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Abstract. Existing parameterizations tend to underpredict ganic aerosol are formed annually from biogenic precursors,
thea-pinene aerosol mass fraction (AMF) or yield by a factor a number smaller than the previously published estimate of
of 2-5 at low organic aerosol concentratiorssg m=23). 30-270Tg by Andreae and Crutzen (1997). Tsigaridis and
A wide range of smog chamber results obtained at varioukanakidou (2003) argued that the global annual SOA pro-
conditions (low/high N, presence/absence of UV radia- duction from biogenic VOC might range from 2.5t0 44.5Tqg.
tion, dry/humid conditions, and temperatures ranging fromA number of recent studies (de Gouw et al., 2005; Heald et
15-40C) collected by various research teams during the lasial., 2005; Volkamer et al., 2006; Takegawa et al., 2006) sug-
decade are used to derive new parameterizations of the SOgest that the SOA concentrations in both urban and urban-
formation froma-pinene ozonolysis. Parameterizations are influenced more remote areas are underestimated by existing
developed by fitting experimental data to a basis set of satmodels.

uration concentrations (from 18 to 10* ugm—3) using an Ozonolysis is one of the majar-pinene oxidation path-
absorptive equilibrium partitioning model. Separate param-ways in the troposphere, contributing approximately 80%
eterizations fow-pinene SOA mass fractions are developed of the SOA from thex-pinene degradation (Griffin et al.,
for: 1) Low NQ, dark, and dry conditions, 2) Low NO  1999a). Smog chamber studies show thatdhginene/Q

UV, and dry conditions, 3) Low N@Q dark, and high RH  reaction is quite efficient in forming SOA with aerosol mass
conditions, 4) High NQ, dark, and dry conditions, 5) High fraction (AMF) as high as 0.67 for higi-pinene concentra-
NOy, UV, and dry conditions. According to the proposed pa- tions (Hoffman et al., 1997). These studies suggest that the
rameterizations the-pinene SOA mass fractions in an atmo- amount of reacted-pinene, ozone concentration, tempera-
sphere with 5.9 m~ of organic aerosol range from 0.032to ture, NQ,, UV light, relative humidity and the presence of
0.1 for reacted:-pinene concentrations in the 1 ppt to 5 ppb other organic aerosol can affect the AMF.

range. In smog chamber experiments, the SOA mass fraction in-
creases with increasingpinene concentration (Odum et al.,
1996; Hoffmann et al., 1997; Griffin et al., 1999b; Cocker
et al., 2001; Hoppel et al., 2001; Pathak et al., 2007). Ob-
served AMF trends can be explained by existing gas/particle

The annual global biogenic volatile organic carbon (vOC) Partitioning models (Pankow 1994a, b; Odum et al., 1996;
flux is estimated to be 1150TgC, composed of 44% iSO_Pankow et al., 2001; Seinfeld et al., 2001; Seinfeld and
prene, 11% monoterpenes, 22.5% other reactive VOC, anffankow, 2003).

22.5% other VOCs (Guenther et al., 1995; Griffin et al., Stanier et al. (2007) reported that the aerosol volume of
1999a). On a global scale;-pinene emissions are around @-Pinene SOA changes with temperature with concentration-
50TgCy ! (Guenther et al., 1995). Griffin et al. (1999a) temperature dependences ranging from 0.6 to 2.9% @er

estimated that 18.5 Tg of SOA atmospheric secondary orP’athak etal. (2007) reported a value of 1.6%&(between
15 and 40C). A stronger temperature dependence of AMF

Correspondence tdS. N. Pandis on temperature (by a factor of 2) was observed betwé&én 0
(spyros@andrew.cmu.edu) and 18C (Pathak et al., 2007; Saathoff et al., 2004).

1 Introduction
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20 e o o R In general, smog chamber studies have been performed
o o © with excess of ozone and relatively highpinene concen-
20| oot v ! § trations &10ppb). Chemical transport models use parame-
R o or terizations extrapolating from these high concentration SOA
:;ISO ; g, o AMFs (or equivalently at high organic aerosol loadings) to
£ ., % o ambient conditions. Presto et al. (2006) argued that these
o g extrapolations underestimate the SOA AMF by several fac-
£ o to 8 ° tors for atmospherically relevant concentrationscgfinene
° i &+ o9, (<5ppb or atmospherically relevant organic aerosol levels
50 o 0 2 %oy o <10ugm~3). Most published AMF parameterizations (e.g.
_ i i ;é% gi Griffin et al., 1999b; Cocker et al., 2001) are derived by the
0 ' empirical fits to the experimental data of a single investigator.

oSS s 0 s 3l s S So far there exist nax-pinene SOA parameterizations
femperatare () which have been developed and tested fordepinene con-

Fig. 1. Experimental data used to develegpinene SOA AMF pa- centrations, low ozone, and variable levels of UV, )NB.H .

rameterizations plotted in the reacteepinene versus temperature and t.emperatur.e. The development of such parameterlzatpns

space. Different symbols are used for high/low N@arkness or ~ '€quires collective treatment of smog chamber data from dif-

light and high/low RH. ferent series of experiments, enabling much wider coverage
of the parameter space in termsoepinene concentrations,
temperature, VOC/NQ UV and RH.

SOA mass fraction decreases in the presence of both UV In thlstpapl))(ter,. wz utse a wide raCintge OfISOA g'\r:": mNe g'
light and high concentrations of NO SOA production is surements obtained at various conditions (low and high,

completely suppressed in some cases when both UV ”gh?ark alnd n tdhﬁ_p[]etsence OI uv I'ght’. dn;hanld htudmld gorfldl-

and significant concentrations of N@re present (Presto et lons, low and ugh tempera urgs) uring the fast decade from
al., 20053, b). SOA formation may depend significantly on different ch_ambers. We compliment these existing Qata with
actinic flux, and the final products of ozonolysis depend on? few additional new measurements to cover gaps in the pa-

NO. concentration (usually expresses as [VOC/IN@a- rameter space. We use the basis set of saturation vapor pres-
tio)X fon (usually exp [VOCHy sures in the range of 18 to 10* ugm3 (1.6 ppt-1.6 ppm

o for a molecular weight of 150 gmot, 298K and 1 atm) to
In the presence of water vapor, the distribution of SOA it the measurements (Donahue et al., 2006). Different pa-

products from ozonolysis af-pinene and .th(_a correspond- o meterizations are developed to fit the results at various ex-
ing AMF change (Jang and Kamens 1998; Fick et al., 2003) yerimental conditions. Finally, we propose a collection of

Jang and Kamens (1998) reported that the SOA formatior g parameterizations, which could reproduce all the mea-

was reduced in wet conditions (58-92% RH) with no inor- g, rements made in previous smog chamber studies and can
ganic aerosol seeds. However, Cocker et al. (2001) foungys ;sed in chemical transport models.

that thex-pinene AMF varies little with RH in seed free con-
ditions or in the presence of dry seeds, but the presence of
agueous salt seeds reduced the SOA mass fraction. 2 Experimental data for parameterization

Several modules have been developed to predict SOA for-
mation in atmosphere and are used in chemical transpoi—pinene SOA AMFs measured by Hoffmann et al. (1997),
models. The Odum/Griffin et al. (1999a) and Carnegie Mel-Griffin et al. (1999b), Cocker et al. (2001), Winterhalter et
lon University/Sonoma Technology Inc. modules (Strader etal. (2003), Presto et al. (2005a, b, 2006), Ng et al. (2006),
al., 1999a, b) represent SOA absorptive partitioning into aLee et al. (2006) and Pathak et al. (2007) are used in this
mixture of primary and secondary particulate organic com-study. To cover gaps in the available data, we also performed
pounds, with some differences in the formulation of the ab-additional experiments at high NGt low RH in the dark,
sorption process, the selection of SOA species, and their preat high NQ, in the presence of UV light at low RH, and in
cursors. Empirical representations based on measured lalbew NOy at high RH in the dark. Dynamic AMFs were esti-
oratory AMF are used for condensable organic products inmated from these experiments using real time data (Presto et
both these modules. The Atmospheric and Environmentahl., 2006; Ng et al., 2006; Pathak et al., 2007). The dynamic
Research (AER) module simulates SOA absorption into or-AMF is the AMF measured continuously during an experi-
ganic and aqueous particulate phases, and a representatiarent, from the SOA produced amdpinene reacted at that
based on an explicit gas-phase mechanism is used in thpeoint of time, while only a fraction of the initiak-pinene
module developed by Pun et al. (2002). Pun et al. (2003has reacted. The final AMF is the AMF estimated at the end
showed that these modules predicted SOA concentrationsf experiment, when all of the-pinene has reacted. The
that can vary by a factor of 10 or more. AMF is used throughout this paper instead of the equivalent
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Table 1. Summary ofx-pinene AMF measurements used in this study.

3813

Experimental Study Number of a-pinene Concentra- Temperature Range
Conditions Experiments tion Range (ppb) (°C)
( Data points)
High NOy, dark, Presto et al. (2005 b) 6 (6) 16-214 22
and low RH (<10%)
Presto et al. (2006) 1(9) 9-11 22
This study? 1(13) 28-42 15-40
High NOy, UV, Presto et al. (2006) 1(13) 7.5-11 22
and low RH «10%)
This study# 1(16) 34-42 15-40
Low NOy, dark, Cocker et al. (2001) 24 (24) 22-175 28-30
and low RH (<10%)
Griffin et al. (1999b) 6 (6) 18-63 35-37
Hoffmann et al. (1997) 6 (6) 37-151 16-49
Lee et al. (2006) 1(1) 175 19
Ng et al. (2006) 1(51) 178 20
Pathak et al. (2006) 41 (114) 1-50 0-40
Presto et al. (2005a) 14 (14) 15-207 22
Presto et al. (2006) 4(4) 13-133 22
Winterhalter et al. (2003) 2 (2) 55-70 35
Yu et al. (1999) 3(3) 45-65 35
Low NOy, UV, Presto et al. (2005a) 6 (6) 8-196 22
and low RH (<10%)
Presto et al. (2006) 1(12) 7-24 22
Low NOy, dark, Gao et al. (2004) 777) 1-132 20
and high RH Ng et al. (2006) 7(177) 1-132 20
(50-73%)
Cocker et al. (2001) 9(9) 42-176 28-30
This study 1(16) 5-37 15-40

@ Thea-pinene ozonolysis took place at4D. After completion of the reaction, the smog chamber temperature was changé€t@8tC
and 15C.
b Thea-pinene ozonolysis took place at°Is. After completion of the reaction, the smog chamber temperature was changé@€tsatC
and 40C.

but rather confusing “aerosol yield” that has been used in 04
previous studies (Odum et al., 1996). The normalized AMF
assumes a density of 1 gcrfor the SOA and should be
multiplied with the actual density to calculate the AMF. 03
Ng et al. (2006) and Cocker et al. (2001) performed some*
of their experiments in high RH conditions (55-65%) and
their results are used to parameterize the RH effects am-the
pinene AMF. Presto et al. (2005a, b) investigated the effects
of high NQ in presence of UV light at ZZ. Additional
experiments are reported here to obtain the temperature de
pendence of these effects. Pathak et al. (2007) performec
a-pinene ozonolysis experiments in the dark at a range of (&
temperatures from°@ to 40°C. In this study, both the final 0.1 1 10 R 100
and dynamic AMFs from some of the above-mentioned stud- SOA Mass (g m™)
ies are used to develop thepinene SOA parameterizations. Fig. 2. SOA AMF as function of SOA mass. Comparison of mea-
An overview of the available:-pinene ozonolysis exper- surements in various smog chamber studies and predictions by the
iments plotted in the temperature-precursor concentratiorexisting 2-products parameterizations. The Hoffmann et al. (1997),
space is shown in Fig. 1. Table 1 provides a summary ofGriffin et al. (1999), and Cocker et al. (2001) parameterizations are
the various data sources and their experimental conditionsdenoted by HM, GF and CR, respectively. The experimental condi-
The available measurements together with the results of proions for all studies can be found in Table 1.
posed parameterizations are shown in Fig. 2. A number of
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Table 2. Summary ofx-pinene experiments in this study.

Exp. No. «a-pinene Ozone Temp Seed SOAMass AMF  Experimental

(ppb) (ppb)  PC)  (cm3)  (ug/md) Conditions
12 38 250 15 6700 45.97 0.21  63-73% RH,
dark, NQ<3 ppb
2> 42 250 40 8300 5.65 0.025 220 ppb BO
dark, RH<10%
3 42 370 40 8200 5.33 0.023 210ppb BO

UV lights, RH<10%

@ The a-pinene ozonolysis reaction was performed &tCL5After the completion of reaction temperature was changed €, 280°C and

40°C and AMFs were estimated. The RH was around 65% 3€C1nd it decreased to 20% when temperature was increaseti@ 40

b Thea-pinene ozonolysis reaction was performed &t@Q0After completion of the reaction, the smog chamber temperature was changed
to 3C°C, 20°C and 15C.

studies with either incomplete published datasets for use iras temperature was changed it dropped to approximately
the parameterization (Fick et al., 2003; Jang et al., 1998) o25% at 40C. Water vapor was added to the reactor during
for different experimental conditions (linuma et al., 2004; the experiment to avoid an even larger change in RH.
Czoschke and Jang, 2006) were not used in the present study. The experiments were carried out with an excess of ozone
Based on the collective information on secondary organicproduced from an ozone generator (Azco HTUS00ACPS).
AMFs from a-pinene ozonolysis at different conditions five Reactions were carried out in the presence of an OH-
parameterizations covering the following parts of the condi-scavenger (2-butanol) in excess (0.5 ml, which is 500-2000

tion space will be developed: times the initiale-pinene concentration). All experiments
) ) were performed in the presence of polydisperse seed aerosols
— Low NOx with variable temperature, low RH, dark generated from 7mM (0.9 g/L) ammonium sulfate aqueous

solutions. The seed aerosol concentrations were usually
between 4000-6000 particlecth The particle density of
— UV effects on AMF with variable temperature, low RH, SOA was assumed to be 1gchnfor all calculations in
low NOy the paper (normalized AMF). The instrumentation, reagents
) ] used, wall loss correction, and AMF calculation details have
— UV effects on AMF with variable temperature, low RH, peen described by are Pathak et al. (2007). A summary of
high NG the results of these experiments is provided in Table 2.

— High RH, low NG, dark

— High NOy with variable temperature, low RH, dark

2.2 Low NQ, dark and low RH AMF

For the purposes of this study we assume that ] . . ]
VOC/NO>10 ppbCl/ppb in the low N regime and !n these experiments, SOA formation during daginene

that VOC/NQ <3 ppbC/ppb in the high NQregime. reaction with @ has been studied in the dark with very low
NOy concentrations in the temperature range betwe&h 0
2.1 Experimental method and 49C at low RH (<10%) (Hoffmann et al., 1997; Griffin

etal., 1999b; Yu et al., 1999; Cocker et al., 2001; Winterhal-
Experimental methods are only discussed for the experimenter et al., 2003; Presto et al., 2005a, 2006; Ng et al., 2006;
tal results not reported elsewhere. Three experiments wergee et al., 2006; Pathak et al., 2007). Measureginene
performed in the Carnegie Mellon University smog chamberSOA AMFs have ranged from 0.005 to 0.45 depending on
using a 10 m Teflon reactor (Welch Fluorocarbons). The ex- the amount ofe-pinene reacted and temperature. For exam-
periments were conducted at constant temperaturé€(@6  ple, for reacted-pinene concentrations from 1 to 40 ppb, the
40rC). Each constant temperature experiment was followecorresponding AMF ranged from 0.02 to 0.21 at@0The
by a temperature ramp to investigate temperature-depende®™MF increases at lower temperatures (Pathak et al., 2007).
partitioning. Experiments were carried out at initiapinene
concentrations of 381.5 ppb. In the low NQ experiments, 2.3 High NQ,, dark and low RH AMF
NOy concentrations in the bag were less than a few ppb. In
the high NQ experiments, the VOC carbon to N©@oncen-  The SOA mass fraction in the-pinene/Q/NOy reaction sys-
tration ratio was approximately 10. In the high RH experi- tem changes quite dramatically with increasing,NQ his
ment, the measured RH was around 65% &aCl%owever, change in AMFs is partially due to the formation of organic

Atmos. Chem. Phys., 7, 3813821, 2007 www.atmos-chem-phys.net/7/3811/2007/



R. K. Pathak et al.: Parameterizationogpinene ozonolysis SOA 3815

nitrate compounds with higher vapor pressure, which prefer-  0.2s O This sty
entially remain in the gas phase (Zhang et al., 2007). Prestc A scons s oy
et al. (2005b) investigated the SOA formation during the a- o2
pinene ozonolysis at 2€ and low RH with variable NQ
concentrations. These authors performed their high B
periments at [VOCGJ/[NOx], (ppbC/ppb) ratios of 1-2. Their
results are used for the development of the parameterizatior
for the high NQ regime defined here as [VOZ|NO«],
(ppbC/ppbX 10 (Presto et al., 2005b). These authors argued * 005
that NG; was at most a secondary contributor to the observed
chemistry (it contributed less than 20% to tlaginene re-
moval) in their experiment. 10 s " 25 M 3 “© '

In the present study, an additional experiment was per- Temp ('C)
formed for a [VOC]/[NOy], (ppbC/ppb) ratio of about 2 at
40°C (Table 2). The final SOA mass fraction was 0.025 for Fig. 3. SOA mass fraction as a function of temperature for reacted
42 ppb reacted-pinene. The temperature of the chamber a-pinene concentrations around 35 ppb. For this study the reaction
was then reduced and we measured AMFs at 30, 20 &@ 15 was carried out at P& and then temperature was increased to 20,
equal to 0.053, 0.066, and 0.067, respectively. This chang80 and 40C. The initial RH of our experiment at 2& was 65%,
corresponds to an effective heat of vaporization of approxi-While the final RH at 48C was 25%. The Ng et al. (2006) measure-
mately 30kJ mcﬂl, a value consistent with the 33 kJ mal ments were at 55%, while the Cocker et al. (2001) measurements
measured by Offenburg et al. (2006) at high,Nfonditions were at 50%.

0.15

0.1

OA Mass Fraction

2.4 UV effect on AMF in low and high N@conditions (Fig. 3), with the AMFs decreasing almost by a factor of 2

as temperature increased fronfC3o 30°C. The water con-

Presto et al. (2005a) measured the SOA concentrationg; of the a-pinene SOA when the RH is less than 65% is
formed from thex-pinene/Q reaction with the chamber UV o< than 20% (Koo et al., 2003) therefore it plays a rela-

lights turned on with variable Nconcentrations (from low 61y small role in the measured changes of the AMF with
to high [VOC],/[NOy], ratio: 0.5_ to 100) at 22C and Iovy increasing temperature. The relatively good agreement of the
RH. The SOA AMF decreased in the presence of UV light. reqts of the experiments where the reaction took place at a
The AM_Fs decreased almost_by a constant f_ractlon 0f 0.03ir»pc and 30C respectively, with the results of our study (the
respective of the amount efpinene reacted inthe low NO  o5ction took place at 28 and then the chamber was heated
regime. No SOA was formed for reacteepinene concen- 4 >pc and 30C) suggests that the change in the partition-
tration less than 6 ppb in this low N@ase. The effectof UV g of the SOA products dominates the measured changes
was similar in the high NQcase resulting in reduced AMFS. - ¢the AMF with temperature. The potential changes in the

For example, for 10 ppb of reactedpinene, the measured ;e |4s of the different products at different temperatures and
AMF in the high NG regime decreased from 0.01 (dark) 1 he changes in aerosol water content appear to play a sec-
0.0035 (UV lights). ondary role.

In this study, an additional experiment was performed in
the high NQ regime at 40C, and the SOA concentration
was measured at different temperatures°@520°C and 3 AMF parameterization
30°C) after the completion of the reaction.
A major challenge in modeling SOA partitioning behavior is
2.5 AMF for high RH and low NQ in the dark the complexity of multi-component aerosol mixture, which
contains tens or even hundreds of individual components,
Cocker et al. (2001), Gao et al. (2004) and Ng et al. (2006)each with its unique patrtitioning properties. A practical ap-
and have reported AMFs for this system at 50-65% RH, un-proach is to approximate the detailed SOA mixture with a
der low NG conditions in the dark in the 20-30 temper-  few surrogate compounds. The surrogate compounds are
ature range (Table 1). One additional experiment was pernot real, but simply a numerical representation of the actual
formed in this study at 65% RH at 16 and after the com- aerosol components.
pletion of the ozonolysis reaction the SOA concentrationwas Most SOA AMF parameterizations have been derived
measured at 2€C, 30°C and 40C. from empirical fits of experimental data using two surrogate
The AMFs that have measured in the high RH regime ex-products (Odum et al., 1996). In these parameterizations,
ceed those that have measured at dry conditions by a factassentially, one product represents more volatile compounds
of 1.5 or so. Under high RH conditions, thepinene SOA  while the other describes the low volatility products (Odum
concentration shows a rather strong temperature dependeneg al., 1996; Hoffmann et al., 1997; Griffin et al., 1999b;

www.atmos-chem-phys.net/7/3811/2007/ Atmos. Chem. Phys., 7, 38212007
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Table 3. Summary of parameterizations and their evaluation.

Experimental Conditions ~ Number of ° walues f1g me) « (Stoichiometric Coefficients) values A Hevap Relative
and Parameterizations products (kImotrY)  Errors (%)
cy c5 C3 Cy Cg Cg (o4 ay ap ag ay asg ag a7
Low NOy, dark, 7 0.01 01 1 10 100 1000 10000 0.001 0.012 0.037 0.088 0.099 0.250 0.800 30 16
low RH (this study)
4 1 10 100 1000 0.070 0.038 0.179 0.300 30 15

High NOy, dark, 7 0.01 0.1 1 10 100 1000 10000 0.000 0.002 0.003 0.065 0.080 0.250 0.800 30 16
low RH (this study)

1 10 100 1000 0.008 0.050 0.100 0.250 30 16
High NOy, UV, 7 0.01 01 1 10 100 1000 10000 0.0 0.001 0.001 .06 .075 0.245 0.795 30 17
low RH (this study)

1 10 100 1000 0.005 0.05 0.1 0.25 30 17
Low NOy, dark, 7 0.01 0.1 1 10 100 1000 10000 0.001 0.012 0.04 0.07 015 0.35 0.700 70 16
high RH (this study)

1 10 100 1000 0.035 0.099 0.162 0.384 70 17
Low NOx, LV, 7 0.01 01 1 10 100 1000 10000 0.000 0.000 0.024 0.078 0.060 0.222 0.770 30 9
low RH (this study)

1 10 100 1000 0.024 0.078 0.080 0.300 30 9
Low NOy, dark, 2 5 200 0.12  0.19 30* 17
low RH
(Hoffman et al., 1997)
Low NOy, dark, 2 114 127 0.125 0.102 30* 24
low RH
(Griffin et al., 1999 )
Low NOx, dark, low RH 2 23.8 1000 0.239 0.169 30 33

(Cocker et al., 2001 )

* A Heyapof 30kJ mot-lis used to predict AMFs at different temperatures. This value was not part of the original parameterizations.

Cocker et al., 2001). Saturation concentratie?) @nd sto-  terizations, which can reproduce both the old and new mea-
ichiometric coefficientsd) for thea-pinene AMF provided surements.

by Hoffmann et al. (1997), Griffin et al. (1999b) and Cocker

et al. (2001) are listed in Table 3. For simplicity, Hoffmann 3.1 Multiple products-basis set approach

et al. (1997), Griffin et al. (1999b) and Cocker et al. (2001)

parameterizations are denoted as HM, GF and CR, respegonahue et al. (2006) proposed the use of a basis set of surro-
tively, in the rest of the paper. Each of these parameterizagate compounds (predetermined rather than fitted saturation
tions was derived from the measured AMF at one temperoncentrations) rather than the procedure common in previ-
ature (or a very narrow range of temperatures) for relativelyoys published parameterizations of using fitted yields and fit-
higha-pinene concentrations. The HM parameterization wasteq saturation concentrations. The lower and upper ends of
derived from the AMFs for highes-pinene concentrations  the yolatility range too are selected to cover the range of at-
(88-154 ppb) at higher temperature (@3, and in experi-  mospheric conditions and to keep the parameterization error
ments without an OH radical scavenger. The GF parameterhelow a threshold. The selection of the saturation concen-
ization was derived from data at lowerpinene concentra-  yrations is predetermined using a fixed basis set (lognormally
tions (15-65 ppb), lower temperature (32=@Jand in pres-  gpaced from 0.01 to Fugm~3) and stoichiometric coef-
ence of 2-butanol as OH scavenger. The CR parameterizgicients @;) are fit to reproduce the measured AMFs. In
tion was developed from a range@fpinene concentrations  thjs study we will be using the fixed saturation concentration
(23-163 ppb), almost covering the range of both HM and GRfrom the 4- and 7-products basis sets to develop theaew
parameterizations, in the presence of an OH scavenger (Jsinene AMF parameterizations. In this basis-set formulation
butanol), at the lowest temperature (28=Gpamong them.  the stoichiometric coefficients() are assumed to be temper-
As a result of the above differences in conditions, their pa-atyre independent over the temperature range of applicability
rameters 7 and«;) differ significantly (Table 3). As dis-  ofthe parameterization.

cussed by Presto and Donahue (2006), the measured dy- The fitting problem is formulated in terms af smog

namic AI\_A?!:s at Iqw organic aerosol mass _concentratlonscht,jImbelr experiments, each with an AMF, temperature
(<5ugm™) are higher than the AMFs predicted by these

2 ! T;, and consumed reactant concentratdROG;. The most
older parameterizations by a factor of 2-5 (Fig. 2). These_’ !

diff i he difficulty i lating f hiah general model usessurrogate components defined by their
ferences | ustrz_atet e difficulty in extrapolating from high gy ichiometric yield vectoro), saturation concentration vec-
to low concentrations and support the need for new param

Ctor (c?), molecular weight vector') and enthalpy of vapor-

Atmos. Chem. Phys., 7, 3813821, 2007 www.atmos-chem-phys.net/7/3811/2007/
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Fig. 4. Comparison of measured and predicted AMFs by 7 product (circles) and 4 product (asterisks) parameterizations in this(sfudy for:

high NG, UV, and low RH,(b) high NC, dark, and low RH(c) low NOy, UV, and low RH,(d) low NOx, dark, and high RH an(k) low
NOy, dark, and low RH.

ization vector A Hevap). In the general case, the predicted centrations is 298 K and the values for molecular weights of

AMF depends on: organic aerosol are assumed to be 150 grtholhe sum of

the square errors

Yj,fitted = f (AROGj, Tj, o, c", M, AHevap) (1) 2
(Yj,measured— Yj,fitted)

An enthalpy of vaporization Hevap), the same for the entire  j=1.2..m

basis set, is selected so that the temperature dependence;gf,inimized to determine the vector with the stoichiometric

AMF valu_es matches that seen in the Carnegie Mellon C_hami:oefficients &). For some experiments where the SOA yield

ber (Stanier et al., 2007; Pathak et al., 2007). The error intro

: was measured as a function of time, multiple values were
duced by the use of a singleHeyap value and temperature- used in the fitting
independent stoichiometric coefficients can be estimated by

comparing the fitted results at different temperatures with the3 2 Collective parameterizations farpinene/ozone SOA
measurements. Th& Heyap Used here should be viewed as mass fraction

an “effective” enthalpy of vaporization accounting for the

various temperature effects on the AMF. In this work, the The «¢-pinene SOA mass fraction depends on multiple vari-
reference temperatur@;gs) for the basis set saturation con- ables (temperature, RH, NQetc.), as described in previous

&)
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Fig. 5. Predicted SOA AMF by this study (7 product basis set) and Fig. 6. Predicted SOA AMF by the proposed 7-product parameter-
existing parameterizations as a functiorespinene reacted in low  ization for various conditions as a function @fpinene reacted at
NOx, dark and low RH conditions at 298 K. different conditions at 25C.

sections. Itis always desirable to synthesize a single parame- Comparison of the stoichiometric coefficients for the low
terization, which can reproduce all the measurements. Howand high NQ, dry, dark cases suggests that three of them
ever, as the environmental variables change the distributioficompounds 5-7) are very similar to each other, while the
of the products or chemistry of SOA formation changes, e.g.other four (compounds 1-4) are quite different. The much
in high NOy conditions more volatile products are formed higher yields of the low volatility products for the low NO
compared to low NQ. Therefore, development of a single case result in a much higher AMF at low organic aerosol
super-parameterization may not be possible with the availdevels (less than 10g m~3) where the high volatility com-
able set of measurements. Nevertheless, a collection of pgonents play a negligible role. In this cases, the yields of
rameterizations for various conditions of SOA formation canthe components 5-7 in the high N@ase are not well-
be developed. To achieve this objective, we choose the fixedgonstrained because there are almost no experiments avail-
basis sets of 4 and 7 surrogate products with saturation corable where these components are a major fraction of the ob-
centrations (1, 10, 100 and 100g m—3) and (0.01, 0.1, 1, served SOA. So the similarity in their yields may be real or
10, 100, 1000 and 10 000y m~3), respectively. Using these may be just a numerical coincidence. The opposite behavior
basis sets, we optimize the objective function in Eg. (2) to fitis observed with the low NQdry and wet regimes. In this
the measured AMFs for five cases: 1) Low N@ark, and case the low volatility products have similar yields but the
dry conditions, 2) Low N, UV, and dry conditions, 3) Low high volatility products have different ones. This results in
NOy, dark, and high RH conditions 4) High NQdark, and  similar behavior in the relevant low concentration regime but
dry conditions 5) High N@, UV, and dry conditions. In all  different AMFs at the higher concentration range.
the above cases, temperature was variable. For all five cases, The error of the proposed expressions for the correspond-
the enthalpies of vaporizatiom\(Heyvap Were obtained from ing parts of the full dataset is lower than that of the HM,
the temperature dependence of the measured AMFs. The r&5F, and CR parameterizations in the regime (lowyN@w
sults are summarized in Table 3. The predicted AMFs areRH, dark) for which their parameters were estimated (Ta-
compared to the available measurements in Fig. 4. The errorsle 3). Applications of these older parameterizations in the
are in the order of 15-20% that is similar to the experimentalother regimes results in even larger discrepancies with the
errors of typical smog chamber experiments (Pathak et al.available measurements.
2007). This agreement indicates that the proposed param-
eterizations reproduce adequately both the older and newer
measurements from different studies. The performance off Predicted SOA formation from «-pinene/Oz
the both the 4- and 7-product basis set parameterizations is
similar for practically all data points. The good performance All existing older parameterizations predict that there would
of the parameterization at the different temperatures suggestse no SOA formation ifx-pinene concentrations were less
that our simplifications with the use of one effective vapor- than 3.5 ppb in dark, low NQand dry conditions (Fig. 5).
ization enthalpy and temperature independent stoichiometri¢iowever, the proposed 7 product parameterization predicts
coefficients are reasonable approximations of the real behavhat a-pinene SOA formation should start after the consump-
ior of the system. tion of approximately 1 ppb af-pinene under the same con-
ditions. The formation of a-pinene SOA at these lower levels

Atmos. Chem. Phys., 7, 3813821, 2007 www.atmos-chem-phys.net/7/3811/2007/



R. K. Pathak et al.: Parameterizationogpinene ozonolysis SOA 3819

—&— High NOx, dark, low RH —©— Low NOx, dark, low RH
0.16 ) , 0.14 h

—&— High NOx, UV, low RH —%— Low NOx, dark, high RH

—&— Low NOx, dark, low RH —A—Low NOx, UV, low RH
0.14 X 0.12 S

—&— Low NOx, UV, low RH —E&- High NOx, dark, low RH

X~ Low NOx, dark, high

—o— High NOx, UV, low RH

SOA AMF

0 5 10 15 20 25

0 5 10 15 20 25 3
Pre-existing SOA Mass (ug m™)

a-pinene reacted (ppb)

Fig. 7. Predicted SOA AMF by the 7-product parameterizations for Fig. 8. Predicted SOA AMF by the 7-product parameterizations
5.gm—3 of pre-existing organic aerosol as a function of reacted for 0.1 ppb of reacted-pinene as a function of preexisting organic
a-pinene at different conditions at 26. aerosol concentration at different conditions at@5

of reacted a-pinene has been observed by Pathak et al. (2002949 m~3. The predicted AMFs at 2& range from 0.01
adding support to the existence of products with much lowerl® 0-13 depending on the atmospheric conditions (Fig. 8).
saturation concentrations than those used in the older paln® SOA concentration is predicted to be more sensitive to
rameterizations. In general, the proposed parameterizatioH'€ concentration of organic aerosol participating in the for-
for these conditions predicts higher AMFs than the older ex-mation of the organic solution than to the reacieflinene
pressions for low reacted a-pinene concentrations (or equiveoncentration.
alently organic aerosol levels lower thap§ m—3).

A_compari;on of the_predictions ofthe 5 propoged param-g Summary and conclusions
eterizations is shown in Fig. 6. For a system with no pre-
existing organic aerosol approximately 1 ppboepinene is  Smog chamber results from a collection of different cham-
needed to react with ozone in the low N@ark case to sat-  bers and representing a wide variety of reaction conditions
urate the gas phase with semivolatile compounds and to staftow/high NO, dark/UV light, dry/humid, low/high temper-
the SOA formation. The threshold increases to 5ppb in theatyres) are used to derive a new set of parameterizations of
presence of sunlight, and 920 ppb in the highd@se. The  the SOA formed during-pinene ozonolysis. The basis set of
predicted AMF is quite variable varying from zero to 0.12 saturation concentrations in the range of4é 10* ugm—3
with the presence of NPand UV reducing the predicted s used to fit the measurements from all experiments for: (a)
AMF. Nevertheless, these calculations while applicable tojow NOy, dark, and dry conditions, (b) low NQUV, and dry
the smog chamber do not represent realistic atmospheric cortonditions, (c) low NQ, dark, and high RH conditions, (d)
ditions where there is always some background preexistinthigh NQy, dark, and dry conditions, and (e) high NQJV,
organic aerosol. and dry conditions. The proposed 4 and 7-produginene

For a more realistic case we assume that thereug® > SOA parameterizations were able to reproduce all the mea-
preexisting non-volatile organic aerosol of mean molecularsurements included in this study within experimental error
weight of 150 gmot! and that the a-pinene SOA can form (~159). The set of parameterizations can be used in chemi-

with it a pseudo-ideal solution. In this case there is nocal transport models, using the appropriate set of parameters
threshold for the formation of SOA; reaction of even a small for the corresponding atmospheric conditions.

amount ofx-pinene results in the formation of SOA (Fig. 7).
For a-pinene concentrations of 0.1 to 10 ppb, the predictedAcknowledgementinancial support by USEPA (STAR-831081)
corresponding SOA mass fractions vary from 0.08 to 0.13 ats gratefully acknowledged.
25°C in low NOy, dark and low RH conditions. The AMF in
this presence of organic aerosol varies of a relatively narro
range (0.125%) for this case. Similar AMFs were predicted
for higher RH. In the presence of high N@nd UV, pre-
dicted AMFs are in the range of 0.03 to 0.06 covering once
more a relatively narrow range of values.

In the atmosphere, the background organic aerosol
concentrations usually range from approximately 1 to

V\}Edited by: S. Martin
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