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Quantification of Individual YOC
Reactivity Using a Chemically
Detailed, Three-Dimensional
Photochemical Mode!
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Department of Mechanical Engineering, Carnegie Mellon
University, Pittsburgh, Pennsylvania 15213, and Department
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Urban ozone reduction strategies targeting volatile
organic compounds (VOCs) have focused primarily on
controlling the total mass of VOC emitted, neglecting
the variation in potential ozone formation by
individual species. This variation in 0zone potential,
termed reactivity, is examined here using a three-
dimensional Eulerian photochemical airshed model with
a detailed chemical mechanism. Three metrics
were examined to quantify the impact of individual
V(0Cs an azone levels; peak ozone, population-weighted
exposure, and spatial-weighted exposure. Reactivi-
ties were dependent on the metric used, although
the overall trends were very similar. Reactivities diifered
by over an order of magnitude between species.
The Eulerian modeling results are compared with those
of a similar study performed using a zero-dimensional
madel, which is the basis for reacivity quantification
for alternative fuei regulations by the California Air
Resources. Board. The resulis were well correlated
between models for metrics calculated at similar
precursor ratios; however, notable differencaes in
reactivity were predicted for some important spe-
cies, probably due to the multi-day simulation periods
and the inclusion of cloud cover by the airshed
model.

Introduction

Tropospheric ozone control efforts rely on reducing emis-
sions of nitrogen oxdides (NO,) and volatile organic com-
pounds (VOCs), the two primary classes of 0zone precussors.
Most current VOC-based ozone control strategies focus on
reducing iotal mass of VOC emissions, regardless of
chemical compeosition except for the most unreactive
species. Based on past research showing that individual
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CO 80401,

§ University of Colorado.
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VOC species have substantially different effects on ozone
formation (I, 2), a recent regulation in California incor-
porates reactivity values to try to focus control efforts and
technology development on those species with the highest
predicted ozone impacts. An additional incentive for
reactivity-based regulations is the potential econormic
benefits (3).

Controversy has arisen over the applicability of reactivity
guantification for regulatory use, especially on a national
level, in part because ozone formation is dependent on
local meteorology, precursor ratips, and other dynamic
variables, and also because of uncertainties in the methods
used 1o predict ozone behavior. In particular, the reactivity
scale adopted for use in the California regulations was
developed by applying a zero-dimensional model to a wide
variety of urban conditions. While capturing a wide range
of atmospheric conditions and chemical detail, there is
some concern over the level of physical detail accounted
for by this model and the suitability of this scale to specific .
airsheds. ’

The study presented here addresses some of these issues
through the application of a three-dimensional, chemically
detailed airshed model to the Los Angeles air basin.
Reactivities were estimated for selected VOCs using several
different measures of their impacts on basin-wide air
quality. The results are compared to the previous zero-
dimensional air quality model study (4) used to develop
the regulatory reactivity scale.

Application of Reactivity-Based Information

A recent regulation, which is part of the Low Ermission
Vehicle and Clean Fuels program developed by the Cali-
fornia Air Resources Board (5, 6), arose from interest in the
use of reformulated gasoline and alternative fuels as a
measure to reduce ozone in urban areas and has focused
atiention on attempts to quantify the reactivity of various
organic compounds. This regulatory application is pre-
sented here as a specific motivation for the development
of a reactivity scale for mobile source VOC emissions and
also as a general example of the utilization of reactivity
values. The quantification of reactivity adjustment factors
(RAFs) for alternative fuels is mandated by this regulation,
where an RAT is defined as

N
;FA,Rf
N
ZIFBiRi
=

where Fj, is the mass fraction of compound {in the test fuel
exbaust (alternative fuel); Fp, is the mass fraction of
compound i in the base fuel exhaust (conventional gaso-
line); and R; is the reactivity of species i (g of ozone formed/g
of compound 7 emitted). An RAF is the amount of ozone
formed from a unit mass emission from an alternatively
fueled vehicle compared to the amount of ozone formed
from an equal mass of VOC emitted by a conventionally-
fueled vehicle. RAFs are designed to provide an accurate
comparison of the potential ozone formation of the
combustion exhaust of alternative fuels and reformulated

ey
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gasoline with respect to conventional gasoline. Without
this type of adjustment, a low mass emission rate of highly
reactive exhausi would appear preferable to a higher mass
emission of a much less reactive set of species. As is seen
below, species reactivities can vary by over an order of
magnitude, so the potential to misjudge the aumospheric
impactis significant if these differences are not considered.

To calculate a fuel RAF, a reliable reactivity value, R
must be determined for the important reactive organic
species present in fuel combustion exhaust. The reactivity
scale presently selected for the regulation is the maximum
incremental reactivity (MIR) scale, developed by Carter (4).
This scale was selected because it incorporates awide variety
of environmental conditions and tends to represent VOC
behavior in highly polluted, urban areas represented by
low VOC to NO; ratios where VOC control and reactivity
weighting are most effective. The MIR scale was developed
using a zero-dimensional, photochemical model with a
detailed chemical mechanism, Statewide Air Pollution
Research Center 1990 (SAPRCS0) {7). Ten-hour episodes
were simulated for 3¢ meteorological environments rep-
resenting cities or “trajectories”. Each trajectory specifies
the pollutant emissions and time-varying inversion heights,
photolytic paramerers, temperarure, and humidity repre-
sentative of a high ozone episode for a city. Aspecies MIR
value is the average for the 39 trajectories of the maximum
increase in ozone formation over a large NO; range, due

to an increase in that species. The MIR value was obtained -

by adjusting NO; inputs to where the base VOC mixture
had the highest incremental reactivity,

A similar scale, developed using the same air quality
model as the MIR scale, is the maximum ozone incremental
reactivity (MOIR) scale {4). MOIR values are defined as the
difference in peak ozone obtained throughout the simula-
tions with base and increased VOC emissions at the NO;
conditions leading to the highest peak ozone.

The MIR and MOIR scales are of interest for comparison
to the airshed model results because of the range 0f VOC/
NO, ratics and meteorological trajectories incorporated by
these metrics as well as the regulatory application of the
MIR scale. One of the meteorological trajectories incor-
porated by these scales represents Los Angeles, which is
the modeling domain for this study. For this reason, the
MIR results for the Los Angeles trajectory, referred to as the
LA MIR scale, are aiso included for comparison.

Issues in Reactivity Quantification
Atmospheric models of varying complexity are used to
predict the nonlinear interactions of ozone precursors,
which are dependent on meteorology, ambient precursor
ratios, and other dynamic variables, Model complexity is
weighed against computational and input requirements.
Zero-dimensional models, or box models, have alowlevel
of physical detail and so are useful in studies that require
large numbers of simulations, such as that used to quantify
the MIR scale and for statistical studies. Studies requiring
high levels of physical detail are performed with three-
dimensional air quality models, which can more fully
capture complex behaviors such as ozone formation.
The effects of uncertainty, while not addressed in this
paper, are important to consider when evaluating model
predictions. Anumber of studies have been performed on
the mostlikely sources of uncertainty, such as the emissions
inventories and the chemical mechanism, for both box
models {8, 9) and three-dimensional models (9—12) and
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found the leveis of uncertainty to be acceptable. However,
even when a high correlation is shown o exist between
predictions and measurements, there is a potential for
compensating erross to be affecting the predictions. Other
major issues of concern in the quantification of reactiviry
involve the reliability of the prediction of ozone formation
sensitivity to local meteorology, precursor concentration
ratios, and atmospheric variability. Some of these issueg
have also been addressed in a variety of studies using box
models (2, 4, 8, 9} and a three-dimensional model (3—14).

An important issue addressed by this study is the effecrs
of the level of physical and chemical detail accounted for
by the air quality model and incorporated into the reactiviry
quantification metric. Box models, such as the one used
to calculate the MIR scale, though valuable in examining
a wide range of precursor ratios and number of chemical
species, do not account for carryover effects during multi-
day episodes or variations affecting population and spatial
exposures. This study also addresses how reactivity metrics
are affected by the geographic distribution of precursor
ratios and how these differences affect the prediction
agreement between various reactiviry scales.

To address these jssues, the SAPRCO0 chemical mech-
anism was integrated into the Carnegie/Catifornia Institute

of Technology (CIT) airshed mode}, a physically detailed,

three-dimensional, Eulerian, photochemical air quelity
model This model was then used to calculate a variety of
measures of the reactivity of individual VOCs in the Los
Angeles air basin. A similar study using the CIT air quality

- madel was previously performed for 11 lumped species

{13) using the LCC mechanism (15), a less detailed, older
chemical mechanism. One limitation of that study is that
lumped VOC species were primarily considered. Also, the
results of that study were not directly comparable to the
regulatory MIR scale because of the use of a different
chemical mechanism. The reactivity scales chosen for
presentation here, from simulation with the CIT model and
the SAPRCY0 mechanism, are comprised of three ozone
impactmeasures. These measures, or metrics, are defined
below. The three box model measures described previously
(MIR, MOIR, and LA MIR) are also presented, for compari-
SO

Application of the CIT Airshed Model

The CIT airshed model solves the atmospheric advection,
dispersion, and reaction equation throughout a three-
dimensional grid to predict the resulting pollutant con-
centrations both spatially and temporaily and also how
those concentrations respond to emissions changes (9). A
chemical reaction mechanism provides the information
needed to calculate the production and destruction of

. species. An extended chemical mechanism, SAPRCS0, was

integrated into the CIT model to obtain the chemical detail
necessary for specific reactivity calculadons. This version
of the CIT model is identical to that discussed by Harley
et al. (12), with the exception of the chemistry-related
parameters and model inputs. SAPRCH0 was chosen
because it can be made chemically explicit for the initial
oxidation reactions of a farge number of organics and allows
direct comparison with previous zero-dimensional box
model studies, particularly the MIR scale specified by the
RAF regulations. Table 1 shows characteristics of this
mechanism as implemented. :
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SAPRGS0 Mechanism Characteristics, As ‘
Implemented with CIT Model for Reactivity Studies

chemical species

transported 71
steady-state 15
constant 5
explicit VOCs 33
tozal 91
reactions
photoiytic 20
total 203

The chemical mechanism describes a set of stiff,
simultaneous differentdal equations dependent on tem-
perature, pressure, photolytc conditions, and ambijent
species concentrations. The solution of these equations
accounts for approximately 80% of the total CPU time
required by the model, even though the solver used makes
assumptions based on the desmuction rate of each species
1o increase the gpeed of the solution. Integration of
SAPRCS0 into the CIT model required a verification of the
differential equation solver used in the model, Hybrid (16).
The Hybrid solution compared very well {9} to a highly
accurate, but slower, Gear methad solver, the Livermore
solver of ordinary differential equadons (LSODE) (I7).

After testing the solver, a comparison was made of the
CIT predictions with SAPRCS0 to CIT predictions with the
LCC mechanism, which had previously been evaluated (10,
11). In these studies with the LCC mechanism, model
predictions were found to be acceptably correlated with
observed concentrations. The predictions of CIT usingthe
SAPRCS0 mechanism compared very favorably to those of
the LCC-based version of the model (9}, although model
CPU requirements almost doubled with the larger mech-
anism. These results support the use of 2 more lumped
mechanism with the model when possible.

After integrating the mechanism, 27 VOC species were
chosen forexamination based on an expected high reactivity
or abundance in alternative or convendonal fuel combus-
tion exhaust. These species are listed in the first column
of Table 2.. Ozone formation in the Los Angeles air basin
was chosen as the initial application for this study because
it is a serious air quality problem, reliable input data are
available for the area, and reactivity-based regulations are
being initiated in California. Also, as mentioned before,
the application of the CIT model to the Los Angles air basin
has been evaluated in previous studies (10, 11). Chemical
species concentrations are input to the model through both
initial and boundary conditicns and ground level and point
source emissions inventories. Source emissions are speci-
fied by the ternporal and spatial release of chemical species
into the modeling domain. The emission inventories as
well as other data inputs were derived from an intensive
data collection period in California, August 2729, 1987,

during the South Coest Air Quality Study (SCAQS) (1),

which is the simulation period for this study.
Two issues in the SCAQS inventories effect this study.

First, itis generally acknowledged that the VOC inventories .

were underpredicted. The inventory was not enhanced
for this study; however, the effect of the VOC inventary
underestimation on reactivity quantification has been
studied (14, and Hwas found that the use of two inventories
with very different levels of VOC and NO; led to very similar
results, Second, marny species in the emissions inventories

are lumped according to similar molecular structure or
chemical behavior. For example, in the CIT version of
SAPRCY0, the label RCHO represents a lumped higher
aldehyde class including propionaldehyde and higher
aldehydes. To allow the use of the SAPRCS0 mechanism
with the SCAQS inventories, emission fluxes were calculated
to represent SAPRCS0 species classifications.

The CIT model was then applied to southern California
conditions using the SCAQS base emissions inventory to
obtain basecase ozone predictions. Species reactivities
were developed by finding the response in ozone formation
generated by using the sarme model with an alternative
emissions inventory, which was created for eachindividual
organic species tested. Alternative emissions inventories
were created by first separating the test species from its
lumped classification {if not already explicit) and then
increasing the emissions of the test species proportionally
to the spatial and temporal distribution of the base organic
species emissions. In other words, the rates of all organic
species emissions in each modeling cell are used to
determine the rate of the test species emissions in that cell.
A similar perturbation method was used by McNair et al.
{13). The mathematical definjtion is shown by eq 2, where,
at time 7 in model cell x, y, and z, the perturbed emission
(EP) of test species i is calculated as the base emission of
that species (E®) plus a fraction, «, of the sum of the total
reactive organic gases base level emission:

Eip(xvyszvr) = Eib(x-yngf) + az-Ejb(XSsz)t) {2)
i)

Index j refers to each emitted VOC species. The constant
fraction, o, was set at 20% of rotal emitted VOC, on a molar
basis, for all organic species except carbon monoxide.
Carbon monoxide emissions were increased by 100% of
the total moles of VOC to account for its low reactivity.
These fractions were selected because they cause a quan-
tifiable, approximately linear effect on the ozone formation
due to each species, without overwhelming the results. All
other modeling factors were unchanged between stmula-
tions. Analysis was performed on the predictions for the
third day of the simulation period, minimizing the residual
effects of initial conditions and maximizing the ability to
fully capture multi-day impacts of pollittant emissions.

Analysis Metric Definitions
One major advantage of the three-dimensional CIT model
over zero-dirmensional models is that a variety of air quality
impacts can be defined to account for the temporal and
spatial distibution of ozone, and these impacts can be
combined with the human pepulation distribution as a
measure of exposure impact. Simulation results from the
CIT model study were examined using various methods to
quantify how the emission increases impacted ozone
formation. The reactivity quantification measures consider
the impact on peak ozone and on population-weighted
and spatial exposure to ozone levels over 0.12 and 0.09
ppm. An averaged exposure metric is also introduced.
Peak ozone is defined simply as the maximum ozone
concentration {ppm) predicted in the modeling domain
using each emissions inventory. The predicted peakozone
forms relatively far downwind of Los Angeles in an area of
a relatively high ratic of VOC to NO; concentrations, which
is therefore not as sensitive to VOC emissions as is most,
of the urban basin.



TABLE 2

Species List, Normalizing Composition, and Predicted Normalized Reactivities

compaosite normalized reactivity

CIT model results

box modet resuits (g}

no. of composite fraction  peak  population  spatial

carbon atoms  {ppmof C/ppmof C} ozome exposure exposure MIR  LAMIR MO
carbon monoxide? 1 0.000 0.05 0.03 0.03 0.02 0.02 0.04
ethane 2 0.128 0.21 0.04 0.06 0.05 0.04 Q.70
benzene - 6 0.000 0.10 0.14 0.14 0.08 0.08 Q.07
methyl tert-butyl ether 5 0.052 0.38 0.18 0.22 0.16 0.14 0.28
2.2,4-trimethylpentane 8 0.000 0.48 0.18 0.23 ¢.19 0.15 0.30
butane 4 0.002 0.60 0.21 0.28 0.22 0.17 0.37
methanol 1 0.000 0.54 0.32 0.30 0.26  0.23 0.34
methyl ethyl ketone 4 0.004 0.68 0.28 0.37 0.31 0.27 0.38
2-methylpentane 6 0.000 0.75 0.32 0.40 032 025 0.50
ethanol 2 0.058 0.98 0.39 0.51 0.45 0.36 0.65
ethyl tert-butyl ether 6 €.010 0.90 0.54 0.64 0.4  0.48 0.68
ethylbenzene 8 0.047 -0.15 0.28 0.23 0.52 4.5 0.32
toluene 7 0.060 -0.15 0.29 0.22 0.53 0.51 0.32
methylcyclopentane 8 041 1.24 0.58 0.74 .58  0.48 0.84
2-methyl-1-butene 5 0.009 1.08 1.36 1.23 1.00 1.03 1.03
o-xylene 8 0.039 0.44 0.81 0.81 1.25 1.31 1.00
2-methyl-2-butene 5 0.055 1.29 1.61 1.52 1.31 1.27 1.2%
3-methylcyclopentene 8 . 0.001 1.75 1.73 1.70 1.37 1.30 1.36
m,p-xylene - 8 0.121 0.52 1.06 0.99 1.43 1.54 1.14
ethene : 2 0.10% 1.84 1.5C 1.84 1.49 1.51 .7
1.2,4-trimethylbenzene 9 0.035 0.81 1.78 1.42 1.72 1.83 1.38
acetaldehyde 2 0.012 2.46 1.54 1.98 1.77 1.76 1.85
ispprene 5 0.000 2.22 2.62 2.30 1.81 1.82 1.80
propicnaldehyde < higher aldehydes 3 0.006 3.03 176 2.26 1.85 1.79 1.87
propene 3 0.00% 2.8 2.13 2.18 1.63 1.93 2.05
1,3-butadiene 4 0.096 2.68 2.83 2.66 2.15 2.12 2.18
formaldehyde 1 0.011 1.38 2.56 269 313 355

2.41

2 These calculations account for the higher incremental addition of carben monoxide.

Populaticn-weighted exposure, PE, is calculated as

PE= Y S (CpP0 . @

hourh cell g

where, summed over each hour h and grid cell g, the
population P is multiplied by the ozone concentration C
and time £, where

4= 118 # Cyn> Cn
0 #Cgn<Cnm

and (i, is a threshold ozone concentration. The units of
PE are ppm person-h. This is a potential exposure metric
that does not account for persenal activities, particularly
time spent indoors. This metric may be sensitive to small
concentration shifts in heavily populated grid cells.

Spatial exposure was defined in a simijlar manner io
population exposure, only with a spatial rather than a
population multiplier, leading to wnits of ppm grid-h, or
ppm km3-h {one model grid cell represents 25 km?.
Exposure metrics were calculated for two thresholds, 0.09
and 0.12 ppm Os;, representing the California state and
national czone standards, respectively.

The individual population metrics are susceptible to a
threshold problem when the perturbation in emission
causes the ozone concentration in a cell to go from just
under to just over the threshold, and if that cell has a large
population, the impact on the results will be large even
though the actual change in coneentration may have been
small. For example, if two species have slightly different
reactivities (or the spatial impacts are slighdy different),
and if for one species the ozone in 2 highty populated grid
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cell just breaks the threshold, the population-weighted
exposure above the threshold increases significantly. On
the other hand, if the other species is just slightly less
reactive, the ozone in that cell does not break the threshold,
Also, ozone levels at or near one threshold value may
respond differendy than ozone levels at another location.

The concentration-shift effects as well as effects caused
by changes in ozone behavior near the threshold concen-
trations are diminished by averaging the two different
threshold metrics. This is shown by eq 4 using population
exposure as an example (it also applies to spatial exposure),
resulting in the average threshold population exposure,
PEar:

PE¢, =005 T PEc, =012

PE,; = 5

4

Further, averaging the threshoid metrics takes into account
both ozone standards, emnphasizes the more polluted grid
cells, and is a more compact measure. For these reasons,
the averaged metric is used for the populated and spatial
exposure measures in this study rather than the individual
threshold results, although the nonaveraged VOC threshold
metrics and other more detailed results are presented
elsewhere (9).

The absolute reactivities calculated with box models (§
of Os/g of VOC) are not directly comparable to the moré
complex metrics used here (13, 18). Therefore, the afr
quality metrics from both studies were normatized and
expressed in comparable units. The reactivities are reported
on a per carbon rather than mass basis to better represent
the energy available from the molecules. Carbon monoxide
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36 0.85
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51 0.32
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03 1.03
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FIGURE 1. Metric comparison for GIT modei results,
was used in the previous studies as the normalizing simijarly:
compound, such thai the reactivity of each species was :
calculated with respect to CO. In this study, a suite of R,
species representing the composition of automobile exhaust NR,=—— (6)
was used for normalizing, reducing the possible bias that E (FR)
J
i

can result if the normalizing species response is not
representative of the majority of the compounds. It also
reduces uncertainty in the caleulation of the relative
reactivites (3) and allows direct comparison of the reactivity

of each compound to emissions from a major source, such -

as automobiles. The normalizing composition, shown in
Table 2, is comprised of the fraction of each compound
present in industry average gasoline combustion exhaust
{18). Species that were not examined here were not
included in the normalizatdon composite, though small
amounts may have been present in the exhaust.

Finally, the normalized reactivity of the 27 organic
species was calculated for the three CIT metrics as

Ri {PL - Phase)/no. Of Cl'
NR, = = (5)

R o sit
COmpesIe z (P Pbase)}

where NR; is the normalized reactivity of species i, Ris the
carbon based reactivity of species i or the normalizing
cormnposite, P is the air gualitv meiric of interest {e.g., peak
¢zone or an ozone exposure) corresponding to emissions
of species 7, composite species j, or the basecase, no. of C
is the number of carbon atems in a molecule of species i

no. ofC

‘or §, and £ is the carhon fraction of composite species j.

The box model reactivity measures are defined as either
the difference in peak ozone (MOIR} or the madmum

change in ozone concentrations {(MIR and LA MIR) as

discussed previously. These metrics were normalized

As shown, the normalized reactivity of species i, NR;, is a
function of the carbon-based absolute reactivity R of species
i and composite species j and the carbon fraction fof the
composite species j. The calculated values for all normal-
ized reactivities are shown in Table 2.

Results and Discussion

Results for the 27 compounds for the three CIT model
metrics are graphically presented inFigure 1. Itisapparent
that for some species the peak ozone reacrivity is signifi-
cantly different than the exposure-related metrics. For -
example, the change in peak ozone predicted for propene

_is higher than that for formaldehyde, while the expasure

metrics both show a greater ozone impact due to form-
aldehyde than to propene. This holds whether considering
a 0.09 or 0.12 ppm threshold and 2 spaaal or population
exposure metric.

Another interesting feature highlighted by this com-
parison is that the peak ozone generally predicts a higher
normalized reactivity than the exposure metrics, particulasly
for the less reactive species, and that, in general, the spatial
exposure falls between the peak ozone and the population
exposure values. The photolytic and highly reactive species
are the main exceptions to this ranking. '

_ One likely major cause of these metric differences is the
geographic pattern of precursor ratios in the Los Angeles
basin and the sensitivity of each metric to precursor ratios.
Peak ozone is a localized measure occurring in one celf,
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" TABLE 3

Mermalized Bias and Standard Deviation hetween
Metrics far Each Model

norm bias sSD

CIT moedel

population, spatial —0.09 0.16

peak, spatial 8.18 0.48

pezk, population 0.26 0.58
box model

MIR, LA MIR 0.07 0.12

MIR, MOIR —0.15 0.27

MQIR, LA MIR 0.22 0.37

whereas the exposure measures contain a larger number
of cells, thereby capturing a wider range of VOC/NQ; ratics.
The largest reactivity differences are found between the
peak ozone and the population exposure metrics. The
highly populated areas are located in the NO,-rich regions
of the South Coast air basin (12, 20), in contrast to the peak
ozone concentrations which occur downwind of the core
Los Angeles area and, while still VOC sensitive, is a more
NO,-lean environment than the wider Los Angeles area.
The spatial exposure measure generally falls between the
other metrics, accounting for 0zone concentrations through-
out a large portion of the domain.

A reverse in metric ranking is found for the photolytic
species, likely because of the different effects of cloud cover
on each metric. The peak ozone predicted reactivity is
significanty lower than the exposure-related predictions,
indicating a higher sensitivity to the artenuation of incident
radiation. Cloud cover effects are discussed in more detail
below. .

Also observed in Figure 1 are the slightly negative peak

ozone reactivities of ethylbenzene and tciuene. These.

species are precursors to PAN, PPN, and other organic
nitrates, which act as NO, sinks. Since the peaks occur in
a region sensitive to both VOCs and NO,, conversion of
NO; into an organic nitrate tends to reduce peak levels of
ozone in the modeling domain, in contrast with species
that do not lead to the formation of such compounds. In
the box model study, negative MIR or MOIR values were
not observed for these species; however, the box model
base peak scale (i.e., without NO, adjustment) does show
negative reactivities fortoluene in some scenarios {21). Also,
a negative toluene MOIR was calculated when the carbon
bond 4 chemical mechanism was used with the box model
(21).

To quantitatively examine the agreement between the
reactivity scales, the normalized bias between metrics x
and y (from either model), NBy,,, was calculated as

. 135 138
NB,, = EZRRW = Ezlz

=1
Here, RR, ., the reactivity ratio, is a function of the predicted
reactivity, R, for species 7 from the metrics x and y. NB,,
is the average of these reactivity ratios predicted by the
metrics for 25 of the 27 species. Ethylbenzene and toluene
values are omitted in this comparison because the negative
results fromt the CIT peak ozone metric led to the denomi-
nator approaching zero. The standard deviation of the
normalized bias was also calculated for the 25 species.
Table 3 shows the normalized bias and its standard
deviation for comparison of metrics calculated from either

Ri,x + Ri.y
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TABLE 4

Mormalized Bias and Standard Deviation hetween
Metrics and Models

. CIT mode!l

population exposure spatial exposure

peak ozone

box model norm hias SD  normbias SD normbias 3p
MIR 0.04 0.22 0,13 0.2% 0.30 0.80
LA MIR 0.1 0.25 0.20 035 0.38 0.68
MOIR -0.11 0.35 -0.02 021 0.17 0.40

the CIT or box model, while Table 4 shows the same valueg
for comparison of metrics between the models. The
normalized bias and standard deviation ranges are very
similar within models, with slightly higher deviations
between CIT scales. The closest agreement for the CIT
predictions is found between the exposure-based metrics
and for the box model is found between the incremental
scales. .

Overall, as shown in Table 4, the normalized bias and
standard deviation ranges berween the box model and CIT
mcdel results were not much greater than the ranges arising
from the metrics calculated within the CIT model. Across
madels, the population exposure results agree best with

' the MIR scale, while the spatial exposure results agree best

with the MOIR scale, supporting the apparent sensitivity
ofthe metrics to ozone precursorratios. The average initial
VOC/NQ, ratio was 5.8 for the box model MIR results, and

the LA trajectory had a VOC/NO, ratic of 7.6. On the other

hand, the peak ozone results, which agree best with the
MOIR scale, are found well downwind of Los Angeles, and
while still in a VOC-sensitive location it is much less NO,-
rich, more similar to the conditions leading to the MOIR.
The spatial exposure metric also includes this less NO;-

rich, high ozone region, leading to closer agreement with

the MOIR scale than the MIR or LA MIR scales.

Bertter correlation may have been expected with the LA
MIR scale than with the general MIR scale because the CIT
application was also for LA conditions; however, this is not
the case because the boxmodel-calculated reactivity scales
also exhibit sensitivity to precursor ratios. The CIT model
metrics capture a wide variety of precursor rarios in the
modeling demain, while the LA MIR has only one ratio,
and the general MIR is averaged over 39 ratios. Probably
for this reason, all the CIT results show better agreement
with the box model MIR scale than with the LA MIR scale,
although the population exposure shows better agreement
with the LA MIR than the spatial exposure shows with the
MIR. :

In the interests of brevity, this paper focuses on the better
correlated measures between the models. However, it 1S
important to note that because of differences in behaviol
of various metrics, potential limitations exist in the use of
any onereaciivity scale. Insupportofaprevious boxmodel
study conclusion (4), it is also noted here that a more
complete understanding arises from the examination of2
nuwmber of metrics.

Figures 2—4 show more detailed comparisons for the
better correlated metrics across models, i.e., the MIR ©
exposure and MOIR to spatial exposure and peak 0zané
scale relations. The LA MIR scale is also included with
Figure 4. Figure 2 shows the relationship between the

predicted reactivities for 25 species, defined as RRixy €4

7, for five metric pairs. :

1.5 1

A =~ Ry,D)(Rx,i + Ry,D))

0.5 +

i
Rx
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FIGURE 2. Normalized bias between reactivity metrics,
The outliers observed in Figure 2 all include a peak TABLES

ozone-based metric in the calculation, i.e., the outlier pairs
are {CIT Peak-MIR}, {CIT Peak-MOIR}, and {CIT Spatial-
MOIR}. The three pairs ail show theleast agreement at the
lower end of the reactivity scale, with the {CIT Spatial-
MOIR} pair-opposite in sign. All three show a clear trend
of reaching better agreement at the higher end of the
reactivity scale, where they are fairly well grouped and show
little hias. The exceptions, particulasly for {CIT Peak-MIR}
and {CIT Peak-MQOIR}, are the photolytic species, o- and
m,p-xylene, 1,2, 4-rimethylbenzene, and formaldehyde. The
xylenes and 1,2,4-trimethylbenzene are considered pho-
tolytic because the intermediates in the oxidation pathways
undergo photolysis.

The exposure to MIR comparisons are mcre closely
grouped near zero bias and show better agreement
throughout the scale, although the {CIT Spatial-MIR} bias
is nsually positve (negative if the order of metrics were
reversed). The extremes for these two ratios are observed

for benzene, which is less reactive in the box model, and.

the same photolytic species mentioned above, which are
more reactive in the boxmedel. Ethylbenzene and toluene

were not included in this figure for the reasons discussed.

previously.

The {CIT Popul.-MIR} pair showsthe greatest agreement
for incremental metrics across models, while the {CIT
Spatial-MOIR} pair shows the greatest agreement for peak
metric scales. {CIT Spatial-MOIR} also shows the least
change in bias for the photolytic species. These relations
are clear from Table 4; however, Figure 2 exposes the
systematic trend in the{CIT Spatial-MOIR} pair.

To further examine the quantitative relationship between
scales, regression analysis was also conducted. This analysis
inctudes all ofthe 27 species. These results, which reinforce
the previous conclusions as to the agreement between
scales, are shown in Table 5.

Regression Results for Exposure vs MIR and Peak
Uznne vs MOIR Measures

R? slape intercept
population to MIR 0.88 1.02 0.00
MIR to population 0.86 0.12
spatial o MIR 0.91 1.02 0.03
MIR to spatial 0.89 . 007
peak to MOIR 0.74 1.08 0.03
MOIR to peak 0.71 0.23
spatial to MOIR 0.7 1,18 -0.12
MOQIR to spatial 0.82 0.13

A comparison of the MOIR scale with the CIT peak ozone
and spatial exposure scales is shown in Figure 3, with the
species arranged in order of ascending CIT peak ozone
reactivity values. This comparison shows very close scaled
agreement, with the exceptions of photolytic species and
certain aromatics for peak ozone. The photolytc species,
particularly o- and m,p-xylene, 1,2,4-trimethylbenzene, and
formaldehyde, agree very well for the MOIR and spatial
exposure metrics, although the predicted peak ozene
reactivity is lower. Ethylbenzene and toluene have a
negative peak ozone metric reactivity.

The differences in the photolytic species are likely due
to the assumption of a clear-sky condition with the box
model, while cloud cover measurements are used with the
CIT airshed model. Within the scales predicted using the
CIT model, the peak ozone reactivity metric is more
attenuated for these species than the exposure metrics, as
can be seen in Figure 1. This creates a larger discrepancy
from the box model scales for the peak ozone predictions.
With less incident sunlight, photosensitive species exhibit
lower ozone impacts. Thereduction in photolysisis taken
directly from observations and is highly variable throughout
the basin, ranging from 0 to 70%. An interesting future
study would be to remove cloud cover from the medel and

VOL. 28, NO. 12, 19395 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 3035



375
_ M Box Model MOIR _
215 4 B@CIT Spatial Threshold Exposure
M CIT Peak Ozone
5.2.75
=
225
g
=~
31.75
o
=
£125
St
z
0.75
025 1
5 B .ana] R
-0.25

cthylbenrens

r.nl.ucne

carbon monoxide
benzeoe

ethane
methyl-1-burylether
2,2,4 vimethylpeatane
mecthanal

butane

. methyl ethyl ketons
2-methyipentane

FIGURE 3. MOIR, peak ozone, and spatial exposure results.

repeat the reactivity simulations for the photolytic species.
In a study of reactivity sensitivities and unceriainties,
calculated reactivities were investigated by varying the
phoiolysis rate of the aldehydes and the photolytc aromatic
reaction products. The reactivities of these species were
shown to be very sensitive to the photolysis parameters (9).

The two negative reactivities mentioned above, for
ethylbenzene and toluene, are not predicted by the box

1.24 ﬁnclhylbenzcnc
ethyt-l-butylether
ethanol
2-methyl-1-bulens
methylcyclopentane
2-methyl-2-butenc
formaldehyde
3-meshylcyclopentens
ethens

prapens

isoprene

acetaldehyde

1,3 butadiene

propionaldehyde+hlghee

model, probably because the box model does not account
for muid-day transport, leading to relatively lower NO;,
levels. However, as mentioned previously, the box model
did predict a negative MOIR when applied with 2 different
chemical mechanism. The otherwise close agreement
between the CIT peak ozone and the MOIR scales in Figure
3 may indjcate a low environmental variability for peak
0Zone response.
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FIGURE 4. Incremental and exposure metric comparison.
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Another measure of interest is the three-dimensional
surface defined by ozone concentrations exceeding a
specified threshold, represented by the CIT exposure
metrics. Figure 4 is a comparison of the CIT exposure results
with the MIR and LA MIR scales. The same species that
were more or less reactive in the peak comparison to MOTR
are again more or less teactive in the exposure to MIR

> comparison, This consistency is important for consider-

ation of strategies to reduce exposure as well as forreducing

! peak ozone.

While the overall correlation of the MIRs and exposure

. reactivities is quite good, the same exceptions stand out.

Toluene, ethylbenzene, and the two xylene species had

- lower reactivities as found by the airshed model in

comparisoen to the box model MIRs. Likewise, some
aldehydes were also less reactive. The aldehydes undergo

direct photolysis, and the fragmentation products of
" aromatic oxidation reactions are highly photolytic. Aswith

the peak metric scales, these discrepancies can probably

¥ - be linked to the use of a reduced photolysis rate in the
7 airshed model to account for cloud cover, as opposed to
.. the clear-sky conditions in the box model.

Summuarizing for all metrics, some apparent differences

§.: between the box model and CIT model results are notable,
. despite the high overall correlation. The two xylenes,

toluene, and ethylbenzene have relatively high reactivities
according to the box mode! results. These stand out
because xylenes contribute substantially to the reactivity
of exhaust from gasoline-fueled vehicles. Formaldehyde,
which also had somewhat higher reactivites in the box
model calculations than the airshed calculations, is im-
portant due to its high reactivity and presence in M85- and
conventionally fueled automobile exhaust. These differ-
ences are apparently due in part to the use of different
photolysis rates by the two models. The sensitivity of
calculated reactivities to the chemical mechanism pho-
tolytic parameters is consequently an important interaction
to be considered.

The degree of agreement between scales is generally
responsive to the ozone precursor ratios. For the boxmodel,
the MOIR occurs at a higher VOC:NO, ratio than the MIR,
and for the CIT model, the peak ozone occurs downwind
from the populated region, at ahigher VOC:NO, ratio. Most
likely for this reason, the CIT peak ozone scale agrees best
with the MOIR scale, while the CIT population exposure
scale agrees best with the MIR scale. The spatial exposure
metric captures the entire domain but is somewhat
dominated by the higher ozone concentrations downwind
of the most heavily populated region and, consequently,
agrees best with the MOIR scale.

In summary, reactivities were found to differ between
species by over an order of magnitude, as in previous studies
conducted with airshed models as well as box models. The
correlation between the box model reactvities and those
calculated with the airshed model for exposure metrics was
high. Airshed reactivities based on peak ozone were
significantly different from those based on exposure metrics
and from the box model MIRs; however, with a few
exceptions, the peak ozone-based reactivities were well
correlated with box model MOIRs. This is most likely
because a large fraction of the population resides in the
western half of the basin, where conditions are relatively
NO,-rich, while the predicted peak ozone concentrations
occur further east, where conditions are richer in VOCs.
The spatial exposure predictions generally fell between the
two box model values. Box model-calculated MIRs cor-
fespond well to the South Coast Air Basin population
€xposure reactivity measures for the same reason. Overall,
the results were surprisingly consistent between models

and metrics, suggesting that reactivity adjustments can be
utilized in ozone control strategy decisions,
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