1-pentene 1.2810° 10.6 3.2 - - 5.2 0.0 10.7 0.0 4.1
2-methyl-2-butene 1.7610° 6.0 1.8 — - 9.6 0.0 21.7 0.0 24.1
2-methyl-2-pentene 1.2810° 2.1 0.6 0.6 0.6 - - - - -
2-methylheptane 1.2610° 7.1 21 - - 8.9 0.0 5.6 0.0 8.6
2-methylhexane 3.5210° 6.7 2.0 - - 30.2 0.0 8.5 0.0 20.2
2-methylpentane 9.24108 50.2 15.1 1.0 1.0 - 2.1 115 0.0 17.0
2,2-dimethylbutane 1.4610° 1.5 0.5 - - 64.8 0.0 19.8 0.0 0.0
2,3-dimethyl-2-pentene 2.40.0° 7.5 2.3 1.0 1.0 14.7 0.0 5.2 0.0 14.4
2,3-dimethylbutane 1.0810° 2.8 0.8 2.0 2.0 54.1 4.5 16.1 0.0 58.9
2,3,4-trimethylpentane 1.64108 5.3 1.6 - - 8.5 0.0 27.8 0.0 23.8
2,4-dimethylpentane 3.5210° - - - - 2.6 0.0 19.2 0.0 18.9
3-ethyltoluene 1.8%10° 158 47 - - 9.1 0.5 34.4 0.0 18.9
3-methyl-1-butene 2.2010° 29.5 8.9 - - - - - - -
3-methylheptane 1.2010° 5.7 1.7 2.9 2.9 - 0.8 6.0 0.0 4.3
3-methylhexane 3.2010° 245 7.4 - - 2.6 0.9 9.6 0.0 15.7
3-methylpentane 8.23108 12,5 3.8 - - 47 0.0 7.4 0.0 23.7
4-ethyltoluene 1.89107 7.7 2.3 3.1 3.1 27.2 0.0 66.1 0.0 65.9
4-methyl-1-pentene 1.2610° 27.2 8.2 0.7 0.7 - - - - -
4-methylheptane 1.26108 5.6 1.7 1.8 1.8 - 0.0 9.4 0.0 6.9
alpha-pinene 3.47107 6.2 1.9 — - 17.4 0.9 87.9 0.0 60.7
acetylene 5.051010 2858.9 857.7 9.2 9.2 861.8 37.4 859.9 12.0 834.1
benzene 462108 232.0 69.6 72.4 72.4 282.1 4.8 126.3 0.8 217.8
butane 6.1&10° 24.8 7.4 29.2 29.2 40.2 0.0 258.0 15 282.4
butylbenzene 7.3610° 8.5 2.6 - - 5.2 0.5 111.3 0.0 13.1
c-1,3-dimethylcyclopentane  3.520° - - - - 0.7 0.0 12.1 0.0 2.2
c-2-butene 3.5010° 11.7 3.5 0.9 0.9 15.2 0.6 87.6 1.1 60.9
c-2-hexene 1.2510° 6.1 1.8 14.4 14.4 18.3 0.0 17.3 0.0 28.3
c-2-pentene 2.2010° 8.4 2.5 - - 61.5 0.0 68.2 0.0 34.9
c-3-hexene 1.2510° 72 22 - - - - - - -
cyclohexane 432108 51.9 15.6 - - 15 0.0 58.7 0.0 3.6
cyclohexene 3.8710° 14.5 4.4 3.7 3.7 4.5 0.0 4.4 0.0 14.0
cyclopentane 1.1010° 12.6 3.8 1.8 1.8 27.3 0.0 34.7 0.0 14.6
cyclopentene 3.56108 95.5 28.7 - - 2.0 0.0 23.9 0.0 12.4
cyclopropane 1.281010 2.9 0.9 - - - - - - -
decane 8.4210° 2.5 0.8 33.4 33.4 5.5 9.4 177.6 0.0 178.5
dodecane 1.0410° 108.3 325 16.1 16.1 - - - - -
ethane 6.131010 1155 34.7 83.3 83.3 154.4 27.4 147.3 0.0 122.3
ethene 5.991010 77.3 23.2 28.1 28.1 2958.1 51.2 1414.3 9.6 2302.9
ethylbenzene 6.28107 3.9 1.2 1.0 1.0 24.9 0.0 60.7 0.0 58.1
heptane 2.4810° 59 1.8 - - 137.1 0.0 16.7 0.0 87.9
hexane 6.1010° 15.4 4.6 2.4 2.4 239.4 69.1 27.6 0.0 115.7
hexylbenzene 1.00107 16.6 5.0 - - - - - - -
i-butane 8.1510° 42.7 12.8 42.2 42.2 5.0 0.4 91.0 0.0 0.0
i-butene 3.4%10° 71.7 21.5 5.5 5.5 123.7 0.0 525.4 0.0 328.2
i-pentane 1.3810° 34.0 10.2 29.9 29.9 0.0 0.0 0.0 0.0 208.9
isoprene 1.0510° 56.0 16.8 - - 84.9 0.0 39.6 0.0 3.9
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Table 2. Continued.

Type Species C* (ug m-3) CFM56-JP8 \ T63-JP8 \ T63-FT | T63-Blend
Groundldle  Taxi Landing Takeoff Groundidle Cruise| Groundldle Cruise| Ground Idle

i-propylbenzene 2.92107 4.8 14 0.8 0.8 8.6 0.0 105.2 0.0 69.9
limonene 1.05%107 7.9 2.4 - - 0.0 0.0 0.0 0.0 0.0
m-xylene 47107 26.4 7.9 11 1.1 38.8 0.0 56.9 0.0 5.6
methylcyclohexane 5.00108 14.4 43 - - 5.2 0.0 5.9 0.0 12.3
methylcyclopentane  6.3710° 11.2 3.4 - - 2.7 0.0 12.1 0.0 11.0
naphthalene 1.52108 459 13.8 1.6 1.6 - - - - -
nonane 2.63107 36.1 108 - - 116.1 0.0 35 0.0 93.6
o-xylene 3.74107 5.2 1.6 - - 24.8 0.0 68.1 0.0 62.4
octane 8.18107 75 2.3 0.9 0.9 15.4 0.0 35 0.0 16.7
p-xylene 5.65107 4.8 1.4 3.8 3.8 20.3 1.0 45.6 0.0 73.9
pentane 1.910° 12.0 3.6 15.6 15.6 12.7 0.0 62.2 0.0 35
propane 1.7@10'0 374 112 32.6 32.6 31.3 0.0 15.8 0.0 10.7
propene 1.9510'0 696.2 208.9 6.3 6.3 1123.0 5.4 1149.0 143 1192.6
propylbenzene 2.16107 16.6 5.0 1.4 1.4 15.1 0.0 36.2 0.0 29.6
propyne 5.0410° 723 217 - - 86.7 0.8 100.1 0.1 95.2
sec-butylbenzene 1.2907 394 11.8 1.6 1.6 - - - - -
styrene 3.5%107 8.2 25 - - 12.8 0.0 7.7 0.0 18.7
tetradecane 9.94104 49 15 0.9 0.9 - - - - -
toluene 1.5&10° 847 254 3.0 3.0 112.0 1.6 34.8 0.3 76.1
1,3-hexadiene (trans) 1.23.0° 6.3 1.9 - - 7.8 0.0 30.5 0.0 7.0
t-2-butene 2.7510° 61.0 183 43 4.3 54.7 1.1 119.8 0.4 83.5
t-2-hexene 1.2510° 9.5 2.9 - - 10.2 0.0 13.4 0.0 10.4
t-2-pentene 2.2010° 15.7 47 - - 105.4 0.0 28.8 0.0 106.8
tridecane 3.2910° 47.4 14.2 1.9 1.9 — - - — -
undecane 3.2610° 93.7 281 15.8 15.8 2.3 2.6 46.6 0.0 76.5
svoc Cc*=1Ppgn3 1.00x 100 6.4 3.4 47 3.8 24.7 0.2 28.7 7.7 18.7
c* =10 pgm3 1.00x10 48 106 7.0 4, 61.8 0.6 76.6  14.0 56.4
C*=10pugn3 1.00x10% 48 235 7.0 4.9 85.5 0.8 118.8 3.1 73.6
c*=103pgn3 1.00x103 11.2 158.8 16.4 13. 15.0 0.1 1.8 0.0 8.0
IVOC  C*=10%pgm3 1.00x10% 256 285.1 10.4 8. 56.2 0.5 9.7 0.0 26.6
Cc*=10°pgm3 1.00x10° 80.0 34.1 4.0 5.9 984.0 9.4 196.3 12.6 493.3
c*=10Fpgm3 1.00x 108 1459.4  39.1 20.0 11. 4901.3  46.6 36136  12.4 3814.1
C* =10 pgm3 1.00x 107 1459.4  39.1 20.0 11. 4901.3  46.6 36136  12.4 3814.1

al., 2011, 2012; Presto et al., 2012; Drozd et al., 2012); herenents were only made for one of three CFM56-JP8-Ground
the focus is on modeling the SOA formation measured in theldle experiments; therefore, we assumed that the same VOC
smog chamber. Briefly, at the end of every experiment, theemissions profile applies to the other two experiments. For
wall-loss corrected secondary PM formation exceeded thehe CFM56-JP8-Taxi and CFM56-JP8-Landing experiments,
direct primary PM emissions, by as much as a factor of 75.only a small number of VOC were measured (Presto et al.,
SOA accounts for more than half of the secondary PM masf011) and therefore we estimated emissions of additional
(remainder is sulfate) except for in the CFM56-JP8-TakeoffVOC using data from the APEX study (Wey et al., 2006).
and T63-FT-Cruise experiments and more than three quarterShe VOC emissions at taxi were assumed to be 40 % of those
of the PM mass in the ground-idle experiments. On averageat ground idle and VOC emissions at landing were assumed
the T63 engine had higher emissions and higher secondarip be the same as those at takeoff.

PM formation than the CFM56 engine. Both the SOA forma-  S/IVOC emissions were characterized by GC-MS analysis
tion and precursor emissions decrease substantially with inef quartz filter and Tenax TA sorbent tube samples (Presto et
creasing engine load, i.e. ground idle vs. takeoff and groundil., 2011). Formally, we define S/IVOC as the sum of (both

idle vs. cruise. speciated and unspeciated) emissions that hawé wer
than or equal to 10ug n3. Presto et al. (2011) speciated
3.3 Measured SOA precursors less than 10 % of the S/IVOC emissions (similar to studies

done with other sources, Schauer et al., 1999, 2002); the
Simulating SOA formation requires detailed information on remainder was reported as an unresolved complex mixture.
SOA precursor concentrations. Table 2 reports VOC andTo estimate the total mass of S/IVOC emissions, Presto et
S/IVOC emissions data for the different experiments. Theal. (2012) developed a calibration curve for the UCM mass
VOC data were measured using SUMMA canisters that weravith fuel and lubricating oil used by the aircraft. The emis-
analyzed using a GC-MS (Presto et al., 2011). VOC measuresions were then distributed into the VBS based on the GC
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Fig. 2. Average of the measured elemental carbon and POA emis- Roor o Prefutsor
sions and sulfate and SOA formation from aircraft exhaust (Mira- o - | | Lo |
colo et al., 2011, 2012). CFM56 and T63 are gas turbine engines. Ground Taxi Landing Takeoff |Ground Cruise |Ground Cruise |Ground

Idle Idle Idle

T63- FT

Idle
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Blend

JP8 is a petroleum-based aviation fuel, FT is a Fischer-Tropsch fuel

derived from coal and Blend is a 50:50 JP8: FT mixture. The re-

sults for CFM56-JP8-Ground Idle are the average of three separate

experiments and the results for T63-FT-Ground Idle are the averag€&ig. 3. Emission factors for S/IVOC and VOC (SOA precursors)

of two separate experiments. We did not perform a cruise experi-and measured SOA production. The results for CFM56-JP8-Ground

ment for T63-Blend. Idle are the average of three separate experiments and the results for
T63-FT-Ground Idle are the average of two separate experiments.
We did not perform a cruise experiment for T63-Blend.

CFM56-JP8 T63-JP8

elution time (Presto et al., 2012). Further, they found that
the chromatogram for all ground-idle emissions appeared

1.0E+08

q’,g‘
to peak near &* of 10° ugnm3 implying that there were = »
considerable emissions of species withC& greater than ; = .
10° ug 3 that could not be quantified but likely also con- & "= = = m
tributed to SOA formation. To ensure the inclusion of all 3 =
low volatility organics that are capable of forming SOA, we &
assume that the mass of emissions in @tfe= 10" ug nm3 OMEET e e o & 0 o @ P
; ; *— 10P -3 & & & & S O Y S
bin equals the mass in th&* = 10° ug m° bin for all the RO
. . O O O . S Q O b R ]
ground-idle experiments. Table 2 reports measured S/IVOC ¢ o »° & Q‘@’} P PSS A
emissions as a function &f*. & A R

Figure 3 plots the measured SOA and its precursors —
S/IVOC and VOC - for the different experiments. The bar rig 4. Estimated OH exposure range (molecules hémfor the
labeled VOCs in Fig. 3 only includes SOA precursors basedwelve different experiments. The median OH exposure is shown
on the SAPRC classification. Apart from the T63-JP8-Cruiseby the orange cross and the standard error of the mean is shown
experiment, the measured SOA mass is smaller than the sumsing green bars. We use the median value in our analysis.
of the precursor (S/IVOG- VOC) emissions. The precur-
sor mass should be larger than the SOA mass if the SOA
is formed from gas-phase oxidation of organic vapors. Theconcentrations were not directly measured but inferred from
VOC data were of poor quality in the cruise experiments. Wethe measured decay of organic (e.g. toluene) and inorganic
hypothesize that these precursors may be mosﬂy oxygenatd@.g. SQ) SpeCieS. The OH concentration varied with tlme, it
and therefore poorly detected by the hydrocarbon-focusedvas about 10molecules cm? at the beginning of the exper-
techniques employed by Presto et al. (2012). The S/ivogment and dropped to £enolecules cm? by the end. This
emissions, on average, are larger than the speciated SOA prgme variation was accounted for in the modeling. For some
cursors and therefore likely to be very important SOA precur-€xperiments, we estimated the OH exposure only using high

sors. Most of the S/IVOC emissions are IVOC. reactivity specieskor > 10~ cm® molecules® s™) to re-
duce uncertainties associated with any chamber leakage. Fig-
3.4 Oxidant concentrations ure 4 shows the median OH exposure (orange cross) with the

standard error of the mean (green bars) calculated for each

The vast majority of the SOA precursors in aircraft exhaust®XPeriment. The OH exposure ranges from 4 to almost 50 h
are saturated species (there are significant unsaturated lighf atmospheric o>3<|dat|on at a typical OH concentration of
VOCs, which do not form SOA); therefore the SOA forma- 10° molecules cm?.

tion in the smog chamber experiments is largely driven by

oxidation by the hydroxyl radical (OH) and not by ozone. OH
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Fig. 5. Scatter plots of predicted versus measured OA mass for the T-SOA model and two versions of the NT-SOA model (Robinson-2007
and Hybrid). The top row shows experiments performed with the CFM56 engine and the bottom row shows experiments performed with the
T63 engine.

4 Results 4.2 NT-SOA formed versus S/IVOC reacted

4.1 T-SOA The NT-SOA is estimated by subtracting the T-SOA predic-
tion from the measured SOA. Except for the T63-FT experi-
Model predictions for the T-SOA module are evaluated in ments, NT-SOA accounts for anywhere between 34 and 99 %
Fig. 5a. Each point represents a time-averaged value ovesf the SOA measured in the chamber.
~100s from an individual experiment. The CFM56 and T63  Before applying the NT-SOA models, we first exam-
data are presented in separate panels. The model predicts thae the mass balance between the estimated NT-SOA and
aromatics are the most important T-SOA precursors. In ordefhe estimated mass of reacted S/IVOC. For this calcula-
to quantify the model-measurement comparison, we calcution, we assume that the SVOC react with the OH radi-
late the fractional error: cal with a reactivity of 4<x 10~ cm3 molecules®s™! and
IVOC react with the OH radical with a reactivity of 3
LN 10~ ecm® molecules!s. To quantify the mass balance,
Fractional Erroe= 5 Z 1P —M] (7)  We calculate an effective NT-SOA yield, which is defined as

o M follows:

where P is the predicted OAM is the measured OA mass Effective NT-SOA Yield= NT — SOAformed (8)

andN is number of data points. The fractional error is calcu- S/IVOC reacted
lated using all of the data. Fractional error values are listedrigure 6 plots the effective NT-SOA yield as a function of the
in Fig. 5a. Except for the CFM56-JP8-Takeoff and T63-FT- OA concentration{oa). There are several important points
Ground Idle experiments, the T-SOA module predicts lessto make from the plot. First, from a mass balance perspec-
than half of the measured SOA. T-SOA explains most of thetive, the NT-SOA vyields are reasonable (i.e. they are less
SOA measured during the CFM56-JP8-Takeoff and T63-FTthan 1), which means that the amount of NT-SOA formed
Ground Idle experiments probably because the SOA mas less than the amount of S/IVOC reacted. Second, the ef-
yields of Murphy and Pandis (2010) are at the high end offective NT-SOA yields are similar to published yield data for
those reported in the literature. Figure S1 plots the ratio ofspeciated IVOCs. For example, Fig. 6 indicates that for the
predicted T-SOA to the measured SOA. We hypothesize thaiP8 experiments, the effective NT-SOA vyields fall between
the large unexplained SOA is a direct result of S/IVOC oxi- the measured yields for-dodecane 1) and n-tridecane
dation. (C13). This is not surprising since the UCM distribution of

both the emissions and unburned fuel peak betw&grand

C15 (Corporan et al., 2011; Presto et al., 2011). Finally in
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0.6 ~ ' 4.3.1 Robinson-2007 method
0.5} ,’ The Robinson-2007 method, when using the Robinson et
nmdecane, ¢ al. (2_007) and Grieshop et al. (200_9) paramete_r sets, unc_ier-
0.4/ K —G‘r’:fnd predicts the NT-SOA formed during ground-idle experi-
, R ! Idle ments but over-predicts it during non-ground-idle experi-
NT-SOA Yield 0.3 1 -dodecane ments. Therefore, we fit the NT-SOA data to find an opti-

mum parameter set for the Robinson-2007 method. We con-

0.2y ﬁ ’“Blend sidered a wide but realistic range of reaction rates.y,

o Ground fraction of oxygen added to the product per reactigig
b HHIMID’ Idle and shift in volatility ¢). For kon, we use a range of 1 to
of w' i FT-Ground Idle 5x 10~ cm® molecules?® s~ based on Atkinson and Arey
100" eruise 101C ) 31)02 10° (2003). Forfoxy, We use a range of 0.05 to 0.4, which corre-
oA (ug M~

sponds to the addition of 1 to 5 oxygen atoms per oxidation

Fig. 6. Estimated NT-SOA vyield plotted as a function 6bpa. reaction to aC15 alkane. Fog, we use a value of either 1 or

For reference, we also include SOA yields fododecane and-  2» Which corresponds to 1 or 2 orders of magnitude change
tridecane (dotted grey lines) from Presto et al. (2010). in the product volatility with each oxidation reaction. Within

these ranges, the optimum set was determined by minimiz-
ing the fractional error (Eq. 7) between model predictions

most experiments, the NT-SOA yields increase with increas-2nd measurements for each experiment.
ing Coa, implying that the NT-SOA is semi-volatile, similar ~ For the ground-idle experiments (except for the FT-
to T-SOA formed in smog chamber experiments (Odum etGround Idle) an aggressive parameter-sejy(= 3 — 5 x
., 1996). 10~ cm® moleculests™, foxy =0.05-0.4,g9 = 2) is re-

The effective yields plotted in Fig. 6 also appear to dependduired to fit the SOA data. In companson a more mod-
on both engine load and fuel composition. First, the ground-est parameter-setg = 1-3x 10~ cm® molecules™® s~
idle experiments appear to have higher yields than non-foxy = 0.05-0.3,¢ =1) is sufficient to describe the non-
ground_idie experiments_ This could be due to differenceﬁround'idle SOA data. The results are illustrated in Flg 5b,
in precursor composition; in other words, the ground-idle Which plots model predictions using the Robinson-2007
S/IVOC emissions are Comprised of Compounds that morénethOd with the best fit for each experiment against the OA
efficiently produce SOA than non-ground-idle emissions. If measured in the chamber. Compared to predictions from the
true, then different NT-SOA parameterizations would need T-SOA model alone, the model predictions are improved for
to be developed for different engine loads. Alternatively, thethe CFM56 experiments but only slightly improved for the
higher ground-idie experiment yieids may be due to parti-T63 eXperimentS. The improvement is quantiﬁed by the frac-
tioning differences (ground-idle experiments were conductedional error values listed in Fig. 5.
at higherCopa). Second, the NT-SOA yields for JP8-Ground ~ Although an optimum parameter set provides some im-
Idle are higher than Blend-Ground Idle yields which are Provement over the T-SOA model, the Robinson-2007
higher than FT-Ground Idle yields. Accounting for differ- method cannot reproduce the temporal trend in the data.
ences inCoa, it could be argued that Blend-Ground Idle The problem is illustrated in Fig. 7, which plots time se-
yields are an arithmetic average of the JP8-Ground Idle andies of the measured OA. The measured production either
FT-Ground Idle yields. Miracolo et al. (2012) showed that varies linearly or rolls over with OH exposure in the chamber.
the differences in SOA formation between JP8 and FT couldiowever, the NT-SOA calculated using the Robinson-2007
mostly be attributed to compositional differences in the fuels.method shows the opposite trend with little NT-SOA formed
FTis mainiy Comprised of branched aikaneS, which have |owln|t|a“y and Significantly more is formed later. This effect is
SOA yields versus JP8 which contains similar volatility but most clearly seen for the T63-Blend-Ground Idle case plot-
higher SOA yielch-alkanes and aromatics. Therefore, differ- ted in Fig. 8. It occurs because the Robinson-2007 approach
ent NT-SOA parameterizations may be needed for different€quires (given the volatility distribution of the aircraft emis-

fuel types. sions) several generations of oxidation (a lot of OH exposure)
before a large fraction of the products hav€*alow enough
4.3 Parameterizing NT-SOA formation to partition into the particle phase. The problem is most se-

vere in the ground-idle experiments where almost all of the
In this section we develop parameterizations for NT-SOA emissions are IVOC (Table 2). The Robinson-2007 method
formation by fitting the measured SOA production. The goalworks for the CFM56-JP8-Taxi and CFM56-JP8-Takeoff ex-
is to determine an optimum parameter-set for the Robinsonperiments primarily because a sizeable fraction of the emis-
2007 komm, foxy and g) and Hybrid approachesy(;;  sions are in the lowe€* bins (C* = 10°~10* ug m3; Ta-
Eq. 6). ble 2).
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POA TSOA NTSOA (1st generation) NTSOA (aged) Measured OA
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JP8-Ground Idle(2)
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Fig. 7.Model predictions of OA compared to those measured during each experiment. The two sets of symbols for the measured values show
the range of uncertainty, as discussed in the text. NT-SOA is predicted using the Hybrid method using best fits for each experiment. For some
experiments, OH concentrations are calculated using intermittent measurements which results in step changes in the OH exposure. For thos
experiments, we see sudden changes in SOA formation with OH exposure.

T63-Blend-Ground Idle
(Robinson-2007; kon=3.5e-11, foxy=0.05, q=2)

to assign the O:C for SOA formed from alkenes and aro-
matics and the work of Presto et al. (2010) to assign the

2500 O:C for SOA formed from alkanes. For NT-SOA, we cal-
OA culate O:C by explicitly tracking the addition of oxygen
2000 (measured1+++ per reaction foxy). For a few of the experiments, the opti-
%‘ o NT-SOA mum parameter-set for the Robinson-2007 method predicts
2 1500 4 a very high O:C ratio £ 0.8) of OA (much higher than
2 & that estimated from the AMS data). This occurs because
g 1000 + precursors have to go through multiple generations of ox-
S idation before they reach a low enough volatility to parti-
500 T-SOA tion into the particle phase. A consequence of this is that
a lot of oxygen is added, with the exact amount depend-
ing on the values offoxy andg. For example, for the op-

POA

5 15
x 10°
OH Exposure (molecules-hr cm3)

timized parameter-set for the T63-JP8-Ground Idle exper-
iment (on =5 x 10~ cm®molecules®s™, foxy = 0.40,

q = 2),the O: C of the product would be close to 1 after only
Fig. 8. Measured OA compared to model predictions using best-WO ger_leratlons of OX|dat|qn versus 0.32 for the_ measured
fits of the Robinson-2007 method for the T63-Blend-Ground Idle data. Itis clear that the Robinson-2007 approach is unable to
experiment. The two sets of symbols for the measured values showeproduce both the temporal dependence of NT-SOA and the
the range of uncertainty, as discussed in the text. O:Cof OA.

4.3.2 Hybrid method
Estimates of the O: C ratio of the OA reveals additional
problems with the Robinson-2007 method. The O: C of theFor each experiment, we fit the NT-SOA data to determine
POA was measured before the oxidation phase of the expem set of VBS yields (Eq. 6) for the Hybrid method. Figure 7
iment. For T-SOA, we use the work of Chhabra et al. (2010)plots the time series of measured and predicted OA for each
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1.2 @ Table 3.VBS yields for S/IVOC for non-idle and idle emissions.
M Ground Idle Yields Non-Ground Idle Yields
0.8
@

06 1*06 O CFM56-JP8-Ground Idle a ka4 @a ka4

N _-I"’_”I O T63-JP8-Ground Idle 000 010 010 020 005 010 000 0.00

' ]

4@9-1C

D 0o .1t .,‘* g
= L enren gl . :
: e e - ity, we have not plot yields for S/IVOC precursors that con-
8 12 ©) tribute less than 15 % to the NT-SOA mass. The lowér
E | I surrogates generally do not contribute much NT-SOA mass

o8 because their emissions are either low and/or because very

' O CFMS6-0P8-Taxi little of their mass exists as vapors and is therefore available

0.6 - -Taxi : :

A CFM56-JP8-Takeoff for oxidation. . . : :

04 For all of the ground-idle experiments (Fig. 9a), irrespec-

0z sy R gre tive of the field campaign, almost all of the NT-SOA is

‘ M' ------- produced from the oxidation of IVOCC* bins: 1¢, 10°

R e e and 10 ug nm3). This is expected because 90 % of the low-
Con (ug m?) volatility organic emissions are IVOC which peak@t =

10° and 10 pg n 3. In contrast, for the non-ground-idle ex-
periments (Fig. 9b), the NT-SOA arises from less volatile
S/IVOCs in the 16 and 1@ pg M3 bins, which contribute

Fig. 9. Estimated SOA yield plotted as a function 6§ for dif-
ferent S/IVOC volatility bins that contribute more than 15% of
the predicted NT-SOA mass (symbols). For reference, we also plo . L .
SOA yields forn-decane (estimated);dodecane;-tetradecane;- a Ia_rger fraction of the emissions at higher Ioa_ds.
hexadecane andoctadecane (estimated) (dotted lines) from Presto  F1gure 9a shows that the estimated SOA yields for IVOC
et al. (2010). The colors connect the estimate NT-SOA yields forin the 16, 10° and 16 pgm2 bins (symbols) are equal
each volatility bin (symbols) to the-alkane with same volatil-  Or higher than published yields fer-alkanes in the same
ity (dotted lines). For example, the SOA vyields for t@& =  C*range (dashed line€i4~ 10° pg ni-3, C12 ~ 1P ugn3
10P pg m~2 bin for all the experiments are plotted with blue squares and C10~ 107 ugn3). We believe that the higher yields
and the SOA yield folC* equivalent:-dodecane(1) is plotted  are due to unburned fuel being a large component of the
with a blue dotted line. ground-idle emissions (Presto et al., 2011). JP8 fuel contains
significant amounts of cycloalkanes and aromatics which
have higher SOA yields thamralkanes. In contrast, Fig. 9b
experiment, with the NT-SOA calculated using the best fit for shows that the effective SOA vyields for S/IVOC in the310
the Hybrid method. The upper and lower bounds for the meaand 1¢ pg n2 bins (symbols) are lower than the published
sured OA are presented; they are based on the experimentgields forn-alkanes (Presto et al., 2010) in the safffeange
uncertainty due to wall-losses (we have not accounted fodashed linest1g~ 10° pg 3 andC1g ~ 10% ug m-3). We
uncertainty in the T-SOA model). The predicted contribution hypothesize that S/IVOC emissions during non-ground-idle
from the first generation of oxidation of S/IVOC is labeled conditions are dominated by species that have lower SOA
“NTSOA (1st generation)” and the contribution from multi- yields than similar volatilityn-alkanes such as branched
generational oxidation is labeled “NTSOA (aged)”. Figure 7 alkanes (Lim and Ziemann, 2009b, a, 2005; Tkacik et al.,
indicates that the multi-generational oxidation — as defined2012) or carbonyls (Chacon-Madrid and Donahue, 2011;
by Eq. (4) — contributes negligibly to the SOA mass over theChacon-Madrid et al., 2010).
range of oxidant exposures observed in these experiments. Given the apparent differences between ground-idle and
Scatter plots of the model versus measurements are shown imon-ground-idle experiments, we developed two different pa-
Fig. 5¢. The Hybrid method describes the data better than theameter setsy ;) for the NT-SOA model for aircraft engines
Robinson-2007 method with significantly lower fractional running JP8. Table 3 lists the mass yields for the ground-
errors. idle and non-ground-idle conditions. The information in Ta-
To compare the Hybrid method fits across different exper-ble 3 can be interpreted using the mass-yield matrix defined
iments, Fig. 9 plots the NT-SOA yields for select VBS-bin in Eqg. (6).
precursors as a function a@foa for the JP8 experiments.
The NT-SOA vyield is defined as the SOA formed by each
bin (precursor) divided by the mass of S/IVOC precursor re-
acted from that bin. Figure 9a shows yields for the precursors
inthe 1, 1P and 10 pg n3 bins and Fig. 9b shows yields
for precursors in the Foand 10 ug n2 bins. For visual clar-
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5 Conclusions and discussion ing made on UCM characterization (Isaacman et al., 2012),
it likely will be many years before we are able to fully char-

Many combustion systems emit substantial amounts ofacterize the S/IVOC emissions. Volatility-based approaches

S/IVOC vapors (Schauer et al., 2002, 1999, 2001) that canprovide a first step to incorporating unspeciated precursors

not be speciated but are likely important SOA precursors. Wanto SOA models. One concern is that source to source dif-

define the SOA formed from these vapors as NT-SOA. Inferences in the composition of the emissions may require that

this paper, we develop a Hybrid method based on the VBSunspeciated emissions from each source have different SOA

to model SOA formation from unspeciated S/IVOC vapors. parameterizations, which could complicate implementation

Unspeciated S/IVOCs are classified by volatility and then al-of the Hybrid approach in global and regional models. This

lowed to react with the hydroxyl radical. The Hybrid method is an area for future research.

distributes the S/IVOC oxidation products over a range of

volatilities, with larger reductions in volatility with each ox-

idation step than previous S/IVOC SOA parameterizations.Supplementary material related to this article is

This volatility operator is more consistent with SOA forma- available online at: http://www.atmos-chem-phys.net/12/

tion from speciated VOCs (traditional SOA precursors) and9025/2012/acp-12-9025-2012-supplement.pdf

with the reductions in volatility caused by the addition of

common functional groups. Therefore, compared to previous

parameterizations, the Hybrid method provides a more real-

istic representation of NT-SOA formation from S/IVOCs.
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