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Abstract

Despite the critical importance for air quality and climate predictions, accurate repre-
sentation of secondary organic aerosol (SOA) formation remains elusive. An essen-
tial addition to the ongoing discussion of improving model predictions is an acknowl-
edgement of the linkages between experimental conditions, parameter optimization5

and model output, as well as the linkage between empirically-derived partitioning pa-
rameters and the physicochemical properties of SOA they represent in models. In this
work, advantages of the volatility basis set (VBS) modeling approach are exploited to
develop parameters for use in the computationally-efficient and widely-used two prod-
uct (2p) SOA modeling framework, standard in chemical transport models such as10

CMAQ (Community Multiscale Air Quality) and GEOS-Chem (Goddard Earth Observ-
ing System–Chemistry). Calculated SOA yields and mass loadings obtained using the
newly-developed 2p-VBS parameters and existing 2p and VBS parameters are com-
pared with observed yields and mass loadings from a comprehensive list of published
smog chamber studies to determine a “best available” set of SOA modeling parame-15

ters. SOA and PM2.5 levels are simulated using CMAQv.4.7.1; results are compared
for a base case (with default 2p CMAQ parameters) and two “best available” parame-
ter cases chosen to illustrate the high- and low-NOx limits of biogenic SOA formation
from monoterpenes. Comparisons of published smog chamber data with SOA yield
predictions illustrate that: (1) SOA yields for naphthalene and cyclic and >C5 alka-20

nes are not well represented using either newly developed (2p-VBS) or existing (2p
and VBS) parameters for low-yield aromatics and lumped alkanes, respectively; and
(2) for 4 of 7 volatile organic compound+oxidant systems, the 2p-VBS parameters
better represent existing data. Using the “best available” parameters (combination of
published 2p and newly derived 2p-VBS), predicted SOA mass and PM2.5 concentra-25

tions increase by up to 10–15 % and 7 %, respectively, for the high-NOx case and up
to 215 % (∼ 3 µgm−3) and 55 %, respectively, for the low-NOx case. The ability to ro-
bustly assign “best available” parameters, however, is limited due to insufficient data
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for photo-oxidation of diverse monoterpenes and sesquiterpenes under a variety of
atmospherically relevant NOx conditions. These results are discussed in terms of im-
plications for current chemical transport model simulations and recommendations are
provided for future measurement and modeling efforts.

1 Introduction5

Atmospheric fine particulate matter (PM2.5) has long been linked to direct climate forc-
ing, with estimates of radiative forcing due to the sulfate fraction surpassing that due
to the organic carbon fraction (Haywood et al., 2000 and references therein). However,
more recently, Goldstein et al. (2009) reported that for the southeastern United States
(US) the spatial and temporal distributions of aerosol optical thickness (AOT) are most10

consistent with biogenic organic aerosol precursors (e.g., α-pinene), suggesting sec-
ondary organic aerosol (SOA) dominates AOT in the summer, thereby affecting nega-
tive radiative forcing or cooling in the region. A modeling study by Myhre et al. (2009)
also suggests that SOA is a significant contributor to negative radiative forcing on
a global scale; that contribution may increase dramatically (Park et al., 2010) if one15

considers the production of brown carbon by SOA constituents (Updyke et al., 2012).
SOA, by virtue of its contribution to PM2.5 (20–50 % globally, Hallquist et al., 2009),
also plays a role in adversely affecting health (e.g., Pope et al., 2007). It is thus of crit-
ical importance that a quantitative and predictive understanding of SOA be achieved.
To that end, much effort has been directed at developing, improving, and testing SOA20

models that are sufficiently comprehensive yet computationally efficient.
Accurate representation of SOA is elusive, even at the process-level, and becomes

increasingly so as attempts are made to simplify and parameterize systems that
are not fully understood. While the focus of this work is on bottom-up SOA mod-
eling approaches, top-down approaches exist as well (e.g., Spracklen et al., 2011).25

One bottom-up approach to simulating SOA in three-dimensional chemical transport
models (CTMs) proceeds by combining anthropogenic and biogenic emissions es-

15909

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/15907/2013/acpd-13-15907-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/15907/2013/acpd-13-15907-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 15907–15947, 2013

Analyzing
experimental data

and model
parameters

K. C. Barsanti et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

timates with smog chamber data on SOA formation from individual volatile organic
compound (VOC) precursors to generate regional and/or global SOA fields (Hallquist
et al., 2009). SOA formation is based on gas/particle (G/P) partitioning theory (Pankow,
1994a,b) and historically parameterized using the two-product (2p) approach of Odum
et al. (1996), in which up to two lumped products are assumed to represent the con-5

densable oxidation products of each VOC+oxidant system. For each VOC+oxidant
system, products are assigned empirically-derived partitioning parameters (Kp or C∗)
and stoichiometric product yields (α) using a least-squares fitting approach, typically
such that one product has a relatively lower α value and lower volatility (p1) and the
other has a relatively higher α value and higher volatility (p2). An alternative, more re-10

cent approach is the volatility basis set (VBS) approach (Donahue et al., 2006; Lane
et al., 2008b), in which C∗ values are defined by fixed logarithmically-spaced bins (the
volatility basis set) and least-squares fitting is used to assign α values (e.g., Pathak
et al., 2007a). In addition to SOA formation from oxidation of volatile precursors (“tradi-
tional” SOA), the VBS approach has been used to parameterize SOA formation based15

on smog chamber studies of low to intermediate volatility precursors (Grieshop et al.,
2009; Presto et al., 2010), including those precursors produced from the evaporation
of primary organic aerosol (POA) (Grieshop et al., 2009). While there are a variety of
limitations associated with using smog chamber data to derive model parameters to
represent SOA formation in the real atmosphere (e.g., Kroll and Seinfeld, 2008), and20

more detailed modeling approaches are being developed (e.g., GECKO-A, Aumont et
al., 2005; Lee-Taylor et al., 2011, and CNPG, Pankow and Barsanti, 2009; Barsanti et
al., 2011), most widely-used approaches for predicting SOA in CTMs rely on param-
eterizations of chamber experiments. These CTMs include CAM-Chem (Lack et al.,
2004; Heald et al., 2008), CMAQ (Carlton et al., 2010), GEOS-Chem (Henze and Se-25

infeld, 2006; Pye et al., 2010), GISS GCM (Chung and Seinfeld, 2002) and PMCAMx
(Lane et al., 2008b; Tsimpidi et al., 2011).

Chamber studies conducted with very high initial precursor concentrations (and sub-
sequently high reacted hydrocarbon levels, ∆HC), lead to very high organic aerosol
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mass concentrations (Mo) relative to ambient conditions. Under such conditions, be-
cause higher Mo values favor SOA formation, even relatively volatile compounds con-
tribute to SOA. In dark α-pinene ozonolysis experiments by Yu et al. (1999) essen-
tially all of the SOA mass formed was attributed to identified oxidation products that
are relatively volatile, with Kp values on the order of 10−6 to 10−1 m3 µg−1 (C∗ ≈ 105

5

to 10 µgm−3). In more recent dark α-pinene ozonolysis experiments by Camredon
et al. (2010), also at high Mo, all of the major monomeric oxidation products identi-
fied in the condensed phase had Kp values on the order of 10−5 to 10−1 m3µg−1 (C∗ ≈
104 to 10 µgm−3). Only the products at the lowest end of these volatility distributions
(Kp = 10−1 m3 µg−1 or C∗ = 10 µgm−3) would be expected to condense at an atmo-10

spherically relevant Mo of ∼ 5 µgm−3, and for those products, only ∼ 50 % would be
expected in the condensed phase (based on G/P partitioning theory, Pankow, 1994a).

With the 2p fitting approach, the relatively volatile products that are formed in sig-
nificant quantities in experiments with high ∆HC levels (and thus high Mo) “mask” the
presence of lower volatility products formed with much lower α values. Thus, lower15

volatility products may not be adequately represented by Kp values derived from high
Mo chamber experiments, though such lower volatility products may explain all SOA
formation in the atmosphere. Evidence for this has been provided by low Mo cham-
ber experiments. For example Pathak et al. (2007a) observed, also for dark α-pinene
ozonolysis experiments, that existing 2p parameters significantly underestimated SOA20

at low mass loadings (see also Presto and Donahue, 2006). The VBS fitting approach
has some advantages over the 2p fitting approach that are achieved by fixing the volatil-
ity bins (C∗ values) based on experimental and/or ambient Mo ranges and fitting only
the α values. For a typical 4-species basis set (e.g., C∗ = {0.1,1,10,100}µgm−3) the
number of free parameters, four, is the same as with the 2p approach; however, the25

VBS parameters are much less covariant because the volatility space is fixed (Presto
and Donahue, 2006). The VBS parameters also may be better able to represent SOA
formation at low Mo, even when limited data exist.

15911

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/15907/2013/acpd-13-15907-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/15907/2013/acpd-13-15907-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 15907–15947, 2013

Analyzing
experimental data

and model
parameters

K. C. Barsanti et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

While much of the above has been previously acknowledged, principles of G/P parti-
tioning theory are used here to guide an analysis of the often overlooked, but non-trivial
linkages between experimental conditions, parameter optimization, and predictions of
SOA using CTMs. Furthermore, in an effort to take advantage of the robustness of the
VBS fitting approach and the computational efficiency of the 2p modeling framework,5

parameters based on VBS fits (2p-VBS parameters) are introduced and evaluated.
Analysis of predicted SOA yields and mass concentrations using the 2p, VBS, and
2p-VBS parameters are used to recommend the “best” parameters based on currently
available data, to highlight current knowledge gaps, and to guide future chamber ex-
periments and SOA modeling efforts.10

2 Approach

2.1 Development of 2p-VBS parameters

In this section, the motivation and approach for developing the 2p-VBS parameters
are described. Figure 1a and b illustrates the relationship between chamber Mo and
∆HC levels and predicted SOA yields and mass concentrations using 2p and VBS fit-15

ting approaches for dark α-pinene ozonolysis experiments (see Supplement Table S1
for a descriptive list of all experimental data). As introduced above, the fitted parame-
ters are influenced both by the range in Mo, as well as the number of data points at
low Mo levels. The 2p parameterization of Presto et al. (2005) did a reasonable job
of representing observed yields for the experiments from which the parameterization20

was derived (Fig. 1a), but did not capture the observed SOA formation for the same
VOC+oxidant system at ∆HC levels< 15 ppb (Fig. 1b). The data set from which the
Presto et al. (2005) 2p parameters were derived notably had very few data points at
low Mo, none at Mo < 5 µgm−3 and only two at Mo < 10 µgm−3. Results from Shilling
et al. (2008) suggest that when sufficient data points were available at low Mo (Fig. 1a,25

b) both the 2p and VBS parameterizations represented the observed yields (Fig. 1a)
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and captured the observed SOA formation at the lowest ∆HC levels (Fig. 1b). VBS
parameters were derived here using the Presto et al. (2005) data set. Figure 1a, b
illustrates that compared to the existing 2p parameterization (Presto et al., 2005), the
VBS parameterization was better able to represent observed SOA formation at ∆HC
levels< 15 ppb in the experiments from which the parameters were derived as well as5

in other chamber experiments for the same VOC+oxidant system (Griffin et al., 1999;
Cocker et al., 2001a; Presto et al., 2005; Pathak et al., 2007b; Song et al., 2007). These
results suggest that the VBS approach may be better able to represent SOA formation
at low ∆HC levels and Mo, specifically when data are available but sparse.

In the context of chemical transport modeling, the inability of the Fig. 1 parame-10

terizations to accurately capture SOA formation at low, atmospherically relevant ∆HC
levels has important consequences for spatial and temporal predictions of atmospheric
PM2.5, as well as implications for analyses of the relative contribution of specific precur-
sors to SOA, including source-attribution analyses. While the VBS approach may be
better able to represent SOA formation at atmospherically relevant ∆HC levels and Mo,15

retaining source attribution in CTMs is computationally cost prohibitive for many appli-
cations. Therefore, in an effort to exploit the fitting advantages of the VBS approach and
to retain the computationally-efficient, precursor-specific, and widely-used 2p modeling
framework, 2p-VBS parameters were developed as follows. For the traditional SOA
precursors, the VBS parameters of Tsimpidi et al. (2010) at T = 298 K were used to20

generate 263 pseudo-data points (yield vs. Mo) for Mo = 0 to 200 µgm−3 at each of
three temperatures (272, 298, and 324 K) using an effective ∆Hvap = 30 kJmol−1 (see
Pathak et al., 2007b); those 789 pseudo-data points were then fit to generate a set
of 2p-VBS parameters for each set of VBS parameters. The 2p-VBS parameters are
reported in Table 1 for T = 298 K and ρ = 1.5 gcm−3 (the same temperature and as-25

sumed density reported in Tsimpidi et al. (2010); see Supplement for derivation of the
density correction). In addition to the volatile SOA precursors, 2p-VBS parameters were
derived for semi-volatile alkanes and POA (Table 2) based on the VBS parameters of
Presto et al. (2010), Shrivastava et al. (2008) and Grieshop et al. (2009). Following
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Shrivastava et al. (2008), the effective ∆Hvap was not fixed for POA (as was the case
for the volatile SOA precursors, alkanes, and naphthalene) but was treated as an addi-
tional fitting parameter (included in Table 2). For each of the traditional SOA precursors,
the 2p-VBS parameters reproduced the yield curves from the VBS parameters, at each
of the three temperatures, and were able to represent SOA formation with the same5

degree of uncertainty as the VBS parameters (i.e., no additional error is introduced by
the 2p-VBS fit, see Supplement Fig. S1). Thus it can be assumed that the SOA yield
and mass predictions using the Tsimpidi et al. (2010) VBS parameters and the 2p-VBS
parameters derived here produce equivalent results (in the absence of any “aging”),
including the temperature dependence of SOA yields; therefore, only predictions using10

the 2p-VBS parameters are shown in subsequent figures (predictions from Tsimpidi
et al. (2010) VBS parameters are not shown). It should be noted that the 2p-VBS pa-
rameters derived in this work are fundamentally different from the reduced (2-species)
VBS parameters in Shrivastava et al. (2011), also developed to reduce computational
burden, specifically in CTMs running online meteorology. Differences between the ap-15

proaches and resulting parameters are described in the Supplement (see Fig. S2).

2.2 Chemical transport modeling

CMAQ (Byun and Schere, 2006) version 4.7.1 was used to simulate SOA mass con-
centrations over the continental US (12×12 km resolution) up to 50 mb with 34 vertical
layers (4 666 194 grid cells) for 12–31 July 2006. This date range is representative of20

typical US summertime conditions when biogenic SOA is a measurable component of
total PM2.5 (Kleindienst et al., 2010). The simulation results for the first three days were
excluded from the analysis to allow for model initialization and spin-up. The gas-phase
chemistry mechanism SAPRC07 (Carter, 2010) was used for the simulations, with up-
dated isoprene photo-oxidation chemistry to improve isoprene nitrate yields, isoprene25

nitrate lifetimes, and NOx recycling rates (Xie et al., 2012). Anthropogenic emissions
were based on the 2005 National Emissions Inventory (NEI) projected to 2006; bio-
genic emissions were generated with the Biogenic Emissions Inventory System (BEIS)
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model version 3.14. Meteorological inputs for BEIS and pollutant transport were from
version 3.1 of the Weather Research Forecasting (WRF) model. Three cases were
considered: a base case using the revised CMAQv4.7 parameters (i.e., CMAQv4.7.1
parameters) described in Carlton et al. (2010) and two additional cases exploring “best
available” SOA parameters and sensitivity to NOx-dependent biogenic SOA formation5

(BA-highNOx and BA-lowNOx). Selection of the best available parameters was based
on the comparison of 2p, VBS and 2p-VBS predictions with chamber data and is de-
scribed in detail in the results and discussion section.

CMAQv4.7.1 allows NOx-dependent SOA formation for anthropogenic precursors
only (see Carlton et al., 2010); thus two case studies (BA-highNOx and BA-lowNOx)10

were constructed to illustrate the limits of SOA formation from monoterpenes under
“high” and “low” NOx conditions. For the aromatic precursors within CMAQ, the branch-
ing between the high- and low-NOx SOA formation pathways is treated dynamically as
a function of the ratio of nitric oxide (NO) to hydroperoxy radical (HO2) and the reac-
tion rates of the peroxyradical (RO2) with NO and HO2 (Henze et al., 2008). Therefore,15

the anthropogenic high-NOx parameters were the same in the prescribed BA-highNOx
and BA-lowNOx case studies, and were selected as described in the results and dis-
cussion section. For the anthropogenic low-NOx parameters, the default CMAQv4.7.1
values were used. While legitimate questions exist as to the relationship between NOx
conditions in chambers and NOx conditions in the real atmosphere (and how each are20

defined), a detailed investigation is beyond the scope of this manuscript. For biogenic
precursors, the division between high- and low-NOx experimental data and SOA pa-
rameterizations was thus based on a number of factors: (1) the designation given in the
associated publications, (2) reported HCinitial/NOxinitial

and/or ∆HC/NOxinitial
ratios, and

(3) comparisons among reportedly similar data/parameterizations (see Supplement Ta-25

ble S1 for chamber experiment details). The selection of biogenic SOA parameters,
specifically for monoterpenes, under high-NOx conditions (BA-highNOx) and low-NOx
conditions (BA-lowNOx) is further described in the results and discussion section. The
parameters selected for each case are summarized in Table 3.
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3 Results and discussion

3.1 Biogenic precursor parameters

In Figs. 2–4, for each of the biogenic precursors (isoprene, monoterpenes, sesquiter-
penes), two panels are shown. The first is SOA yield vs. Mo (panel a) and the second
is Mo vs. ∆HC (panel b). Theoretical yield curves (panel a) and predicted SOA curves5

(panel b) using 2p, VBS, and/or 2p-VBS parameters are shown, along with chamber
data. The predicted SOA curves are particularly well-suited for illustrating the ability (or
inability) of model parameters to represent SOA formation under ambient conditions.
Where sufficient chamber data were available, the figures were limited to Mo < 10–
30 µgm−3 to further highlight the atmospherically relevant range. For the precursors10

that have been more widely studied (e.g., monoterpenes), a subset of published cham-
ber data was selected based either on the use of the data in derivation of CTM model
parameters or on the experimental conditions (relatively low/atmospherically relevant
∆HC levels and Mo). Parameters were evaluated for both high- and low-NOx condi-
tions.15

3.1.1 Isoprene parameters

In Fig. 2, the 2p-VBS theoretical yield (Fig. 2a) and SOA formation (Fig. 2b) curves
for isoprene are compared with those from two additional parameterizations widely-
used in chemical transport modeling: (1) the Henze and Seinfeld (2006) low-NOx 2p
parameterization based on the chamber experiments of Kroll et al. (2006), and (2) the20

high-NOx “3p” parameterization of Pandis et al. (1991). Also shown are upper-bound
(low-NOx) and lower-bound (high-NOx) parameterizations from Carlton et al. (2009)
(note: the lower-bound parameterization is outside the axis range in Fig. 2b). For the
low-NOx conditions, the 2p-VBS underpredicted SOA yields compared to chamber ob-
servations (Fig. 2a) and was not able to reproduce the observed SOA formation at the25

lowest ∆HC levels (Fig. 2b) (chamber data: Kroll et al., 2005, 2006; Chan et al., 2006;
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Chhabra et al., 2010). The low-NOx 2p parameterizations of Henze and Seinfeld (2006)
and of Carlton et al. (2009) were in better agreement with the observations (Kroll et al.,
2006; Chhabra et al., 2010); both of which were derived directly from chamber data.
In contrast, the low-NOx VBS parameterization was extrapolated from the high-NOx
VBS parameterization as follows: the high-NOx VBS parameters (Lane et al., 2008a;5

Tsimpidi et al., 2010), based on the “3p” parameterization of Pandis et al. (1991), were
adjusted using an Mo-dependent yield correction from the α-pinene experiments and
parameterizations of Pathak et al. (2007a) as described in Lane et al. (2008a). It is thus
not unexpected that the low-NOx 2p-VBS parameterization was not able to represent
observed SOA formation, particularly at the lowest ∆HC levels. For the CMAQ simu-10

lations the default low-NOx parameters based on Henze and Seinfeld (2006), which
notably produce the highest predicted SOA yields, are retained as the “best available”.

There have been limited studies investigating the effects of NOx on isoprene SOA
yields (Carlton et al., 2009 and references therein). The parameterizations shown here
suggest that increasing NOx potentially results in lower SOA yields (Fig. 2a); however,15

as has been described by Surratt et al. (2010) and Chan et al. (2010), SOA yields
are dependent on relative concentrations of HO2, NO and NO2, complicating the in-
terpretation of NOx dependence. For the high-NOx isoprene conditions, none of the
parameterizations were able to represent the SOA yields (Fig. 2a) or SOA formation
observed at the lowest, atmospherically relevant, ∆HC levels (Fig. 2b). Given that: (1)20

under some conditions, highest yields have been observed under high-NOx conditions
when NO2/NO ratios are high and RO2 +NO2 reactions are favored over RO2 +NO
reactions (e.g., Chan et al., 2010); and (2) the effects of NOx on the volatility of the
initially formed products (e.g., the point at which SOA formation is observed) are not
clear (Fig. 2b), NOx dependence of SOA formation by isoprene was not considered25

here. The default CMAQ low-NOx parameters (Henze and Seinfeld, 2006) were used
in all simulations.
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3.1.2 Monoterpene parameters

In Fig. 3, the 2p-VBS theoretical yield (Fig. 3a) and SOA formation (Fig. 3b) curves for
lumped monoterpenes are compared with those obtained from parameterizations used
in CMAQ v.4.7.1 (Carlton et al., 2010) and GEOS-Chem (Pye et al., 2010). Given the
limited data available from photo-oxidation studies of monoterpenes, data are shown5

for dark α-pinene ozonolysis chamber experiments (low-NOx referenced in Fig. 1, high-
NOx: Presto et al., 2005; Presto and Donahue, 2006; Ng et al., 2007a). As argued by
Pye et al. (2010), the parameters derived from dark α-pinene ozonolysis experiments
likely overestimate yields from photo-oxidation of α-pinene, but likely underestimate
yields from photo-oxidation of other monoterpenes known to have higher yields than α-10

pinene, therefore potentially making dark α-pinene ozonolysis a good proxy for photo-
oxidation of lumped monoterpenes.

The CMAQ (Carlton et al., 2010 high-NOx 2p parameters were based on the cham-
ber experiments of Hoffmann et al. (1997) and Griffin et al. (1999); there is no low-NOx
monoterpene SOA formation pathway in CMAQ v.4.7.1. In Pye et al. (2010), the low-15

NOx VBS parameters were based on dark α-pinene ozonolysis chamber experiments
of Shilling et al. (2008). The low-NOx VBS parameters in Lane et al. (2008b)/Tsimpidi
et al. (2010) were calculated as a weighted average for individual monoterpenes based
on chamber studies under a range of experimental conditions (e.g., UV vs. dark, high
vs. low RH). In Pye et al. (2010) and Lane et al. (2008a) the high-NOx VBS parame-20

ters were extrapolated from the low-NOx parameters as follows: (1) Pye et al. (2010)
applied a fixed yield correction based on the α-pinene experiments of Ng et al. (2007a)
and Pathak et al. (2007a), and (2) Lane et al. (2008a) applied a Mo-dependent yield
correction based on Pathak et al. (2007a). The lower yields and mass concentrations
predicted in this work with the 2p-VBS parameters, relative to those predicted with the25

Pye et al. (2010) VBS parameters, are a consequence of both the lower observed SOA
yields for UV conditions (data used in low-NOx VBS parameterization) and the greater
yield correction in calculating the high-NOx parameters. Note that while the use of the
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high-NOx isoprene VBS parameters (Lane et al., 2008a) to obtain the low-NOx iso-
prene parameters leads to a likely underestimation of SOA formation (Fig. 2a), the use
of the low-NOx monoterpene VBS parameters (Lane et al., 2008a; Pye et al., 2010)
to obtain the high-NOx parameters leads to reasonable and perhaps an overestima-
tion of SOA formation (Fig. 3). The high-NOx monoterpene parameterization of Pye5

et al. (2010), derived from the low-NOx Shilling et al. (2008) experiments, appears to
overestimate SOA formation at low ∆HC and Mo levels (Fig. 3b). However, the data are
insufficient to make robust conclusions, highlighting the need for monoterpene photo-
oxidation studies under varying atmospherically relevant NOx conditions. Based on the
available data, the 2p-VBS parameters for both low- and high-NOx conditions were10

chosen for the CMAQ simulations.

3.1.3 Sesquiterpene parameters

In Fig. 4, the 2p-VBS theoretical yield (Fig. 4a) and predicted SOA (Fig. 4b) curves for
lumped sesquiterpenes are compared with curves from the 2p parameterization used
in CMAQ v.4.7.1 (Carlton et al., 2010) and the VBS parameterization in GEOS-Chem15

(Pye et al., 2010). Relative to the 2p and VBS parameterizations, the 2p-VBS parame-
terization underestimated SOA yields (Fig. 4a) and Mo (Fig. 4b) (chamber data: Griffin
et al., 1999; Ng et al., 2007a). The VBS parameters (Lane et al., 2008b; Tsimpidi et al.,
2010), on which the 2p-VBS parameters were based, and the CMAQ (Carlton et al.,
2010) and Pye et al. (2010) parameters all were derived from chamber experiments in-20

volving α-humulene or β-caryophyllene as the sesquiterpene precursor; however, the
Lane et al. (2008b)/Tsimpidi et al. (2010) VBS parameters were derived using data
from photo-oxidation as well as dark ozonolysis experiments (Ng et al., 2006). For α-
humulene or β-caryophyllene, the dark ozonolysis yields were significantly lower than
the photo-oxidation yields, which likely resulted in the low bias of the Lane et al. (2008b)25

parameterization, and thus the low bias of the 2p-VBS parameterization as compared
with CMAQ (Carlton et al., 2010) and GEOS-Chem (Pye et al., 2010).

15919

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/15907/2013/acpd-13-15907-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/15907/2013/acpd-13-15907-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 15907–15947, 2013

Analyzing
experimental data

and model
parameters

K. C. Barsanti et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Both the CMAQ (Carlton et al., 2010) and Pye et al. (2010) parameterizations
were based on the chamber photo-oxidation data of Griffin et al. (1999), which had
∆HC[ppbC]/NOxinitial

[ppb] ratios of 0.5 to 8.0. The 2p parameterization of Carlton
et al. (2010) was based on all 7 data points and was categorized as relevant for high-
NOx conditions; whereas the VBS parameterization of Pye et al. (2010) was based on5

4 of the 7 data points, with ∆HC[ppbC]/NOxinitial
[ppb]> 3, and was categorized as rele-

vant for low-NOx conditions. As shown in Fig. 4a, b the two parameterizations produced
quantitatively similar results. These results are reflective of the Griffin et al. (1999) data
from which no clear trend as a function of VOC/NOx ratio was observed. The VOC/NOx
ratios span a much smaller range than that of Ng et al. (2007a), in which the high- and10

intermediate-NOx experiments all had ∆HC[ppbC]/NOxinitial
[ppb]� 1 and the low-NOx

experiments� 50; in addition, for all but one experiment (∆HC[ppbC]/NOxinitial
[ppb]=

8) the Griffin et al. (1999) conditions would be classified as high-NOx based on Presto
et al. (2005). Somewhat surprisingly, the clear NOx-dependency observed by Ng
et al. (2007a) over all mass loadings (Mo = 20–214 µgm−3) is no longer observable15

at the lowest Mo (Fig. 4a, b). Instead there appears to be a greater dependence of
SOA yields on the specific sesquiterpene precursor than on VOC/NOx ratios (see Sup-
plement Fig. S3).

Without the availability of additional data on the NOx-dependency of SOA forma-
tion from different sesquiterpene precursors, the default CMAQv.4.7.1 parameters for20

sesquiterpenes were retained as the best available for high-NOx conditions and it was
concluded that there were insufficient data to support the derivation and/or use of low-
NOx sesquiterpene parameters. It is however noted that the CMAQ parameters are
not physically realistic, as they indicate a relatively high increase in the mass of the
condensing compounds relative to the precursor (α ≈ 1.5) without a substantial de-25

crease in volatility (unless it is assumed that the sesquiterpene SOA is dominated
by highly oxidized sesquiterpene fragments). This is a consequence of the system of
least-squares fitting equations being underdetermined, and thus derived α and C∗ val-
ues are non-unique. The single lumped sesquiterpene oxidation product is relatively
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volatile (C∗ = 25 µgm−3) compared to the lower volatility lumped product of isoprene
(C∗ = 0.6 µgm−3) and monoterpenes (2p-VBS, C∗ = 6 µgm−3). Different combinations
of derived α and C∗ values would produce significantly different results when used in
CTMs. In the case of sesquiterpenes, the published C∗ value results in a calculated
SOA yield of ∼ 20 % at Mo = 5 µgm−3; this is in contrast to the reported SOA yields5

of 40–60 % (for Mo =10–20 µgm−3) shown in Fig. 4. A test set of parameters, more in
line with the monoterpene parameters, reproduced the observed chamber data rea-
sonably well and resulted in a calculated SOA yield of ∼ 45 % at Mo = 5 µgm−3. This
finding supports the need for further constraints, additional chamber data, on sesquiter-
pene+oxidant systems.10

3.2 Anthropogenic precursor parameters

In Figs. 5 and 6, theoretical yield curves (SOA yield vs. Mo) are shown for each of the
anthropogenic precursors: lumped high-yield (refers to yield in the gas phase) aromat-
ics (ARO1 in SAPRC, includes toluene), lumped low-yield aromatics (ARO2 in SAPRC,
includes xylene), and lumped alkanes (ALK5 in SAPRC). The anthropogenic 2p, VBS,15

and 2p-VBS parameters were evaluated for high-NOx conditions only.

3.2.1 Toluene/ARO1 parameters

For toluene/ARO1, the calculated SOA yields were consistent with the data on which
each of the parameterizations were based (Fig. 5a). Hildebrandt et al. (2009) reported
a range of SOA yields that were highly sensitive to experimental conditions such as20

UV intensity, temperature, and NOx levels. For comparable temperatures, the reported
SOA yields of Hildebrandt et al. (2009) are higher than those of Ng et al. (2007b);
the latter of which were used to derive the 2p parameters in CMAQ (Carlton et al.,
2010). Hildebrandt et al. (2009) described the likely reasons for these discrepancies:
temperature differences during the experiments (slightly higher in Ng et al. (2007b),25

less variable in Hildebrandt et al., 2009), differences in NO2/NO ratios (NO2 dominated
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in Hildebrandt et al. (2009), a more atmospherically relevant mix in Ng et al., 2007b),
and corrections for vapor losses to particles on walls in Hildebrandt et al. (2009). The
Tsimpidi et al. (2010) parameters used to derive the 2p-VBS parameters were based
on the data of Ng et al. (2007b) and Hildebrandt et al. (2009), and best represented
the middle point of these two data sets (see Fig. 5a). The 2p-VBS parameters for5

toluene/ARO1 under high-NOx conditions were chosen for the CMAQ simulations.

3.2.2 Xylene/ARO2 parameters

The lumped aromatics category ARO2 in SAPRC07 (Carter, 2010) contains xylenes,
as well as the PAH naphthalene. In Fig. 5b, chamber data using naphthalene precur-
sors (Chan et al., 2009; Kautzman et al., 2010; Shakya and Griffin, 2010) was dif-10

ferentiated from chamber data using xylene (Cocker et al., 2001b; Song et al., 2005;
Ng et al., 2007b; Zhou et al., 2011) and “other” ARO2 precursors, e.g., methyl- and
ethylbenzenes (Odum et al., 1997). There were significant differences in yields among
these ARO2 precursors, particularly between naphthalene and xylene/“other”. These
differences were reflected in the predicted SOA yields using the naphthalene VBS pa-15

rameters of Pye et al. (2010), based on the chamber data of Chan et al. (2009), and
the xylene 2p parameters of Carlton et al. (2010), based on the chamber data of Ng
et al. (2007b). Each of these parameterizations represented the available data well,
with the acknowledgement that neither parameterization was appropriate for naphtha-
lene and xylenes/other lumped ARO2 compounds. The high-NOx naphthalene VBS20

parameters of Pye et al. (2010) were used to obtain 2p-VBS parameters, which are
provided in Table 2. The naphthalene 2p-VBS parameters were not used in the CMAQ
simulations because naphthalene is not treated explicitly in the SAPRC gas-phase
chemical mechanism but is lumped with xylene.

The high-NOx ARO2 VBS parameters of Lane et al. (2008a); Tsimpidi et al. (2010),25

from which the 2p-VBS parameters were derived, were calculated from the low-NOx
ARO2 VBS parameters (Lane et al., 2008b), based on the chamber data of Ng
et al. (2007b), by applying a Mo-dependent yield correction based on the α-pinene
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parameterizations of Pathak et al. (2007a). This approach led to a significant overesti-
mation of SOA formation from xylene and other ARO2 aromatics (excluding naphtha-
lene). Thus, the default CMAQ parameters for ARO2 under high-NOx conditions were
retained as the best available.

3.2.3 Alkane/ALK5 parameters5

The lumped alkane species ALK5 includes C6 and higher cycloalkanes, C7 and higher
n-alkanes, and C8 and higher branched alkanes. From an emissions perspective,
the lumped ALK5 species is largely representative of a ∼ C8 alkane (e.g., Carlton
et al., 2010; Pye and Pouliot, 2012). The CMAQ ALK5 parameters are from Pandis
et al. (1992)/Strader et al. (1999), based on the chamber experiments of Grosjean10

and Seinfeld (1989); they roughly represent SOA formation from C8-C10 n-alkanes as
measured by Grosjean and Seinfeld (1989). The VBS parameters (Lane et al., 2008b;
Tsimpidi et al., 2010) used to obtain the 2p-VBS parameters were based on cham-
ber data of Wang et al. (1992), Takekawa et al. (2003), and Lim and Ziemann (2005)
for C8-C15 n-alkanes and methylcylcohexane (Wang et al., 1992). Due to limited data15

availability, both Pandis et al. (1992) and Lane et al. (2008b) derived only one-product
fits for this class of lumped alkanes. Calculated SOA yields with the CMAQ 2p pa-
rameters (Carlton et al., 2010) and 2p-VBS parameters were compared with chamber
data from Lim and Ziemann (2009) for linear and cyclic C8 alkanes (Fig. 6). The de-
fault CMAQ parameters were in good agreement with the Lim and Ziemann data for20

linear C8 alkanes (Fig. 6a), though may overestimate SOA at lower Mo (Fig. 6b). The
2p-VBS parameters resulted in higher SOA yields at higher ∆HC and Mo levels. This
was likely due to the inclusion of cyclic alkane data in the fitting. Lim and Ziemann
(2009) demonstrated that alkane SOA yields followed the trend: cyclic alkanes> linear
alkanes> branched alkanes; in addition within each class, SOA yields increased with25

carbon number.
In addition to 2p and 2p-VBS parameters, VBS parameters from Presto et al. (2010)

were compared with the data of Lim and Ziemann (2009) (Fig. 6). Presto et al. (2010)
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derived VBS parameters for C12-C17 n-alkanes, based on n-heptadecane data (2p-
VBS parameters based on Presto et al. (2010) are provided in Table 2). The theoretical
yield curves and data points showed an increase in SOA yield as a function of carbon
number, as observed by Lim and Ziemann (2009). At high Mo, the calculated SOA
yields were higher than the reported yields of Lim and Ziemann (2009), particularly5

for the C12 alkanes (Fig. 6a); however, the experiments were conducted over very
different Mo ranges with no overlapping data points and thus, the yields may not be
directly comparable. At low Mo, there are no data points for evaluation, other than those
from which the parameterization of Presto et al. (2010) was derived (Fig. 6b). Based
on current emissions inventories and the parameterizations of Presto et al. (2010), the10

2p-VBS parameters were chosen the best available.
The SOA yields from cyclic and C12 and higher n-alkanes (Fig. 6) and naphthalene

(Fig. 5) were significantly underestimated by the default 2p parameters for the volatile
SOA precursors with which they are lumped (cyclic and>C12 alkanes with ALK5 and
naphthalene with ARO2) in the gas-phase chemical mechanism SAPRC07 (Carter,15

2010). If emissions of such compounds are indeed sufficient to contribute measurably
to SOA, as indicated by ambient observations (alkanes: Liu et al., 2011; Russell et al.,
2011; de Gouw et al., 2011; naphthalene: Chan et al., 2009; Shakya and Griffin, 2010;
Zhang and Ying, 2012), separation in the gas-phase and aerosol models likely will
result in more accurate SOA predictions. Pye and Pouliot (2012) recently reported20

on the explicit treatment of C6-C19 alkanes and PAHs, represented by naphthalene,
in CMAQv.5.0. They concluded that C6-C19 alkanes and PAHs could represent 20–
30 % of SOA formation with highest contributions in winter, using current emissions
inventories. Though similar modification of SAPRC07 and CMAQv4.7.1 is outside the
scope of this study, it is recommended that SOA formation by cyclic alkanes, ≥C1225

n-alkanes and naphthalene be treated independently in future model applications.
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3.3 CMAQ model simulations

The base case CMAQ predictions for total SOA, averaged over 15–31 July 2006 are
shown in Fig. 7. In regions with the highest predicted concentrations of anthropogenic
SOA (< 1 µgm−3), a net decrease in anthropogenic SOA (up to 20 %) was predicted
(figure not shown); the use of best available parameters for ARO1/toluene (2p-VBS)5

resulted in a slight increase in predicted SOA mass while the use of best available pa-
rameters for ALK5 (2p-VBS) resulted in a slight decrease. In regions with the highest
predicted concentrations of biogenic SOA (1–2 µgm−3 in northern California, southern
Oregon and southeastern US), the predicted increase in total SOA mass was signifi-
cant, ∼ 10–15 % for high-NOx conditions and up to ∼ 215 % (∼ 3 µgm−3) for low-NOx10

conditions (see Fig. 8). The increase in total SOA was largely driven by an increase
in biogenic SOA (see Supplement Fig. S4) and the use of the 2p-VBS parameters
for lumped monoterpenes. The predicted increases in total SOA correspond to in-
creases in PM2.5 of up to 7 % and 55 % for the high- and low-NOx conditions, re-
spectively, in western US where PM2.5 concentrations in the base case were on the15

order of 2 µgm−3. The 2p-VBS fitting resulted in a 2-fold decrease in the C∗
1 value for

lumped monoterpenes (high-NOx), from C∗
1 = 14.8 µgm−3 (default) to C∗

1 = 6.3 µgm−3,
which increased the predicted contribution of traditional monoterpene SOA (excluding
oligomerization) to total SOA by ∼ 10 % in the southeastern US (from 15–30 % in base
case, figure not shown). Under low-NOx conditions, that contribution is increased by20

∼ 20–30 % in the southeastern US (figure not shown).
Figure 9 shows the fraction of RO2 reacting with NO as compared to that reacting

with HO2, and thus the fractional weighting of high- vs. low-NOx parameters, illustrat-
ing the relative importance of high- vs. low-NOx pathways in the CMAQ simulations.
As noted previously, this fractional weighting is considered in CMAQv.4.7.1 for anthro-25

pogenic precursors only, therefore the sensitivity simulations performed here using the
high- and low-NOx 2p-VBS monoterpene parameters indicate the range of SOA that
can be formed for the limiting assumptions. It can be seen in Fig. 9 that based on cur-
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rent treatment, low-NOx pathways and therefore low-NOx parameters, are relevant for
SOA formation in many regions of the US.

4 Conclusions

The linkages between experimental conditions, parameter optimization, and predic-
tions of SOA were explored here by: (1) comparing calculated SOA yields and mass5

concentrations using 2p, VBS, and newly-developed 2p-VBS parameters with pub-
lished chamber data for common precursor species; (2) selecting a set of “best avail-
able” (BA) parameters; and (3) analyzing CMAQv4.7.1 model output for the default
(base case) and selected sensitivity (BA-highNOx and BA-lowNOx) simulations. With
regard to parameter fitting, VBS parameterizations may be more robust when data are10

sparse; however, this alone is not sufficient to overcome the limited availability of cham-
ber data, particularly for certain precursors, at low, atmospherically relevant ∆HC and
Mo. Extrapolating from high- to low-NOx conditions, and vice versa, does not appear
to produce reliable parameters, particularly when extrapolating from one precursor to
another; data are required for each precursor under a range of NOx levels (NO2/NO ra-15

tios). For the common SOA precursors treated in the 2p framework, data gaps are most
significant for photo-oxidation of monoterpenes and sesquiterpenes under a range of
HO2 : NO : NO2levels.

While only SOA formation in the traditional view was considered, VOC oxidation fol-
lowed by condensation of semi-volatile oxidation products, some insight was gained on20

intermediate-volatility organic compound (IVOC) SOA precursors. The SOA yields from
naphthalene and C12 and higher n-alkanes, which are currently lumped with VOCs in
the gas-phase chemical mechanism SAPRC07 (Carter, 2010), were significantly un-
derestimated by the default 2p parameters. 2p-VBS parameters are provided for these
IVOC precursors, as well as POA, though the current SAPRC07/CMAQv4.7.1 configu-25

ration did not allow for their evaluation in the context of chemical transport modeling.

15926

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/15907/2013/acpd-13-15907-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/15907/2013/acpd-13-15907-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 15907–15947, 2013

Analyzing
experimental data

and model
parameters

K. C. Barsanti et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Recognizing the importance of processes not currently treated in the CMAQ SOA
model (e.g., gas-phase aging beyond that typically captured in chamber studies and
partitioning of POA), CTM predictions were not compared with ambient measurements.
Nonetheless, the choice of model parameters will impact source-attribution analy-
ses, as demonstrated, as well as spatial and temporal distributions of modeled SOA5

(through the physicochemical properties of SOA they represent), which may adversely
affect the accuracy of air quality and climate predictions from CTMs that rely on rely on
parameterizations of chamber experiments.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/15907/2013/10

acpd-13-15907-2013-supplement.pdf.
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Table 1. 2p-VBS parameters, based on VBS parameters of Tsimpidi et al. (2010), for SOA
precursors under high- and low-NOx conditions at T = 298 K and ρ = 1.5 gcm−3.

High NOx Low NOx
Precursor α1 C∗

1 α2 C∗
2 Data Sources α1 C∗

1 α2 C∗
2 Data Sources

ALK4 0.038 10 0.075 10
ALK5 0.150 10 a, b,c 0.300 10
OLE1 0.009 9.0 0.116 284 0.014 4.0 0.170 236
OLE2 0.032 8.1 0.216 244 0.055 2.8 0.297 170
ARO1=TOL 0.186 10 0.488 180 0.218 3.2 0.625 103 d, e
ARO2=XYL 0.219 11 0.487 185 d 0.275 3.7 0.639 97
ISO 0.020 7.4 0.018 68 f 0.019 2.1 0.032 28
TERP 0.130 7.3 0.433 191 0.160 1.7 0.615 126
SESQ (fit for Mo ≤ 30 µgm−3) 0.647 18 g, h,i n/a

Data sources for the Tsimpidi et al. (2010) parameterizations are provided if specifically discussed in the text.
a Wang et al. (1992).
b Takekawa et al. (2003).
c Lim and Ziemann (2005).
d Ng et al. (2007b).
e Hildebrandt et al. (2009).
f Pandis et al. (1991).
g Hoffmann et al. (1997).
h Griffin et al. (1999).
i Ng et al. (2007a).
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Table 2. 2p-VBS parameters based on VBS parameters for alkanes (Presto et al., 2010), naph-
thalene (Pye et al., 2010), undefined POA (Shrivastava et al., 2008), wood smoke POA and
diesel POA (Grieshop et al., 2009) under high-NOx conditions for T = 298 K and ρ = 1.0 gcm−3.

Precursor α1 C∗
1 ∆Hvap,1 α2 C∗

2 ∆Hvap,2

C12H26 0.091 4.7 30 0.569 218 30
C13H28 0.121 1.1 30 0.666 52.6 30
C14H30 0.139 0.7 30 0.675 31.4 30
C15H32 0.155 0.6 30 0.674 23.4 30
C16H34 0.167 0.5 30 0.672 19.0 30
C17H36 0.183 0.5 30 0.664 16.0 30
Naphthalene 0.144 2.9 30 0.226 33.7 30
POA 0.257 0.7 112 0.501 180 77
Wood Smoke POA 0.228 1.6 69 0.473 103 56
Diesel POA 0.239 4.4 66 0.479 213 58
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Table 3. Default parameters (base case) and best available parameters for biogenic high-NOx
(BA-highNOx) and biogenic low-NOx (BA-lowNOx) CMAQv4.7.1 simulationsa; T = 298 K and
densitiesb matched to reported densities for base case (Carlton et al., 2010).

Base Case Best Available (BA)

Precursor α1 C∗
1 α2 C∗

2 α1 C∗
1 α2 C∗

2 Source
ALK5 0.072 0.02 0.10 6.7 2p-VBS
TOL=ARO1c 0.076 2.3 0.148 21.3 0.201 8.5 0.527 149 2p-VBS
XYL=ARO2c 0.039 1.3 0.112 34.5 0.039 1.3 0.112 34.5 CMAQ
ISO 0.029 0.6 0.232 116 0.029 0.6 0.232 116 CMAQ
TERP (high-NOx) 0.139 14.8 0.454 134 0.112 6.3 0.376 165 2p-VBS
TERP (low-NOx) n/a 0.139 1.5 0.533 110 2p-VBS
SQT=SESQ 1.537 25.0 1.537 25.0 CMAQ

a NOx dependent SOA pathways for anthropogenic compounds are treated in CMAQv.4.7.1, with branching
calculated as a function of RO2 reaction with NO vs. HO2. Only the high-NOx anthropogenic parameters are shown
here; the CMAQ default low-NOx anthropogenic parameters were used in all simulations. High-NOx and low-NOx
biogenic cases were run to illustrate the limits of SOA production in each of these scenarios (note: only the TERP
parameters vary with NOx level, see text for discussion).
b Density, ρ (gcm−3): ALK5, 1.0; TOL, 1.24; XYL, 1.48; ISO, 1.4; TERP, 1.3; SQT, 1.3.
c Each α value (CMAQ and 2p-VBS) was divided by 0.765 (TOL) or 0.804 (XYL) to account for a stoichiometric
factor in the implementation of the SAPRC mechanism in CMAQv4.7.1.
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Figure 1 

 

 

 

Fig. 1. Comparison of 2p (solid lines) and VBS (dashed lines) parameterizations for dark α-
pinene ozonolysis chamber experiments, as influenced by the range in SOA mass concentra-
tion and number of data points at low SOA mass loading. Panel (a) SOA yield vs. SOA mass
concentration; panel (b) SOA mass concentration vs. level of reacted hydrocarbon (∆HC).
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Figure 2 

 

Fig. 2. Evaluation of 2p and 2p-VBS parameterizations for isoprene under low-NOx (cyan)
and high-NOx (black) conditions. Panel (a) theoretical yield curve (SOA yield vs. SOA mass
concentration); panel (b) predicted SOA mass curve (SOA mass concentration vs. level of
reacted hydrocarbon, ∆HC).
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Figure 3 

  

Fig. 3. Evaluation of 2p and 2p-VBS parameterizations for lumped monoterpenes under low-
NOx (cyan) and high-NOx (black) conditions. Panel (a) theoretical yield curve (SOA yield vs.
SOA mass concentration); panel (b) predicted SOA mass curve (SOA mass concentration vs.
level of reacted hydrocarbon, ∆HC).
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Figure 4 

  

Fig. 4. Evaluation of 2p and 2p-VBS parameterizations for lumped sesquiterpenes under low-
NOx (cyan) and high-NOx (black) conditions. Panel (a) theoretical yield curve (SOA yield vs.
SOA mass concentration); panel (b) predicted SOA mass curve (SOA mass concentration vs.
level of reacted hydrocarbon, ∆HC).
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Figure 5 

  

Fig. 5. Evaluation of 2p and 2p-VBS parameterizations for lumped aromatics. Panel (a)
ARO1/toluene theoretical yield curve (SOA yield vs. SOA mass concentration); panel (b)
ARO2/xylene theoretical yield curve.
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Figure 6 

 

Figure 7 

  

Fig. 6. Evaluation of 2p and 2p-VBS parameterizations for lumped alkanes (≥ C6). Panel (a)
theoretical yield curve (SOA yield vs. SOA mass concentration); panel (b) predicted SOA mass
curve (SOA mass concentration vs. level of reacted hydrocarbon, ∆HC) for Mo ≤ 30 µgm−3.
Filled symbols data from Lim and Ziemann (2009); open symbols data from Presto et al. (2010).
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Figure 6 

 

Figure 7 

  

Fig. 7. Total SOA averaged over 15–31 July 2006 for the base case simulation (using default
CMAQ parameters).
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Figure 8 

 

 

Figure 9 

Fig. 8. Difference in total SOA averaged over 15–31 July 2006 between the best available
parameter simulation and the base case CMAQ simulation: using the high-NOx 2p-VBS pa-
rameters for lumped monoterpenes (panel a), and using the low NOx 2p-VBS parameters for
lumped monoterpenes (panel b).
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Figure 8 

 

 

Figure 9 Fig. 9. The fraction of RO2 reacting with NO (vs. HO2), indicating the relative importance of
high- vs. low-NOx pathways, respectively, predicted in the CMAQ simulations averaged over
the simulation period, 15–31 July 2006.
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