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Environmental Context. 17 
Aromatic hydrocarbons in the atmosphere can form large amounts of ozone, contribute to 18 
PM2.5, and can be hazardous air pollutants.  Regulatory air quality models (AQMs) used 19 
to develop strategies to reduce ozone and other pollutants must be able to accurately 20 
predict ozone from aromatic hydrocarbons in urban areas. In urban areas major sources of 21 
aromatic hydrocarbons are gasoline and diesel powered vehicles and are targets of control 22 
strategies justified using AQMs. These findings show that representation of aromatic 23 
chemistry in AQMs is insufficient to accurately predict the chemical production of ozone.  24 

Abstract 25 
Simulations using seven chemical mechanisms are intercompared against O3, NOx, and 26 
hydrocarbon data from photooxidation experiments conducted at the University of North 27 
Carolina outdoor smog chamber. The mechanisms include CB4-2002, CB05, CB05-TU, 28 
a CB05 variant with semi-explicit aromatic chemistry (CB05RMK), SAPRC07, CS07, 29 
and MCMv3.1. The experiments span a variety of aromatics, unsaturated dicarbonyls, 30 
and VOC mixtures representing a wide range of urban environments with relevant 31 
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hydrocarbon species. In chamber simulations the sunlight is characterized using a new 32 
solar radiation modeling software. A new heterogeneous chamber wall mechanism is also 33 
presented as a revised model of the chemical processes occurring on chamber walls.  34 
 35 
Simulations from all mechanisms, except MCMv3.1, show the median peak O3 relative 36 
error of less than 25% for both aromatic and VOC mixture experiments. Although 37 
MCMv3.1 largely overpredicts peak O3, it performs relatively better in predicting the 38 
peak NO2 compared to other mechanisms. For aromatic experiments, all mechanisms 39 
except CB4-2002, largely underpredict the NO-NO2 crossover time and over-predict both 40 
the absolute NO degradation slope and the slope of NO2 rise. This suggests a major 41 
problem of faster and earlier NO to NO2 oxidation rate across all the newer mechanisms. 42 
Results from individual aromatic and unsaturated dicarbonyl experiments illustrate the 43 
unique photooxidation chemistry and O3 production of several aromatic ring-opening 44 
products. The representation of these products as a single mechanism species in CB4-45 
2002, CB05, and CB05-TU is not adequate to capture the O3 temporal profile. In 46 
summary, future updates to chemical mechanisms should focus on chemistry of aromatic 47 
ring-opening products. 48 
 49 
Keywords: Chemical mechanisms, Ozone, Aromatics, SAPRC, MCM, CB05  50 

1. Introduction 51 
Volatile organic compounds (VOC) in the presence of nitrogen oxides (NOx) undergo 52 
photooxidation leading to the formation of photochemical smog. Aromatic species 53 
contribute approximately 10% [1] to 20% [2] of the global anthropogenic non-methane 54 
VOC emissions. Specifically, the major sources of aromatic hydrocarbons in urban VOC 55 
mixtures are gasoline and diesel powered vehicle exhaust and solvent usage. Emissions 56 
of aromatics play a key role in several of the most widespread and harmful air pollution 57 
problems in the U.S. and throughout the world.   Ozone pollution has been estimated to 58 
be the largest cause of preventable, premature mortality across the world, and aromatic 59 
hydrocarbons substantially contribute to ozone production on a regional scale and play a 60 
key role in an urban polluted environment through complex tropospheric chemistry [3, 4].  61 
Aromatic hydrocarbons are also precursors to secondary organic aerosols [5-7], and thus 62 
contribute to PM2.5 concentrations, which can cause cardiovascular and pulmonary 63 
illness, premature mortality as well as environmental degradation.  Several of most 64 
widely emitted compounds, including toluene and xylene isomers, are also hazardous air 65 
pollutants which are known to cause a variety of cancer and noncancerous health effects 66 
[8].  Because of the role that aromatics play in these multiple aspects of human and 67 
environmental health, it is critical to understand the chemical fate of aromatic 68 
compounds. 69 
   70 
Air quality model (AQM) simulations are extensively used to predict and study the 71 
transport, chemistry, and deposition of ozone and other air pollutants. For ozone 72 
pollution, a regional scale AQM is commonly used as a regulatory tool to demonstrate 73 
attainment below federally specified levels. The representation of complex tropospheric 74 
chemistry and photolysis in AQMs is described in a chemical mechanism [9]. Several 75 
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chemical mechanisms have been developed and used to represent atmospheric chemistry 76 
with either explicit or semi-explicit reactions (e.g., 12,600 reactions and 4,500 species) or 77 
condensed mechanisms (e.g., 81 reactions and 33 species). 78 
 79 
Explicit/Semi-explicit mechanisms represent in great detail the atmospheric oxidation of 80 
a large number emitted VOC, including aromatic hydrocarbons. For example, the Master 81 
Chemical Mechanism (MCMv3) represents the semi-explicit chemistry of 124 emitted 82 
VOC species [10, 11]. MCM has been extensively used in three-dimensional Lagrangian 83 
chemistry-transport AQM [3, 12, 13]. Although its use in Eulerian grid-based AQM has been 84 
limited due to high computational requirements, a recent study has implemented MCM 85 
for ozone predictions in the Community Multiscale Air Quality Modeling System 86 
(CMAQ), a regional-scale Eulerian model [14].  87 
 88 
Condensed chemical mechanisms can be categorized into lumped species mechanisms 89 
and the Carbon Bond (CB) approach. Lumped species mechanisms, e.g., SAPRC07 [15] 90 
use a single lumped mechanism species to represent a group of explicit chemical entities. 91 
The groups are based on the gas-phase reactivity of the individual entities. In the CB 92 
approach most organics are grouped according to bond type. This structural lumping 93 
technique categorizes the reactions of similar carbon bonds [16, 17]. 94 
 95 
Further, mechanisms also differ in representations of complex aromatic and biogenic 96 
species chemistry. Particularly for aromatics, the proposed pathways of oxidation 97 
chemistry, reaction rate constants, and species cross section (CS) and quantum yields 98 
(QY) are uncertain and incomplete [2]. Several recent studies have identified products and 99 
mechanisms of aromatic species degradation [18-20]. Additional complexity arises from 100 
representations of carbonyl products formed from aromatic ring-opening routes. Many of 101 
these individual products are highly polar, photolabile [21], and react further in ways that 102 
are different from better understood alkane and simple alkene monofunctional products 103 
[22]. 104 
 105 
Because of the complex differences in representation of aromatic hydrocarbons, and their 106 
intimate integration with the rest of the entire photochemical system, it is difficult to 107 
understand how these differences affect the overall chemistry.  Are the schemes really 108 
that much different in their overall concentration predictions?  Do these differences result 109 
in significant differences in some of the most important pollutants that affect human 110 
health and the environment, such as ozone?   111 
 112 
The overall objective of this study is to address these questions by systematically 113 
evaluate seven existing chemical mechanisms that range from explicit to condensed using 114 
35 years of observations from outdoor chamber experiments conducted at University of 115 
North Carolina (UNC), with the Mollner et al. (2010) rate constant and updated cross 116 
section (CS)/quantum yields (QY) of inorganic and organic photolytic species. 117 
Specifically, we seek to evaluate mostly the aromatic chemistry component of these 118 
mechanisms and its interactions with the overall mechanism using experiments with pure 119 
aromatic species and with different urban and vehicle exhaust mixtures that contain a 120 
significant fraction of aromatic species.  121 
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 122 
Although the UNC chamber experiments have been previously used to develop and 123 
evaluate earlier versions of the CB mechanism, they have never been used to 124 
intercompare the latest versions of chemical mechanisms available in regulatory AQMs. 125 
Comparison of observed and predicted O3, NO, NO2, VOC, and carbonyl temporal 126 
profiles from specific experiments and overall measures of performance allow us to 127 
suggest potential problem formulation differences for the aromatic chemistry amongst 128 
mechanisms. This analysis also can show common biases that may be present across all 129 
mechanisms. In addition, four experiments with injections of different 1,4-unsaturated 130 
dicarbonyls and NOx are modeled with all seven mechanisms. These dicarbonyls are 131 
known to be products of aromatic photochemical oxidation and react further with 132 
different pathways based on the chemical structure and location of the unsaturated double 133 
bond [22, 23]. Modeling this new data allow us to specifically study the performance of 134 
chemical mechanisms relative to O3 forming potential of known intermediate products of 135 
aromatic oxidation chemistry.  136 
 137 
These modeling results are used in identification of important generalizations, distortions 138 
and deletions within current chemical mechanisms that may be impacting the ability of 139 
the mechanism to accurately characterize overall atmospheric photochemistry.  These 140 
results serve as a guide to develop future condensed mechanisms for aromatics. This 141 
study is the first to our knowledge, that collectively evaluates seven gas-phase chemical 142 
mechanisms against a comprehensive set of aromatics, unsaturated dicarbonyl 143 
intermediates, and VOC mixtures experiments conducted in a single outdoor chamber.  It 144 
thus provides a framework for analyzing, comparing and contrasting alternate techniques 145 
for representing complex photochemistry used in regulatory AQMs.   146 

2. Experimental  147 
Smog chamber data have been extensively used to evaluate and intercompare gas-phase 148 
chemical mechanisms as they provide a controlled environment, where the initial 149 
concentrations of VOC and NOx are known and the time-varying concentrations of VOC, 150 
NOx, O3 and other secondary species concentrations can be monitored with precision [15, 151 
21, 24, 25]. Because smog chambers reduce many of the uncertainties encountered in 152 
evaluations against ambient measurements, they provide an ideal platform for mechanism 153 
intercomparison, and allow us to address specific shortcomings due to generalizations 154 
and deletions. Similar biases and problems across mechanisms when comparing 155 
simulated and observed concentrations can also help explore missing reaction pathways. 156 
From a regulatory policy standpoint, the limitations and applicability of mechanisms 157 
under different gas-phase conditions can be fully evaluated. 158 
 159 
All the experiments modeled for this study were carried out in the UNC 300,000-L dual 160 
gas outdoor chamber located in Chatham County, North Carolina. Two chambers, side by 161 
side, allow us to compare two experiments, under different initial species injections, at 162 
the same time. In each experiment, background concentrations of NOx, O3, and VOC 163 
were measured at the minimum. Detailed descriptions of the chambers and measurement 164 
instruments employed are available [25]. Based on the initial injections, Table 1 shows the 165 
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classification of 68 aromatic and mixture experiments used in this study. This table does 166 
not include additional chamber experiments (with background VOC and simple species 167 
like CO, HCHO, methane, ethene, propene, and acetaldehyde) used to perform chamber 168 
characterization and formulate the chamber auxiliary mechanism. In the supplementary 169 
material Table S1 shows the carbon fraction of individual species for all test synthetic 170 
urban mixtures. These urban mixtures each contain 16 to 54 species, ranging in varying 171 
complexity from simple alkanes/alkenes to various carbonyls and aromatics [26, 27]. To 172 
minimize chamber artifact effects, the concentration of reactants injected into the UNC 173 
chamber and the resulting VOC/ NOx ratio tend to be fairly high. NOx concentrations 174 
ranged from 0.2 to 0.6 ppm and initial VOC/ NOx ratios are often 4:1 to 20:1. A detailed 175 
table showing initial injection concentrations for all modeled experiments is shown in the 176 
supplementary material Table S2.  177 
 178 
Outdoor chambers exhibit temperature, light intensity, and relative humidity 179 
characteristics that are more representative of the open atmosphere. It is important to 180 
accurately represent day-to-day variations in these meteorological parameters, 181 
particularly the chamber actinic flux used in the computation of photolysis rates. For each 182 
experiment the chamber site’s broadband Total Solar Radiation (TSR) and broadband 183 
Ultra Violet (UV) radiometers measure the time profile of surface TSR and UV 184 
horizontal irradiance. A broadband model [28] is used to simulate the TSR and UV 185 
radiation received at the chamber on a given day and accounts for atmospheric properties 186 
such as atmospheric pressure, total ozone column, total water vapor column, type of 187 
aerosol, aerosol optical density in stratosphere and troposphere, scattering properties, and 188 
relative humidity changes during the day. Finally, we account for the presence and nature 189 
of cloud cover through troughs and crests in observed TSR and UV transmission values.  190 
 191 
Using the TSR and UV cloud transmissions from the broadband model and atmospheric 192 
properties, the time profile of surface spectral spherical irradiance (actinic flux) is 193 
computed outside the chamber. The time profile of actinic flux inside the chamber is 194 
computed every four minutes using the outside flux and a Teflon film transmission 195 
model, chamber geometry model, and a chamber reflective floor model. Both the outside 196 
and inside direct, diffuse, and reflective components of the total spectral irradiance 197 
predictions have been extensively tested using measurements taken with a Licor 1800 198 
spectroradiometer. As an example, Figure S1 in the supplementary material shows the 199 
modeled global interval-averaged actinic flux inside the chamber for June 26, 1997 at 200 
three different times during the day. Once the in-chamber actinic flux has been 201 
calculated, the sunlight model computes the in-chamber photolysis rates every 4 minutes 202 
using Equation 1. 203 
 204 
݆ ൌ ∑ ݆ఒ݀ߣ ൌ ∑ ߣఒΦఒ݀ߪఒܣ

ఒ೙
ఒ೘

ఒ೙
ఒ೘

    (1) 205 
 206 
where, j is the photolysis rate for a particular reaction (units of min-1) and jλ is the spectral 207 
photolysis rate (units of min-1-nm-1) computed as a product of spectral actinic flux (Aλ) 208 
with units of photons-cm-2-min-1-nm-1, molecular absorption cross-section unique for 209 
each photolytic species (σλ) with units of cm2-molecule-1 and process quantum yield (Φλ), 210 
a unitless quantity, which is the fraction of absorbing molecules at λ that proceed by a 211 
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certain reaction pathway.  212 
 213 
Figure S2 in the supplementary material shows the simulated photolysis rates for NO2, 214 
O3, and HCHO on June 26, 1997. The chamber sunlight model captures both the diurnal 215 
pattern of photolysis rates and the effects of clouds through sharp troughs and crests 216 
throughout the day.  217 

2.1 Chemical mechanism descriptions 218 
Seven mechanisms were used to model the chamber experiments: 219 

• Mechanisms with CB approach include the 2002 update of CB4 [16] indicated as CB4-220 
2002 [29], a 2005 update of the CB mechanism indicated as CB05 [17], CB05 with new 221 
toluene update (CB05TU) [30], and CB05 with new condensed toluene and xylene 222 
mechanism (CB05RMK) [5]. In the initial testing of CB05RMK lower NOx 223 
concentrations were used than tested here. These experiments ranged from 0.12 to 0.22 224 
NOx and 0.7 to 3.5 ppmC of toluene and generated 0.22 to 0.45 ppm of O3. Model 225 
performance was reasonable with the O3 being over predicted by only 0-30%.   226 

• Mechanisms with lumped species approach include the latest version of SAPRC 227 
mechanism called SAPRC07 [15] and a condensed version of the SAPRC07 mechanism 228 
designated as CS07 [31].  229 

• Master chemical mechanism (MCM) that represents an explicit chemical mechanism. 230 
The latest version of this mechanism designated as MCMv3.1 [32] is included in this 231 
study.  232 
� 233 
All the above mechanisms have been previously evaluated against data from either a 234 
single or a number of outdoor smog chambers [5, 15, 21, 24, 29, 30]. The mechanism 235 
evaluations, particularly for CB and SAPRC, follow a hierarchy of species approach [16]. 236 
Recent updates (e.g., CB05TU, CB05RMK, SAPRC07) have been primarily in the 237 
aromatic subparts of these mechanisms, in an attempt to improve ozone and secondary 238 
organic aerosol (SOA) predictions in urban areas.  239 
 240 
All of the reaction rates in the mechanisms are implemented in the form originally 241 
proposed by the mechanism developer with one exception. In all mechanisms, the rate 242 
constant for the radical chain-terminating reaction OH + NO2→HNO3 has been changed 243 
to that be consistent with a recent study [33]. This is a major update to a reaction that is 244 
known to control the concentration of OH, the dominant oxidant in the atmosphere, and 245 
significantly affect ozone concentrations.  Regional-scale AQM simulations with the new 246 
rate show 10 to 12 ppb higher ozone relative to IUPAC rate-constant recommendation 247 
and the simulations show a roughly 10% increase in ozone concentrations in regions of 248 
high ozone. An analysis of the substitution of this rate in SAPRC07 showed that the 249 
modified mechanism reproduced smog chamber data sufficiently close to the original 250 
mechanism that no changes to other reactions or products were needed [33].  While our 251 
general intent was to compare the alterative mechanisms “as is”, neglecting the large 252 
impact of the new OH+ NO2 reaction could distort the NOx cycling and increase 253 
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uncertainty in the comparison with smog chamber data, so we have chosen to limit the 254 
harmonization to this one reaction.  255 
 256 
The CS/QY for all �7 inorganic and major organic photolytic species are updated and set 257 
to also be consistent across all mechanisms. The updating of these parameters, 258 
particularly the reaction rate constant update of a major radical termination reaction, 259 
requires new chamber characterization tests and formulation of a new auxiliary 260 
mechanism. This effort is described in detail in the next section. 261 
 262 

2.2 Chamber auxiliary mechanism 263 
It is well recognized that chamber walls have an effect on gas-phase experiments and is 264 
true for all chambers [9, 24, 29, 34-36]. Surface mediated reaction of nitrogen oxides and 265 
nitrogen acids occur in wall-absorbed water layer resulting in the creation of nitrous acid 266 
(HONO), which is emitted from the walls back into the gas-phase. HONO when 267 
photolyzed becomes a source of OH radicals and NO. Chamber walls also provide a 268 
place for the deposition and absorption of different gas-phase species. 269 
 270 
To use smog chamber to evaluate an atmospheric chemical mechanism, you must include 271 
a set of chamber-dependent reactions that describe the above processes, known as the 272 
auxiliary mechanism, which are appended to the principal reaction mechanism that is 273 
being tested. The auxiliary mechanism also includes reaction of measured background 274 
VOC, treated as a mixture of the rural background air in Pittsboro, Chatham County 275 
North Carolina. Effects of background VOC are minimal and have been extensively 276 
tested previously with background VOC and NOx experiments [37]. 277 
 278 
The existence and magnitude of wall processes is determined by conducting chamber 279 
characterization experiments. These experiments only include chemical systems that are 280 
well understood and can be represented by explicit chemical mechanisms (e.g. CO/ NOx, 281 
HCHO/ NOx, CH4/ NOx). For the UNC chamber an auxiliary mechanism was proposed in 282 
2002 by Jeffries et al. (2002). Yarwood et al. (2005) updated the UNC wall reaction 283 
mechanism based heavily on CO/ NOx characterization experiments. Although CO is 284 
useful as a characterization experiment; one problem at UNC chambers has been the 285 
formation of an iron carbonyl complex in the CO tank that is highly reactive when 286 
injected in the chamber. For this reason, we reverted to the auxiliary mechanism 287 
developed by Jeffries et al. (2002), that puts less weight on CO characterization 288 
experiments. Table 2 shows the auxiliary mechanism developed for this study. 289 
 290 
Select characterization experiments used to formulate this mechanism are shown in 291 
Figures S4-S10 in the supplementary material. The explicit mechanisms for CO, CH4, 292 
HCHO, acetaldehyde, ethene, and propene with updated rate constants and CS/QY are 293 
used as the principal reaction mechanisms. The biggest impact on the magnitude of 294 
chamber radical source is from the inclusion of the newer, reduced rate constant for 295 
radical termination reaction, OH + NO2 

[33]. This reduction means a light-dependent 296 
“missing” HONO source, that was part of the auxiliary mechanism developed by Jeffries 297 
et al. (2002) (as shown in reaction 17 - Table 2), is no longer required. Further, the OH + 298 
NO2 rate constant in all seven chemical mechanisms is changed to maintain consistency 299 
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in required chamber radical sources between characterization experiments and 300 
aromatic/VOC mixture experiments. 301 
 302 
In addition to the auxiliary mechanism, each experiment has unique injection values of 303 
initial wall water and initial HONO. These are dependent on the amount of time the 304 
chamber is vented with dry air before the experiment and recent history of experiments 305 
conducted in the chamber prior to that experiment. 306 
 307 

2.3 Hydrocarbon speciation and chamber simulations 308 
Modeling smog chamber experiments with different mechanisms requires assignment of 309 
injected VOC species to appropriate mechanism species. For MCMv3.1, a majority of 310 
VOCs injected in the chamber were treated explicitly. Certain species that were not 311 
present in the MCM, were assigned the closest surrogate species. A list of these species 312 
and their surrogates is shown on Table S3 in the supplementary material. For Carbon 313 
Bond and SAPRC mechanisms, special programs were developed that uses a published 314 
speciation database [38]. The database includes speciation information for all the VOC 315 
species injected in the chamber. 316 
 317 
The chemical kinetic solver Morpho is used to solve the gas-phase chemistry for all 318 
mechanisms [39]. Much of the data needed for input to the simulation system is in the 319 
form of ASCII text files that has a collection of data segments with different time-base 320 
associated with the operation of different sampling instruments. In all, 68 experiments are 321 
simulated with seven different chemical mechanisms and the simulation results compared 322 
with NO, NO2, O3, and limited primary and secondary VOC data. 323 
 324 

2.4 Measures of results 325 
In addition to comparing observed temporal profiles of NO, NO2, and O3 against 326 
simulated values for selective experiments; it is necessary to compute different overall 327 
measures of results for all experiments. We selected one time of recognizable event (NO- 328 
NO2 crossover time), three slopes (NO, NO2, and O3), and two maximum mixing ratios 329 
(i.e., NO2 and O3 maximum) as measures to be compared between observations and 330 
simulation results for each experiment. These measures are important indicators of the 331 
evolution of atmospheric photochemistry and are all described in Figure S3 [40]. For 332 
example, all the indicated measures are reported in the form of relative error computed 333 
using Equation 2. 334 
 335 
error = (model − data)/data    (2) 336 
 337 

3. Results and Discussion 338 

3.1. Mechanism inter‐comparison: Experiments with aromatics 339 
Results from two experiments conducted on August 1, 1983 in the dual outdoor UNC 340 
smog chamber are presented in detail. In one isolated half of the chamber (indicated as 341 
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red side) 4 ppmC toluene/0.373 ppm NOx is injected and 2.6 ppmC o-xylene /0.373 ppm 342 
NOx is injected in the other isolated half of the chamber (indicated as blue side). Figures 343 
1 and 2 show the comparison of observed O3, NO, and NO2 versus simulated results for 344 
the red and blue side of the chamber for all seven mechanisms. 345 
 346 
On August 1 both the CB4-2002 and CB05 mechanisms tend to underpredict ozone and 347 
predict slow NO to NO2 conversion, leading to higher modeled NO- NO2 crossover 348 
times. All the remaining mechanisms tend to underpredict modeled NO- NO2 crossover 349 
times, indicating higher reactivity earlier in the day and except CB05TU, tend to over-350 
predict final ozone (Figure 1). One characteristic feature of toluene experiments is the 351 
“hockey stick” like trend for O3. In Figure 2, the o-Xylene experiment shows a different 352 
observed O3 profile. In this experiment the ozone concentrations have a continued rise for 353 
a few hours after mid-day (at a substantially lower slope than the initial rise) and starts 354 
dropping typically after 1500 local daylight time (LDT). All mechanisms are capable of 355 
predicting this trend as shown in Figure 2. For this experiment, CB05, CB05TU, 356 
SAPRC07, and CS07 tend to under-estimate the NO- NO2 crossover times. Also, CB4-357 
2002, CB05, and CB05TU underpredict O3 compared to the remaining set of mechanisms 358 
and overall CB05RMK performs the best for this particular experiment. 359 
 360 
Figure 3 shows temporal profile plots for an experiment performed on August 03, 1995, 361 
with 9 ppmC 1,3,5-TMB/0.629 ppm NOx injection for four mechanisms. The observed 362 
O3 profile for 1,3,5-TMB shows a rapid rise initially, then a decline between 363 
approximately 0900 to 1100 LDT and sharp rise again till the end of the day. The 364 
simulations from both the Carbon Bond mechanisms fail to reproduce this temporal 365 
profile. The SAPRC07 and MCMv3.1 are able to reproduce this behavior, but both 366 
overpredict O3. 367 
 368 
Figures 4 (a), (b), and (c) show the measured toluene, o-xylene, and 1,3,5- TMB 369 
degradation against predicted values for the three experiments described above. For 370 
toluene, all mechanisms show faster initial decay and slower late-afternoon decay when 371 
compared against the solid observed decay. For o-xylene, the results are similar to 372 
toluene, except for the first two hours of the experiment that shows slower decay for all 373 
mechanisms. For 1,3,5- TMB, the late-afternoon decay is severely underpredicted in all 374 
mechanisms consistent with the inability to predict sharp O3 rise in the late afternoon 375 
(Figure 3). 376 
 377 
Figure 5 shows the measures of results, as discussed in section 2.4, for all aromatic 378 
experiments. Peak O3 is slightly underpredicted in most experiments for CB4-2002, 379 
CB05, and CB05TU mechanisms. O3 is slightly overpredicted for CB05RMK, 380 
SAPRC07, and CS07. MCMv3.1 largely overpredicts O3 with a median of approximately 381 
50% relative error (Figure 5 (a)). Figure 5 (b) shows that NO- NO2 crossover times are 382 
mostly underpredicted in all mechanisms, indicating early simulated NO to NO2 383 
conversion compared to actual observations. This underprediction is particularly severe 384 
in CB05TU. The peak NO2 is slightly underpredicted for most experiments by all 385 
mechanisms except MCMv3.1, which shows a slight over-prediction for most 386 
experiments (Figure 5 (c)). Figures 5 (d), (e), and (f) show the errors in slopes for O3, 387 
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NO, and NO2. Positive relative errors for both absolute NO degradation slope and NO2 388 
rise indicate faster prediction of NO to NO2 conversion from all mechanisms except 389 
CB4-2002 (Figures 5 (e) and (f)). The median relative error for O3 slope (Figure 5 (d)) is 390 
fairly close to the zero error line for all mechanisms. 391 

3.2. Mechanism inter‐comparison: Experiments with VOC mixtures 392 
Figure 6 shows the measures of results for all VOC mixture injection experiments. Peak 393 
O3 is generally over-predicted by all mechanisms except CB4-2002 (Figure 6 (a)). 394 
Similar to aromatic experiments, the NO- NO2 crossover times are underpredicted in all 395 
mechanisms (Figure 6 (b)). Figure 6 (c) shows considerable scatter in the peak NO2 396 
relative error. In general the medians of the relative error in peak NO2 for all 397 
mechanisms, except MCMv3.1, are negative indicating lower simulated peak NO2 398 
compared to observed data. Both the NO and NO2 slopes (Figure 6 (e) and (f)) from all 399 
mechanisms do not show a particular bias towards positive values as was seen in 400 
aromatics (Figures 5 (e) and (f)). 401 

3.3. Ozone predictions from unsaturated dicarbonyls 402 
As seen from observed O3 temporal profiles in Figures 1-3, the presence of extra methyl 403 
groups on the aromatic ring results in different trends in O3 behavior particularly later in 404 
the day. This is primarily due to the distribution of intermediate ring-opening unsaturated 405 
dicarbonyl oxidation products formed from different aromatic oxidation systems. Each of 406 
the intermediate products undergoes further oxidation and several of these species can act 407 
as temporary NO2 sinks and can decompose to release NO2 later in the day at higher 408 
temperatures. Although the complete identification of all intermediate products is an 409 
active research area, several important intermediates have been identified. It has been 410 
shown that 1,4-butenedial is a major intermediate product from toluene, 4-oxo-2-pentenal 411 
is a major intermediate product from o-xylene, and 3-hexene-2,5-dione is a major 412 
intermediate product from 1,3,5-TMB oxidation systems [41]. Sub-parts of chemical 413 
mechanisms that represent ring-opening product oxidation chemistry are tested using a 414 
total of four experiments: one experiment with 1 ppm butenedial/0.66 ppm NOx injection, 415 
two 4-oxo-2-pentenal experiments, one with 0.81 ppm and another with 1.5 ppm 416 
injection along with 0.66 ppm NOx, and one experiment with 0.95 ppm 3-hexene-2,5-417 
dione with 0.66 NOx injection. 418 
 419 
Figure 7 shows the observed and modeled NO, NO2, and O3 profiles for both the red and 420 
blue side of the chamber. The CB05TU mechanism (like the CB05 mechanism) uses a 421 
single model species called “OPEN” to represent all the ring-opening products from 422 
aromatic oxidation. This highly condensed representation results in prediction of lower 423 
O3 compared to observations. CB05RMK has semi-explicit representations of both 424 
butenedial and 4-oxo-2-pentenal resulting in better predictions for O3 when compared to 425 
observations. Both SAPRC07 and MCMv3.1 over-predict O3, but are unable to match the 426 
temporal profile. Figure 8 show the observed and modeled NO, NO2, and O3 profiles for 427 
the 3-hexene-2,5-dione experiment conducted on the blue side of the chamber. Once 428 
again both SAPRC07 and MCMv3.1 perform fairly well. Both CB05TU and CB05RMK 429 
underpredict O3 largely due to lack of explicit or semi-explicit representation of 3-430 
hexene-2,5-dione. The oxidation of this particular ring-opening product is fairly unique 431 
and possibly largely responsible for the O3 behavior in 1,3,5-TMB/ NOx oxidation 432 
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systems. 433 

3.4. Discussion  434 

3.4.1. Aromatics 435 
It is clear from observed O3 profiles for toluene, xylene, and 1,3,5-TMB (Figure 1, 5 and 436 
6) that the oxidation chemistry of first-generation ring-opening products differs greatly 437 
and influences O3 production in unique ways. Representation of these products has been a 438 
ongoing challenge for condensed mechanisms. The inherent constraint in formulation of 439 
CB4-2002, CB05, and CB05TU is the representation of these products as a single 440 
mechanism species called “OPEN”. For 1,3,5-TMB this constraint also partly arises from 441 
loss of information due to the representation of this primary aromatic as xylene and a 442 
single carbon alkane (PAR) mechanism species. CB05RMK includes semi-explicit 443 
representations of certain unsaturated dicarbonyl ring-opening products (e.g., 1,4-444 
butenedial, 4-oxo-pentenal and 2-methyl-2,4-hexadienedial). These species are 445 
representative of a spectrum of ring-opening products, with each semi-explicit species 446 
representing the unique oxidation chemistry associated with a particular group of ring-447 
opening products. For the CB05RMK mechanism this results in better predictions of peak 448 
O3 (Figure 5 (a)), NO- NO2 crossover times (Figure 5 (b)), and temporal profile of O3 in 449 
unsaturated dicarbonyl experiments (Figures 7 (a) and 8 (a)). In general, SAPRC07 450 
performs well for both 1,3,5-TMB (Figure 3 (c)) and unsaturated dicarbonyl experiments 451 
(Figures 7 (c) and 8 (c)) due to three lumped representations of ring-opening products 452 
namely AFG1, AFG2, and AFG3. MCMv3.1 uses explicit species to represent ring-453 
opening products and not surprisingly also performed well (Figures 7 (d) and 8 (d)), but 454 
like SAPRC07 it overpredicts ozone for the butenedial and oxopentenal experiments. The 455 
measures of results for aromatics (Figure 5) in general indicate the problem of faster and 456 
earlier simulated NO to NO2 conversion particularly with the newer CB, SAPRC, and 457 
MCM mechanisms. This overall NO to NO2 conversion rate helps with simulating rapid 458 
O3 production as is typically observed in aromatic experiments. However, it also results 459 
in over-prediction of peak O3 at the end of the experiment. This problem is particularly 460 
severe in MCMv3.1. Several theories have been proposed to resolve this issue and tested 461 
against chamber data to explain the high concentrations of OH radicals that lead to the 462 
aromatic decay without undergoing NO to NO2 conversion [32], however, this remains a 463 
problem to be confirmed experimentally for aromatics. 464 

3.4.2. VOC Mixtures 465 
Experiments with VOC mixtures fully test the interactions between individual 466 
components of each mechanism. For VOC mixture experiments in the UNC chamber, 467 
peak O3 is mostly over-predicted for all mechanisms (Figure 6 (a)). For MCMv3.1 a large 468 
overprediction is primarily influenced by the fast NO to NO2 oxidation rate for aromatics. 469 
 470 
The predicted NO, NO2, and O3 for individual VOC mixture experiments depend on the 471 
composition of the injected mixture for each mechanism and the injected VOC to NOx 472 
ratio. For example, Figure 9 shows these profiles for two experiments, 3.0 ppmC SynIAG 473 
injected on one side of the chamber and 3.0 ppmC SynM85 injected on another side, with 474 
approximately 0.3 ppm NOx. The solid observed lines clearly indicate SynIAG produces 475 
more O3, most likely due to the larger carbon fractions of aromatics in SynIAG as 476 
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compared to SynM85 and the presence of highly reactive aldehydes in SynIAG mixture. 477 
For the SynIAG experiment, SAPRC07 performs well, but it overpredicts O3 and 478 
underpredicts NO- NO2 crossover times for the SynM85 experiment. For this reason, it is 479 
difficult to assess mechanism performance for VOC mixtures from the overall measures 480 
of results. Nevertheless, Figure 6 is a good indicator of mechanism performance across a 481 
range of VOC mixtures that might be present in an urban environment. 482 

3.5. Conclusions 483 
Seven gas-phase chemical mechanisms were compared against a large database of 484 
chamber data representing a variety of aromatic, ring-opening products, and VOC 485 
mixture experiments. The mechanisms use the reaction rate for the OH + NO2 suggested 486 
by Mollner et al. (2010). The results from individual aromatic and ring-opening 487 
intermediate product experiments clearly show the need to include more explicit/semi-488 
explicit representations of ring-opening products in any condensed mechanism. Without 489 
this representation it is likely not possible to capture the unique reactivity of individual 490 
carbonyl products.  491 
 492 
Both SAPRC07 and MCMv3.1 largely over-predict peak O3 and underpredict NO- NO2 493 
crossover times in aromatic and VOC mixture experiments. Both these mechanisms also 494 
over-predict the absolute NO degradation slope and NO2 rise slope. This suggests faster 495 
and earlier NO to NO2 oxidation rate. One possibility discussed in the literature is the 496 
regeneration of OH without NO to NO2 conversion [21]. This pathway can help reduce 497 
peak O3 and NO to NO2 oxidation rate discrepancies. For CB mechanisms, it is hard to 498 
make general conclusions about mechanism deficiencies since they are highly tuned to 499 
predict O3 in VOC mixtures. CB05TU is highly reactive earlier in the day, leading to 500 
large underprediction of NO- NO2 crossover times. Results from CB05RMK validate the 501 
need for additional open-ring species in current CB mechanisms. This can also be useful 502 
for secondary organic aerosol prediction as shown by Kamens et al. (2011). �In 503 
summary, all mechanisms except MCMv3.1 manage to predict the median of peak O3 504 
with a relative error less than 25%, for both aromatic and VOC mixtures. Although 505 
MCMv3.1 largely overpredicts peak O3, it does relatively better in predicting the peak 506 
NO2 compared to other mechanisms.   507 
 508 
This analysis shows that different and widely-accepted methods for representing aromatic 509 
photochemistry in regulatory and research models can have significant effects on the 510 
evolution of ozone and NOx concentrations. The experiments in this manuscript were not 511 
at ambient conditions, but instead were designed specifically to test the chemistry of 512 
several chemical mechanisms. The use of larger than ambient initial amounts of NOx in 513 
the chambers allows for all day oxidation. In each experiment the terminal phase (e.g., 514 
removal of all reactive NOx) is reached late in the day as the actinic flux was declining. 515 
Thus, these experiments are a real challenge for these mechanisms to simulate the 516 
midday propagation period when the transition from the initial reactants to the primary 517 
products occur providing new radicals via photolysis processes at high actinic fluxes. 518 
These experiments are an indicator of the ability of the mechanism to simulate chemistry 519 
in air quality models.  520 
 521 
Additional analyses need to be conducted to understand how these different 522 
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representations of aromatics might affect concentrations in ambient atmospheric 523 
conditions, although the uncertainty in these uncontrolled simulations will make it 524 
difficult to accurately evaluate them.  The atmospheric chemistry of aromatic compounds 525 
remains an area of huge uncertainty, which requires additional research before we can 526 
confidently understand how to best represent it in air quality models.  527 

 528 
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Figure and Table Captions 537 
Figure 1: Observed and modeled O3, NO, and NO2 mixing ratios for a toluene experiment 538 
conducted on August 1, 1983. The plots also show the total modeled nitrate. 539 
 540 
Figure 2: Observed and modeled O3, NO, and NO2 mixing ratios for o-xylene experiment 541 
conducted on August 1, 1983. The plots also show the total modeled nitrate from all 542 
mechanisms except MCMv31. 543 
 544 
Figure 3: Observed and modeled O3, NO, and NO2 mixing ratios for 1,3,5- 545 
trimethylbenzene experiment conducted on August 3, 1995. The dashed lines represent 546 
the modeling results and the solid lines represent observed data. The plots also show the 547 
total modeled nitrate from all mechanisms except MCMv31. 548 
 549 
Figure 4: Observed and modeled toluene, o-xylene and 1,3,5-TMB mixing ratios for three 550 
experiments. The dashed lines represent the modeling results and the solid lines represent 551 
observed data. 552 
 553 
Figure 5: Overall measures of results for all aromatic experiments. All the above 554 
indicated measures are reported in the form of relative error computed using Equation 2. 555 
 556 
Figure 6: Overall measures of results for all VOC mixture experiments. All the above 557 
indicated measures are reported in the form of relative error computed using Equation 2. 558 
 559 
Figure 7: Observed and modeled O3, NO, and NO2 mixing ratios for 1,4-butenedial and 560 
4-oxo-2-pentenal experiment conducted on June 18, 1998. The dashed lines represent the 561 
modeling results and the solid lines represent observed data. 562 
 563 
Figure 8: Observed and modeled O3, NO, and NO2 mixing ratios for 4-oxo-2-pentenal 564 
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and 3-hexene-2,5-dione experiment conducted on July 2, 1998. The dashed lines 565 
represent the modeling results and the solid lines represent observed data. 566 
 567 
Figure 9: Observed and modeled O3, NO, and NO2 mixing ratios for SynIAG and 568 
SynM85 VOC mixture experiment conducted on July 24, 1991. The dashed lines 569 
represent the modeling results for SAPRC07 mechanism and the solid lines represent 570 
observed data.  571 
 572 
Table 1: Categorization of chamber experiments based on initial injections in the 573 
chamber. 574 
 575 
Table 2: Auxiliary mechanism in the UNC chamber. 576 
 577 

Supplemental Figure and Table Captions 578 
Figure S1: Model predicted actinic flux inside the UNC chamber for June 26, 1997. 579 
 580 
Figure S2: Model predicted photolysis rates inside the UNC chamber for June 26, 1997. 581 
 582 
Figure S3: Definition of all metrics used to evaluate mechanism performance and 583 
appear in the bar plots. 584 
 585 
Figure S4: Observed and modeled O3, NO, and NO2 for chamber characterization 586 
experiments of carbon monoxide.  587 
 588 
Figure S5: Observed and modeled O3, NO, and NO2 for chamber characterization 589 
experiments of methane on August 10, 1992. 590 
 591 
Figure S6: Observed and modeled O3, NO, and NO2 for chamber characterization 592 
experiments of methane on July 21, 1991.  593 
 594 
Figure S7: Observed and modeled O3, NO, and NO2 for chamber characterization 595 
experiments of methane on September 7, 1990.  596 
 597 
Figure S8: Observed and modeled O3, NO, and NO2 for chamber characterization 598 
experiments of formaldehyde (top) and ethene (bottom) methane on August 16, 1998. 599 
 600 
Figure S9: Observed and modeled O3, NO, and NO2 for chamber characterization 601 
experiments of formaldehyde on July 8, 1986. 602 
 603 
Figure S10: Observed and modeled O3, NO, and NO2 for chamber characterization 604 
experiments of acetaldehyde (top) and propene (bottom) on June 17, 1998.  605 
 606 
Table S1: Carbon fractions of various alkanes, alkenes, carbonyls, and aromatics across 607 
different hydrocarbon mixtures injected in experiments conducted at the UNC outdoor 608 
chamber. For SynE85, carbon fractions are without ethyl alcohol. 609 
 610 
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Table S2: List of experiments that were performed at UNC chamber and modeled for this 611 
study. 612 
 613 
Table S3: List of injected species not present in�MCMv3.1 and closest surrogate species 614 
used to model MCMv3.1 in this study. 615 
 616 
 617 
  618 
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Figure 4: Observed and modeled O3, NO and NO2 mixing ratios for toluene experiment
conducted on August 01, 1983. The plots also show the total modeled nitrate.
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(a) CB4-2002 (b) CB05

(c) CB05TU (d) CB05RMK

(e) SAPRC07 (f) CS07

(g) MCMv3.1
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Modeled Total NO3 

Figure 5: Observed and modeled O3, NO and NO2 mixing ratios for o-xylene experiment
conducted on August 01, 1983. The plots also show the total modeled nitrate from all
mechanisms except MCMv31.
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(a) CB05 (b) CB05TU

(c) SAPRC07 (d) MCMv3.1

Figure 6: Observed and modeled O3, NO and NO2 mixing ratios for 1,3,5-
trimethylbenzene experiment conducted on August 03, 1995. The dashed lines represent
the modeling results and the solid lines represent observed data. The plots also show the
total modeled nitrate from all mechanisms except MCMv31.
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(a) CB05 (b) CB05TU

(c) SAPRC07 (d) MCMv3.1

Figure 6: Observed and modeled O3, NO and NO2 mixing ratios for 1,3,5-
trimethylbenzene experiment conducted on August 03, 1995. The dashed lines represent
the modeling results and the solid lines represent observed data. The plots also show the
total modeled nitrate from all mechanisms except MCMv31.
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(a) 4 ppmC toluene/0.373 ppm NO
x
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(b) 2.6 ppmC/0.373 ppm NO
x
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(c) 9 ppmC 1,3,5-TMB/0.629 ppm NO
x

Figure 7: Observed and modeled toluene, o-xylene and 1,3,5-TMB mixing ratios for three
experiments. The dashed lines represent the modeling results and the solid lines represent
observed data.
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(a) (b)

(c) (d)

(e) (f)

Figure 8: Overall measures of results for all aromatic experiments. All the above indicated
measures are reported in the form of relative error computed using Equation 2
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(a) (b)

(c) (d)

(e) (f)

Figure 9: Overall measures of results for all VOC mixture experiments. All the above
indicated measures are reported in the form of relative error computed using Equation 2

29



(a) CB05RMK (b) CB05TU

(c) SAPRC07 (d) MCMv3.1

Figure 10: Observed and modeled O3, NO and NO2 mixing ratios for 1,4-butenedial and
4-oxo-2-pentenal experiment conducted on June 18, 1998. The dashed lines represent the
modeling results and the solid lines represent observed data.
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(a) CB05RMK (b) CB05TU

(c) SAPRC07 (d) MCMv3.1

Figure 11: Observed and modeled O3, NO and NO2 mixing ratios for 4-oxo-2-pentenal
and 3-hexene-2,5-dione experiment conducted on July 02, 1998. The dashed lines represent
the modeling results and the solid lines represent observed data.
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Species/MixturesA Initial VOC:NOxB ExperimentsC 

Toluene 6-21 6
o/m/p-Xylene 2-13 5

1,3,5-TMBD 
14 1

Toluene + p-Xylene +1,3,5-TMB 13 1
Butenedial 6 1
4-oxo-2-pentenal 6-11 2
3-hexene-2,5-dione 9 1
Toluene + UNCMIX80 9 1
m-Xylene + UNCMIX80 9 1
SynUrban 4-19 19
SynE85B + SynUrban 6 1
SynIAG 6-9 4
SynIAG + SynUrban 5-9 9
Isoprene + SynUrban 4 1
SynM85 6-9 3
SynM85 + SynUrban 5-8 4
SynE85E 6 1
SynE85E + SynUrban 5-6 3

SynE85E (minus EtOH)E+ SynUrban 6 1
SynCNG + SynUrban 9 1
Carter Mixture 6 1
SynLPG + SynUrban 6 1
AInitial injection species or mixture. Mixture compositions are reported in supplementary material. 

BRatio of initial VOC to NOx concentrations in the chamber. For multiple experiments in the same category, the range of VOC to

CNumber of experiments performed in each category. 

D1,3,5-TMB is 1,3,5-trimethylbenzene.  

ESynE85E (minus EtOH) represents Synthetic E85 fuel mixture without ethyl alcohol.



o NOx ratio across all experiments in a particular category is reported. 



No. Reaction Rate

Background VOCA

1 OH+BVOC0.667*CH3-OO. + 0.167*CH3-CO-OO. 3x10-12 MPCC-1sec-1 

DepositionB

2 H2O2 6.7x10-4 sec-1 

3 O3 2.3x10-6 sec-1 

4 N2O52.0*WHNO3 4.2x10-5 sec-1

5 N2O5+WH2O2.0*WHNO3 9x10-22 exp(2000/TK) MPCC-1sec-1 

Wall PartitioningC 

6 HNO3+WH2OWHNO3 2.6x10-18 MPCC-1sec-1 

7 WHNO3HNO3 6.6x10-6 sec-1

8 HONO+WH2OWHONO 4.5x10-21 MPCC-1sec-1 

9 WHONOHONO 3.3x10-3 sec-1 

NOx wall reactionsD

10 NO2+WH2OWNO2 2.0x10-20 MPCC-1sec-1

11 WNO2NO2 2.6x10-7sec-1

12 WNO2+WNO2WN2O4 2.0x10-15 MPCC-1sec-1

13 WN2O4+WH2OWHONO+WHNO3 4.0x10-15 MPCC-1sec-1 

14 NO+WHNO31.0*HONO+1.0*NO2 6.09x10-18 MPCC-1sec-1 

15 NO2+WHNO31.0*HONO+1.0*NO2 3.38x10-19 MPCC-1sec-1 

16 WHNO3+hvNO2 j(NO2 to O3P)*8.0x10-5 sec-1 

17 NO2+hvHONO j(NO2 to O3P)*0.0 sec-1 

DWNO, WNO2 and WN2O4 represent different chamber wall nitric oxides.

ABackground VOC represents the measured VOCs in the rural background air in Pittsboro, NC. The 

auxiliary mechanism treats this background mixture as a single model species that reacts with the .OH 
radical. 
BWHNO3 and WH2O represent the chamber wall nitric acid and wall water species 
CWHONO represents the chamber wall HONO species.


