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1. INTRODUCTION

Gas-phase chemical mechanisms widely used
for 3-dimensional (3-D) air quality modeling are
primarily designed to model O; formation from
typical urban ambient volatile organic compounds
(VOCs) mixtures. In these chemical mechanisms
such as the SAPRC (Carter, 1990, 2000,
2010a,b,c; Hutzell et al, 2012) and Carbon Bond
(CB; Gery et al, 1989; Yarwood et al., 2005, 2010;
Whitten et al, 2010) chemical mechanisms, highly
condensed reactions of a limited humber of model
species are used to represent the atmospheric
reactions of many different reactive VOCs by
using assumptions on the average air
compositions of major VOC classes (e.g., alkenes)
or major carbon bond types (e.g., terminal C=C
bonds). However, atmospheric composition is not
constant and temporally and spatially changes. As
a result, certain compounds may warrant more
attention for some areas than for other areas, and
certain compounds may need more attention due
to changes in emissions over time. However,
using more detailed and larger chemical
mechanisms does not guarantee significantly
better model predictions (e.g., predicted O3
concentrations) than relatively compact chemical
mechanisms while demanding more resources
such as more computer memory, disk storage,
and computational time. In this study, we will
present a practical and scientifically reasonable
approach to developing chemical mechanisms that
are more robust to temporal and spatial changes
in atmospheric composition.

2. IMPORTANCE OF CHEMICAL
COMPOSITION
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Chemical mechanisms for use in air quality
models such as the Community Multiscale Air
Quality (CMAQ); http://www.cmag-model.org/)
modeling system and the Comprehensive Air
Quality Model with Extensions (CAMX;
http://www.camx.com) are developed for use
under various atmospheric conditions. Therefore,
those chemical mechanisms need to represent the
atmospheric reactions of numerous chemical
compounds emitted from various emission
sources so that their air quality impacts can be
assessed. In general, different compounds react
differently, which results in different impact on
ozone formation. The maximum incremental
reactivity scale (MIR; Carter, 1994, 2010a) is an
example of quantifying ozone impacts to
effectively control emissions to reduce ozone.
Therefore, in regard to developing chemical
mechanisms, atmospheric composition data are
useful for judging which compounds need more
attention than other compounds.

Preparation of model-ready emissions data
involves two different speciation processes: one is
mechanism-independent and the other is
mechanism-dependent (Fig. 1). To speciate
emissions, first, emission speciation profiles are
used to map total VOC emissions or “total organic
gases (TOG)” emissions into specific compounds
(e.g., ethene and propene). SPECIATE (U.S. EPA,
2011) is one of best resources for these speciation
profiles. Then, these compounds are represented
in terms of model species of a chemical
mechanism chosen for the air quality modeling.
Note that this second step is mechanism-
dependent. A chemical speciation database
managed by Carter is a useful resource for
mapping chemical compounds into model species
(Carter, 2011). These two steps are combined into
one step for chemical speciation in emission
processing systems such as the Sparse Matrix
Operator Kernel Emissions (SMOKE,
http://www.smoke-model.org/) by using GSPRO
files that are used to directly map emissions into
model species. SMOKE’s GSPRO files are
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Fig. 1. Schematic representation of speciating emissions and representing atmospheric reactions of model
species used for compounds emitted from the emission source.

mechanism-dependent and are prepared by a pre-
processor to SMOKE called the Speciation Tool.
Inaccuracy in the chemical composition data
used to generate speciation profiles (e.g., those
available in SPECIATE) and errors in applying
mapping rules used for preparing model-ready
emissions (Fig. 1) will be translated into inaccurate
or inconsistent model results. For example, in
profiles 8750 and 8751 of SPECIATE version 4.3
(U.S. EPA, 2011) that are used to speciate
exhaust emissions from gasoline fueled light-duty
vehicles, the mass factions for 3-methyl-1-butene
are about 6%, and the mass factions for
isopentane are about 0.2%, which is inconsistent
with results of many previous tunnel and ambient
studies (e.g., Conner et al, 1995; Millet et al, 2005;
Warneke et al, 2007; Harley, 2009) and needs
further investigation. Active communication among
researchers in the fields of emissions, chemical
mechanisms and air quality modeling needs to be
maintained to improve the accuracy and
transparency of mapping emissions into model
species which is necessary to prepare model-
ready emissions data for air quality modeling.

3. IMPLICATIONS OF CHANGES IN
ATMOSPHERIC COMPOSITION

Atmospheric composition can be influenced by
changes in fuels, technologies and emission
standards over time. Therefore, chemical
mechanisms need to address changes in
emissions that will be translated into changes in
atmospheric composition. Atmospheric
composition can be non-negligibly different at
different locations due to differences in emission
activities. For example, the air composition in the
greater Houston area in southeast Texas is
influenced by emissions from petrochemical

facilities and is often markedly different from that
of the typical composition in most urban areas
(e.g., see Table 3 of Heo et al (2010)). Industrial
emissions can influence air quality in areas where
industrial sources such as refineries, chemical
plants and oil and gas production facilities are
concentrated.

The fact that atmospheric composition can be
non-negligibly changed over time and can be
much different at different locations has multiple
implications on developing chemical mechanisms
for air quality applications. First, mechanisms that
determine lumping by assuming a typical average
atmospheric composition (e.g., SAPRC) could use
a broader range of atmospheric chemical
composition. Second, the number of separately
represented compounds (e.g., ethene and
isoprene in SAPRC and CB) can be selectively
increased to limit the inaccuracy in model results
due to lumping with other compounds. For
example, when the reactivity is dominated by a
few reactive compounds, the reactions of those
compounds can be much better represented by
using their own model species than by using
lumped model species (Heo et al, 2010 and 2012).
Third, information on optimum size of chemical
mechanisms for use in 3-D modeling needs to be
obtained because using a larger chemical
mechanism does not guarantee more accurate
model predictions but results in extra burdens
such as requiring more computational resources
for preparing emissions data and model
simulations. Fourth, additional mechanism
evaluation data are needed to develop chemical
mechanisms that are more robust to changes in
atmospheric composition caused by changes in
emissions. More detailed chemical mechanisms
use a larger number of reaction parameters that
need to be based on well-established basic
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laboratory data, reliable theoretical data or
environmental chamber data produced under well-
controlled and atmospherically-relevant
experimental conditions.

4. PROPOSED APPROACH TO
DEVELOPING CHEMICAL MECHANISMS

In this section, we will propose an approach to
developing chemical mechanisms whose ozone
predictions are relatively more robust to changes
in atmospheric composition.

4.1 Examining the Relative Importance of
Different Compounds

“Which compounds deserve relatively more
detailed representation in a chemical
mechanism?” is a complicated question because
atmospheric composition temporally and spatially
changes and the relative importance of different
compounds is also variable. However,
atmospheric abundance and reactivity can be
used in ranking compounds. Speciated ambient
VOC measurements are useful for this, and
emission inventories evaluated against ambient
measurements and speciation profiles such as
those of SPECIATE (U.S. EPA, 2011) are also
valuable to judging which compounds need more
attention. Kinetic and mechanistic information
(e.g., IUPAC, 2012; NASA/JPL, 2012) should be
useful in ranking the relative importance of
different compounds as well; relevant reactivity
scales such as the MIR scale (Carter, 1994,
2010a) can be also useful.

In assessing the relative importance of
compounds emitted from emission sources, the
variability of emissions needs to be considered.
For example, industrial alkene emissions in
southeast Texas tend to be highly variable in
emission strength and timing (Webster et al,
2007). For regions with emission sources that are
highly variable enough to significantly increase
atmospheric reactivity, major components of such
emissions may need to be treated as relatively
important compounds.

4.2 Representing Relatively Important
Compounds

The reactions of relatively important
compounds can be best described by representing
those compounds explicitly by their own model
species; e.g., using ETHENE in SAPRC-07
(Carter, 2010a) and ETH in CBO05 (Yarwood et al,

2005) for ethene, one of major contributors to
ozone formation in most urban areas. The reaction
products can be represented by explicit model
species (e.g., HCHO in SAPRC-07 for
formaldehyde) or lumped model species (e.g.,
RCHO in SAPRC-07 for C3+ aldehydes). For
example, adding just one additional species to
explicitly represent propene and using the
reactions of that explicit model species resulted in
ozone predictions that were more robust to
changes in the propene concentration (Heo et al.,
2010, 2012). Note that the toxics version of
SAPRC-07, SAPRC-07T (Hutzell et al, 2012),
uses model species to explicitly represent
propene, 1,3-butadiene, alpha-pinene, toluene,
o/p/m-xylene, 1,2,4-trimethylbenzene and ethanol
as well as ethene, isoprene, benzene and
acetylene that are explicitly represented in the
standard condensed version of SAPRC-07
(Carter, 2010c).

4.3 Representing Less Important
Compounds

Lumped model species can be used to
represent multiple compounds whose atmospheric
reactions are kinetically and mechanistically
similar to each other. Lumped model species can
be used to represent numerous compounds (i.e.,
various alkanes) that are emitted in a relatively
small amount and/or have low reactivity; this
approach is better than just disregarding the
reactions of those numerous minor compounds.
The reactions of relatively less important
compounds can be represented by using these
lumped model species so that the size of the
chemical mechanism can be constrained and
suitable for use in 3-D models.

4.4 Evaluating Mechanisms with
Experimental Data

Chemical mechanisms developed for use in 3-
D air quality models need to perform well under
targeted atmospheric conditions. However,
evaluating chemical mechanisms under ambient
conditions by carrying out 3-D air quality modeling
is confounded by other factors such as emissions
and meteorology. Uncertainties and errors in
emissions and meteorology data can mislead
modelers in evaluating the performance of a
chemical mechanism. Therefore, evaluating
chemical mechanisms with experimental data
before incorporation into 3-D models is a useful
approach to evaluating chemical mechanisms
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while focusing on chemistry and minimizing the
impact of uncertainties in emissions and
meteorology.

Environmental chamber data produced under
well-characterized and well-controlled conditions
can be useful in evaluating mechanisms (Dodge,
2000; Carter et al, 2005). Chamber experiments
for mechanism evaluation should be carried out by
using atmospherically relevant experimental
conditions whenever possible. Emission controls
have lowered NOx (NO and NO,) concentrations
in most areas in the U.S. Therefore, as noted by
Carter et al (2005), chamber experimental data
produced by using lower initial NOx concentrations
than previously used need to be expanded,
particularly for evaluating mechanisms for
aromatics such as toluene and ethylbenzene
(Carter et al, 2005; Carter, 2010a, Whitten et al,
2010).

Detailed field measurement data can be useful
to evaluate mechanisms with constrained box
modeling, and can also be used to challenge
assumptions that are used during mechanism
development but are not fully tested by evaluation
using environmental chamber data. Rigorous
mechanism evaluation using experimental data
will contribute to producing evidence of the
credibility of chemical mechanisms used in air
quality models.

5. ACKNOWLEDGEMENTS

The authors appreciate all previous and on-
going support and collaboration for developing and
evaluating the SAPRC and Carbon Bond chemical
mechanisms.

6. REFRENCES

Carter, W.P.L., 1990. A detailed mechanism for
the gas-phase atmospheric reactions of
organic compounds. Atmos. Environ., 24A,
481-518.

Carter, W.P.L., 1994: Development of ozone
reactivity scales for volatile organic
compounds. J. Air & Waste Manage. Assoc.,
44, 881-889.

Carter, W.P.L., 2000: Documentation of the
SAPRC-99 Chemical Mechanism for VOC
Reactivity Assessment. Report to the
California Air Resources Board, Contracts 92-
329 and 95-308. Available at
http://www.cert.ucr.edu/~carter/absts.htm#sap
rc99.

Carter, W.P.L., 2010a: Development of the
SAPRC-07 Chemical Mechanism and

Updated Ozone Reactivity Scales. Final
Report to the California Air Resources Board,
Contract No. 03-318, 06-408, and 07-730,
Revised January 27, 2010. Available at
http://www.cert.ucr.edu/~carter/SAPRC/.

Carter, W.P.L., 2010b: Development of the
SAPRC-07 chemical mechanism. Atmos.
Environ, 44, 5324-5335.

Carter, W.P.L., 2010c. Development of a
condensed SAPRC-07 chemical mechanism.
Atmos. Environ., 44, 5336-5345.

Carter, W. P. L., 2011: Development of an
Improved Chemical Speciation Database for
Processing Emissions of Volatile Organic
Compounds for Air Quality Models. Available
at http://www.cert.ucr.edu/~carter/emitdb/.

Carter, W. P. L., D. R. Cocker, D. R. Fitz, I. L.
Malkina, K. Bumiller, C. G. Sauer, J. T.
Pisano, C. Bufalino, and C. Song, 2005: A
new environmental chamber for evaluation of
gas-phase chemical mechanisms and
secondary aerosol formation. Atmos. Environ.,
39, 7768-7788.

Conner, T. L., W. A. Lonneman, and R. L. Seila,
1995: Transportation-related volatile
hydrocarbon source profiles measured in
Atlanta. J. Air & Waste Manage. Assoc., 45,
383-394.

Dodge, M.C., 2000. Chemical oxidant
mechanisms for air quality modeling: critical
review. Atmos. Environ., 34, 2103-2130.

Gery, M\W., G. Z. Whitten, J. P. Killus, and M. C.
Dodge, 1989: A photochemical kinetics
mechanism for urban and regional scale
computer modeling. J. Geophys. Res.,
94(D10), 12,925-12,956.

Harley, R. A., 2009: On-Road Measurement of
Light-Duty Gasoline and Heavy-Duty Diesel
Vehicle Emissions. Final Report, prepared for
California Air Resources Board and the
California Environmental Protection Agency,
Contract No. 05-309. Available at
http://www.arb.ca.gov/research/apr/past/05-
309.pdf.

Heo, G., Y. Kimura, E. McDonald-Buller, W. P. L.
Carter, G. Yarwood, and D. T. Allen, 2010:
Modeling alkene chemistry using condensed
mechanisms for conditions relevant to
southeast Texas, USA. Atmos. Environ., 44,
5365-5374.

Heo, G., E. McDonald-Buller, W. P. L. Carter, G.
Yarwood, G. Z. Whitten, and D. T. Allen, 2012:
Modeling ozone formation from alkene
reactions using the Carbon Bond chemical
mechanism. Atmos. Environ., 59, 141-150.



http://www.cert.ucr.edu/~carter/absts.htm#saprc99
http://www.cert.ucr.edu/~carter/absts.htm#saprc99
http://www.cert.ucr.edu/~carter/SAPRC/
http://www.cert.ucr.edu/~carter/emitdb/
http://www.arb.ca.gov/research/apr/past/05-309.pdf
http://www.arb.ca.gov/research/apr/past/05-309.pdf

Presented at the 11" Annual CMAS Conference, Chapel Hill, NC, October 15-17, 2012

Hutzell, W.T., D. J. Luecken, K. W. Appel, and W.
P. L. Carter, 2012: Interpreting predictions
from the SAPRCO07 mechanism based on
regional and continental simulations. Atmos.
Environ., 46, 417-429.

IUPAC, 2012: IUPAC Subcommittee for Gas
Kinetic Data Evaluation web site,
http://www.iupac-kinetic.ch.cam.ac.uk/.

Millet, D. B., N. M. Donahue, S. N. Pandis, A.
Polidori, C. O. Stanier, B. J. Turpin, and A. H.
Goldstein, 2005: Atmospheric volatile organic
compound measurements during the
Pittsburgh Air Quality Study: Results,
interpretation, and quantification of primary
and secondary contributions. J. Geophys.
Res., 110, D07S07,
doi:10.1029/2004JD004601.

NASA/JPL, 2012: NASA/JPL Data Evaluation web
site, http://jpldataeval.jpl.nasa.gov/index.html.

U.S. EPA, 2011: SPECIATE Version 4.3,
http://www.epa.gov/ttnchiel/software/speciate/

Warneke, C., S. A. McKeen, J. A. de Gouw, P. D.
Goldan, W. C. Kuster, J. S. Holloway, E. J.
Williams, B. M. Lerner, D. D. Parrish, M.
Trainer, F. C. Fehsenfeld, S. Kato, E. L. Atlas,
A. Baker, and D. R. Blake, 2007:
Determination of urban volatile organic
compound emission ratios and comparison
with an emissions database. J. Geophys.
Res., 112, D10S47,
doi:10.1029/2006JD007930.

Webster, M., J. Nam, Y. Kimura, H. Jeffries, W.
Vizuete, and D. T. Allen, 2007: The effect of
variability in industrial emissions on ozone
formation in Houston, Texas. Atmos. Environ.,
41, 9580-9593.

Whitten, G. Z., G. Heo, Y. Kimura, E. McDonald-
Buller, D. T. Allen, W. P. L. Carter, and G.
Yarwood, 2010: A new condensed toluene
mechanism for Carbon Bond: CB05-TU.
Atmos. Environ., 44, 5346-5355.

Yarwood, G., S. Rao, M. Yocke, and G. Z.
Whitten, 2005: Updates to the Carbon Bond
Mechanism: CB05. Final Report to the U.S.
EPA. Available at
http://www.camx.com/publ/pdfs/CB05 Final R
eport _120805.pdf.

Yarwood, G., J. Jung, G. Heo, G. Z. Whitten, J.
Mellberg, M. Estes, 2010: Updates to the
Carbon Bond mechanism for version 6 (CB6).
Presented at the 9th Annual CMAS
Conference, Chapel Hill, NC, October 11-13,
2010. Available at
http://www.cmascenter.org/conference/2010/a

genda.cfm.



http://www.iupac-kinetic.ch.cam.ac.uk/
http://jpldataeval.jpl.nasa.gov/index.html
http://www.epa.gov/ttnchie1/software/speciate/
http://www.camx.com/publ/pdfs/CB05_Final_Report_120805.pdf
http://www.camx.com/publ/pdfs/CB05_Final_Report_120805.pdf
http://www.cmascenter.org/conference/2010/agenda.cfm
http://www.cmascenter.org/conference/2010/agenda.cfm

