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ABSTRACT

M ODELING SECONDARY ORGANIC AEROSOL FORM ATION 
FROM BIOGENIC HYDROCARBONS

by

Jianjun Chen 

University o f New Hampshire, September, 2007 

Secondary organic aerosol (SOA) is formed generally by the oxidation of gas- 

phase volatile organic compounds (VOCs) to form semi- or non-volatile products that 

then undergo gas to particle partitioning. In this work, the Caltech Atmospheric 

Chem istry M echanism (CACM) and the Model to Predict the M ulti-phase Partitioning of 

Organics (MPMPO) were updated with detailed chemistry associated with three 

m onoterpene species — a-pinene, P-pinene, and d-limonene. The updated CACM  and 

M PM PO modules were calibrated by ozone formation and SOA yield data for a-pinene, 

P-pinene, and d-limonene from chamber experiments. Then, the updated CACM  and 

M PM PO  were incorporated into the Community M ulti-scale A ir Quality M odel v4.4 

(CM AQ). CM AQ with the updated CACM  and M PM PO was applied to the eastern 

United States (US) for August 3-4, 2004. It was found that SOA formation for this 

domain was dominated by monoterpenes. CM AQ with CACM  and M PM PO predicted 

sim ilar SOA formation when compared to CM AQ with the CB-IV gas-phase mechanism 

and the SORGAM  SOA module. However, responses o f SOA predictions at Thompson 

Farm, New Hampshire to domain NO* emissions changes and tem perature variations are 

different for CACM /M PM PO and CB-IV/SORGAM .

xi
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In addition, an aqueous-phase chemistry mechanism (AqChem) was developed to 

study the potential o f SOA formation via irreversible cloud processing o f organic 

compounds. AqChem considers irreversible organic reactions that lead mainly to the 

formation o f carboxylic acids, which are usually less volatile than the corresponding 

aldehydes. AqChem was incorporated into CM AQ with CACM /M PM PO and applied to 

the eastern US for August 3-4, 2004. The CM AQ simulation indicates that the maximum 

contribution of SOA formation from irreversible reactions o f organics in clouds is 0.28

3 3pg/m  for 24-hour average concentrations and 0.60 pg/m  for one-hour average 

concentrations at certain locations. On average, domain-wide surface SOA predictions 

over the episode are increased by 8 .6 % when irreversible, in-cloud processing o f organics 

is considered. For our modeling domain and episode, the increase o f SOA predictions is 

due to the cloud processing o f oxidation products from monoterpenes, while contribution 

from irreversible cloud processing o f isoprene oxidation products is negligible.

Xll
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CHAPTER I

INTRODUCTION

Motivation of the Thesis

Atmospheric particulate matter (PM) is associated with adverse human health 

effects, impaired visibility, and global climate change. Epidemiological studies show that 

elevated PM concentrations are linked with increased morbidity and mortality (Pope and 

Dockery, 2006). The United States (US) Environmental Protection Agency (EPA) has 

established air quality standards for 24-hour and annual average PM2.5 (PM of 

aerodynamic diam eter smaller than 2.5 micron) concentrations and 24-hour average PM 10 

(PM of aerodynamic diam eter smaller than 10 micron) concentrations to protect human 

exposure to PM (40 CFR part 50). Atmospheric aerosols directly influence clim ate by 

affecting incom ing solar radiation and outgoing therm al-infrared radiation through 

scattering and absorption o f solar radiation (Charlson et al., 1992; Jacobson, 2001). 

Atm ospheric aerosols indirectly affect climate by affecting the radiative properties, 

amount, and lifetime o f clouds (Jones et al., 1994).

Atm ospheric PM is composed o f a variety of chemical species. The major 

chemical species are inorganic salts (e.g., sulfate, nitrate, and ammonium), siliceous 

crustal minerals, elemental carbon (EC), and organic aerosol (OA) (Seinfeld and Pankow, 

2003). Among them, OA typically constitutes 20-60% of PM2.5 by mass depending on 

location and time (Chow et al., 1994; NARSTO, 2004). OA consists o f prim ary OA

1
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(POA) and secondary OA (SOA). POA is emitted directly from emission sources (e.g, 

fossil fuel burning and biomass burning) (Liousse et al., 1996; Bond, et al., 2004). SOA 

is formed in the atmosphere from the oxidation o f volatile organic compounds (VOCs) 

(Seinfeld and Pankow, 2003). The relative abundance o f POA and SOA varies with 

location and time. M odeling studies have demonstrated that under certain circumstances, 

SOA constitutes a substantial fraction o f OA (Kanakidou et al., 2000; Griffin et al., 

2002a; Pun et al., 2003; Cabada et al., 2004; Yu et al., 2004).

Over the past decade, substantial work has been devoted to elucidation o f SOA 

formation mechanisms in the atmosphere. Despite the fact that significant progress has 

been made, our knowledge on SOA formation is still far from being complete 

(Kanakidou et al., 2005).

Three-dimensional air quality models, which combine the representation o f 

various processes governing the properties o f PM  in the atmosphere, have been 

developed and widely used for both research and regulatory puiposes (Seigneur, 2001). 

Because o f the complexity o f SOA formation processes and the limited understanding o f 

these processes, treatment o f SOA formation is one o f the most uncertain parts o f current 

state-of-the-art three-dimensional PM models (Seigneur, 2001; Pun et al., 2003; 

NARSTO, 2004). The motivation o f this thesis is to update and improve representation 

o f SOA formation in three-dimensional air quality models applied to the eastern US.

Background on SOA Formation Mechanisms

SOA is formed when gas-phase VOCs are oxidized in the atmosphere to form 

higher polarity and lower volatility products which then partition to the aerosol phase 

(Seinfeld and Pankow, 2003). Over the last decade, much work has been devoted to

2
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elucidate the gas-phase oxidation mechanisms o f VOCs and the partitioning mechanism 

for semi-volatile organics.

VOCs are oxidized by various species in the atmosphere (e.g., hydroxyl radical 

(OH), ozone (O3), and the nitrate radical (NO3)). The oxidation processes typically lead 

to formation o f semi-volatile organics, which typically exhibit lower vapor pressure and 

higher solubility because of the presence of functional groups. For the purpose o f 

studying SOA formation, the investigation o f oxidation o f VOCs has been focused on the 

chemical identification and quantification o f semi-volatile organics and elucidation of 

their mechanistic formation pathways. Because of the im portance of SOA formation 

from monoterpenes, oxidation o f monoterpenes (e.g., a-pinene) in the atmosphere has 

received substantial attention. For example, studies concerning the oxidation o f a-pinene 

include reaction with OH (Arey et al., 1990; Hakola et al., 1994; Hallquist et al, 1997; 

Jaoui and Kamens, 2001; W interhalter et al., 2003), reaction with N O 3 (Hallquist et al, 

1997; W angberg et al., 1997), and reaction with O3 (Hakola et al, 1994; Kamens et al., 

1999; Yu et al, 1999; Koch et al., 2000; W interhalter et al., 2003). The reactions o f a- 

pinene with OH, NO 3, and O 3 lead to the formation of a large num ber of semi-volatile 

organics, examples o f which include aldehydes, oxo-aldehydes, carboxylic acids, oxy- 

carboxylic acids, hydroxy-carboxylic acids, dicarboxylic acids, and organic nitrates 

(Kanakidou et al., 2005). M echanisms have been proposed for formation pathways o f 

these products (Kamens et al, 1999; W interhalter et al., 2003; Jenkin, 2004).

SOA is formed from the partitioning of semi-volatile organics (SVOCs) between 

gas and aerosol phases or full partitioning o f non-volatile organics. The mostly widely 

accepted theory describing the partitioning o f SVOCs is that proposed by Pankow (1994).

3
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This theory states that SOA formation results from the absorption o f semi-volatile 

organics into existing particle-phase organic material in a m anner analogous to H enry’s 

law. In an SOA system assumed to be free of any particle-phase water, a temperature- 

dependent partitioning coefficient, Komj (m3 p g 1), for compound / is represented by 

(Pankow, 1994; Pankow et al., 2001)

K  -- A ‘ -  R T  (1)
^  G i M„ MWoJ 0 6r iP ; ,

3 3where A, (pg m" ) and G, (pg m ' ) are the aerosol- and gas-phase concentrations of 

compound i, respectively, M„ (pg m '3) is the total aerosol-phase organic mass 

concentration (including POA, if present), R  is the ideal gas constant (8.206 x 10' 5 m3atm

m ol ' 1 K"1), T  is temperature (K), M W om is the average m olecular weight o f the organic

phase (g m o l1), y, is the activity coefficient o f compound i, and p ’u  is the sub-cooled 

liquid vapor pressure (atm) o f compound i at temperature T. In this theory, the 

partitioning o f organics is controlled mainly by vapor pressure, interaction with other 

organics (through activity coefficient), the total amount o f organic material (M0), and the 

temperature. The theory o f Pankow (1994) has been used successfully to model SOA 

formation from various hydrocarbons in laboratory chambers (e.g., Kamens et al., 1999; 

Kamens et al., 2001).

A long standing puzzle surrounding the SOA formation mechanism is that many 

semi-volatile species partition to the aerosol phase to an extent beyond that determined 

by their vapor pressure according to Equation (1) (Kanakidou et al., 2005). Recent 

experiments revealed oligomer and/or polym er formation in the aerosol phase (Jang et al., 

2002; Kalberer et al., 2004). Small molecules are oligomerized and/or polymerized in the 

aerosol phase to form larger and less volatile species. Although the exact mechanism for

4
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oligom er and/or polym er formation in the aerosol phase remains to be determined, the 

oligom er and/or polym er formation processes partially solve the puzzle described above 

(Kanakidou et al., 2005).

An additional potential SOA formation pathway is through the cloud processing 

o f organic compounds. Atmospheric organic species can dissolve into cloud and fog 

droplets. The dissolved species can undergo chemical transform ations in the aqueous 

phase, which potentially leads to the formation o f products that have lower vapor 

pressure. The less volatile products from the aqueous-phase processing may stay in the 

particle phase after evaporation of the cloud and fog droplets, leading to the addition of 

secondary particle mass to pre-existing particles. This process can lead to SOA 

formation (Blando and Turpin, 2000; Kanakidou et al., 2005). Recent atmospheric 

measurements and modeling studies have suggested the potential o f SOA formation from 

this pathway (Blando et al., 1998; Yao et al., 2002; W ameck, 2003; Ervens et al., 2004; 

Lim et al., 2005).

Approaches

Two approaches have been used primarily for modeling SOA formation in the 

atmosphere. One is based on the empirical two-product model (Odum et al., 1996), 

which assumes that there are two hypothetical products formed from the oxidation o f the 

parent VOCs and that these two hypothetical products partition to the aerosol phase by 

the absorption process. The parameters in two-product model are derived from chamber 

studies (Odum et al., 1996; Odum et al., 1997; Griffin et al., 1999). The second is a 

mechanistic approach. It simulates the probable semi-volatile products formed in the 

gas- phase oxidation process in contrast to the hypothetical products used in the two-

5
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product model (Kamens et al., 1999; 2001; Griffin et al., 2002b; Jenkin, 2004). The SOA 

modeling approach used in this thesis is a mechanistic approach and is mainly based on 

the Caltech Atmospheric Chemistry M echanism (CACM, Griffin et al., 2002b) and the 

M odel to Predict the M ultiphase Partitioning o f Organics (M PM PO, Griffin et al., 2003).

CACM  is a gas-phase chemistry mechanism. The main purpose o f CACM  is to 

predict the formation o f semi-volatile organics and O3 from the oxidation o f parent VOCs 

(Griffin et al., 2002b). In CACM , the oxidation mechanism o f VOCs is determined 

m ainly based on relevant findings from laboratory experim ents and the protocol 

regarding gas-phase oxidation o f VOCs in the atmosphere established by Jenkin et al. 

(1997). In addition, the oxidation mechanism in CACM is described in moderate detail 

so that it remains computationally reasonable for three-dimensional simulations.

M PM PO simulates the thermodynamic equilibrium between gas and aerosol 

phases for semi-volatile organics predicted from CACM. M PM PO assumes that there are 

two phases in aerosols, an aqueous phase consisting o f water and inorganic and organic 

species and an organic phase consisting o f POA and SOA species (Griffin et al., 2003). 

The equilibrium between the gas and aqueous phases is governed by H enry’s law, while 

the equilibrium between the gas and organic phases is based on Equation (1).

The host three-dimensional air quality model used in this thesis is the Community 

M ultiscale Air Quality (CMAQ) model. CM AQ is a state-of-the-science three- 

dimensional air quality model developed by the US EPA (Dennis, et al., 1996; Byun and 

Ching, 1999). It simulates the processes, which include mainly emissions, dry and wet 

depositions, advection, diffusion, gas-phase chemistry, aqueous-phase chemistry, and 

secondary aerosol formation, which govern the spatial and temporal distributions for gas-

6
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phase and aerosol-phase chemical species. CM AQ has been used widely in the US and 

internationally for both research and regulatory purposes (EPA, 2005; M ao et al., 2006; 

M orris et al., 2006; Streets et al., 2007).

In order to calibrate and evaluate the performance o f the models in the thesis, a 

wide range o f measurement data were obtained from various sources. Chamber 

experimental data were obtained from Hoffman et al. (1997), Griffin et al. (1999a), and 

Hallquist et al. (1999). Field experimental data are mainly from the AIRM AP Program 

(Talbot et al., 2005), EPA A ir Quality System, the Southeastern Aerosol Research 

Characterization Study (SEARCH) (Hansen et al., 2003), and the Interagency M onitoring 

of Protected Visual Environments (IM PROVE) (Malm et al., 1994).

Outline of the Thesis

The thesis is organized in five chapters, with the first being this introduction.

Chapter II: Modeling secondary organic aerosol formation from oxidation of 

a-pinene, p-pinene, and d-limonene. This work involves updating CACM  with explicit 

gas-phase oxidation m echanisms for a-pinene, P-pinene, and d-limonene. The gas-phase 

chem istry mechanism o f these three species was linked to an absorption code to simulate 

SOA formation from these three species for experim ents conducted in laboratory 

chambers. Simulated SOA yields for a series o f experim ents were compared with 

observed values. Results are described in Chen and Griffin (2005).

Chapter III: Application of the CACM and MPMPO modules using the 

CMAQ model for the eastern United States. This work involves incorporation of the 

updated CACM  and M PM PO code from Chapter 2 into the CM AQ model. This version 

o f CM AQ was applied to the eastern US for an episode in August 2004. Ozone and

7
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PM 2.5 chemical components from model output were com pared extensively with 

measured data from various sources. Special focus was placed on SOA prediction from 

the model. Results are described in Chen et al. (2006).

Chapter IV: Modeling secondary organic aerosol formation through cloud 

processing of organic compounds. This work evaluates the potential o f SOA formation 

from  the aqueous-phase chemistry o f organic compounds in clouds. An aqueous-phase 

chemistry mechanism that describes the irreversible reactions o f organic compounds with 

OH to form less volatile products was developed. The aqueous-phase chemistry 

mechanism was linked to CACM  and M PM PO and incorporated into the CM AQ model. 

The new model was applied to the same August 2004 episode studied in Chapter 3 to 

determ ine the potential for SOA formation due to the proposed aqueous-phase chemistry 

in clouds. This work is described in Chen et al. (2007).

Chapter V: Conclusions and future research. This section summarizes the 

conclusions from the thesis and points out future research that is needed to better simulate 

SOA formation in the atmosphere.

8
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CHAPTER n

M ODELING SECONDARY ORGANIC AEROSOL FORM ATION FROM  
OXIDATION O F A-PINENE, B-PINENE, AND D-LIM ONENE

Abstract

The biogenic species a-pinene, |3-pinene, and d-limonene are am ong the most 

abundant monoterpenes emitted globally. They are also im portant precursors to 

secondary organic aerosol (SOA) formation in the atmosphere. This study involves the 

developm ent o f proposed oxidation mechanisms for these three species. Semi- and non

volatile oxidation products with the potential to lead to SOA formation are predicted 

explicitly. Simulation code that describes the gas-phase oxidation mechanisms including 

reactions that lead to ozone (O3) formation is coupled to an equilibrium  absorptive 

partitioning code. The coupled model is used to simulate both gas-phase chemistry and 

SOA formation associated with oxidation o f these three species in chamber experiments 

involving single as well as multiple oxidants. For the partitioning model, required 

molecular properties o f the oxidation products are taken from  the literature or estimated 

based on structural characteristics. The predicted O 3 and SOA concentrations are 

typically within ±50% of the reported measured values for most o f the experiments 

except for the experiments with low initial hydrocarbon concentrations and the nitrate 

radical experiments with a-pinene. The developed model will be used to update a gas- 

phase chemical mechanism and a SOA formation module used in a three-dimensional air
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quality model.

Introduction

Biogenic hydrocarbons play important roles in tropospheric ozone (O3) 

production (Chameides et al., 1988) as well as secondary organic aerosol (SOA) 

formation (Hoffman et al., 1997; Griffin et al., 1999a; Griffin et al., 1999b). a-Pinene, 

with an endocyclic double bond, and P-pinene, with an exocyclic double bond, are the 

m ost representative and abundant monoterpenes emitted in North Am erica (Guenther et 

al., 2000). d-Limonene is the most abundant monoterpene which has both an endocyclic 

and an exocyclic double bond (Guenther et al., 2000).

A mechanistic approach has been developed recently to model atmospheric SOA 

formation (Griffin et al., 2002; Pun et al., 2002; Griffin et al., 2003). The approach 

features a detailed gas-phase chemistry model (Caltech Atmospheric Chemistry 

M echanism  or CACM) to predict explicitly potential semi-volatile organic compounds 

(SVOCs) and an aerosol module (Model to Predict M ulti-phase Partitioning o f Organics 

or M PM PO) to simulate the gas/aerosol partitioning o f SVOCs. The mechanistic 

approach for modeling SOA generated in laboratory cham ber experiments has been 

demonstrated successfully (Barthelmie and Pryor, 1999; Kamens et al., 1999; Kamens et 

al., 2001; Colville and Griffin, 2004a; Colville and Griffin, 2004b; Jenkin, 2004). The 

prim ary purposes o f this study are to develop detailed gas-phase oxidation mechanisms 

for a-pinene, P-pinene, and d-limonene under the framework o f CACM  and to simulate 

SOA formation in laboratory chambers by linking the gas-phase oxidation mechanism to 

an equilibrium absorptive model.

10
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Gas-phase Oxidation Mechanism Development

a-Pinene, P-pinene, and d-limonene react with hydroxyl radicals (OH), O3, nitrate 

radicals (NO3), and oxygen atoms (O) in the atmosphere (Atkinson, 1997). Numerous 

experimental studies have been conducted to elucidate the kinetic and mechanistic 

param eters for the oxidations o f these three species (Atkinson, 1997 and references 

therein; Atkinson and Arey, 2003 and references therein). The oxidation mechanisms 

proposed here for these three species are developed based on the organic degradation 

protocol established by Jenkin et al. (1997) and recently reported experimental results 

concerning the degradation o f these three species and formation pathways for important 

SVOCs (Jenkin et al., 2000; W interhalter et al., 2000). The host gas-phase chemistry 

model is CACM , which includes close to 200 species and over 360 reactions. CACM  has 

been incorporated into three-dimensional air quality models and applied successfully to 

various areas (Griffin et al., 2002; Pun et al., 2003).

In developing the oxidation mechanisms for the monoterpenes discussed here, a 

num ber o f simplifications are made in order to reduce the num ber of reactions and 

species that need to be considered. This is done with the goal o f minimizing 

computational demand when these mechanisms are used in a three-dimensional 

atm ospheric model. In most cases, only the dom inant position is considered for attack of 

OH on hydrocarbons. Organic peroxy radical (RO2) cross permutations and self 

reactions are treated by considering the reaction with an operator term, RO 2T, which is 

the sum o f all organic peroxy radicals (Griffin et al., 2002). Reactions among the peroxy 

radicals potentially form multifunctional carbonyls. When the formed carbonyls are 

believed to be SVOCs, they are represented explicitly. Otherwise, it is assumed that the
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products o f an RO 2 + RO2T reaction are the same as those o f  RO 2 + nitric oxide (NO) 

that are not alkyl nitrates. Criteria for whether or not a species is a SVOC include: 1) that 

it has at least 1 0  carbons and two functional groups; 2 ) that it has at least six carbon 

atom s and two functional groups, one o f which is an acid; and 3) that it is trifunctional 

(Griffin et al., 2002). It is assumed that the RO 2 + hydroperoxy radical (HO2) reaction 

forms carboxylic acid only in the case that RO 2 is an acyl radical (Griffin et al., 2002). 

Organic peroxides are not explicitly treated. Instead, when RO2 is not an acyl radical, 

RO 2 + HO 2 reactions are assumed to form the same carbonyl products as RO 2 + NO 

reactions plus either an -OOH1 or -OOH2 operator, which is similar to the treatment of 

the SAPRC mechanism (Carter, 1990). The choice of -OOH1 or -OOH2 depends on 

whether a HO 2 radical is generated in the RO 2 + NO reaction. If  HO 2 is formed in the 

RO 2 + NO reaction, -OOH1 is used; otherwise, -OOH2 is used. -OOH1 and -OOH2 are 

allowed to react as a hydroperoxide does. Upon photolysis, -OOH1 releases OH and HO 2, 

while -OOH2 releases OH. -OOH1 reacts with OH with one pathway forming H 2O and 

HO 2 and another reforming OH, while the -OOH2 operator reacts with OH with one 

pathway forming H 2O and another reforming OH.

In the following sections, detailed oxidation mechanisms for a-pinene, P-pinene, 

and d-limonene are described. These oxidation mechanisms are an interm ediate approach 

between the non-specific SAPRC mechanism (Carter, 1990) and the fully explicit M aster 

Chemical M echanism (MCM, http://chmlin9.leeds.ac.uk/M CM frame.html). Such an 

approach allows for SOA prediction based on the chemical nature o f secondary SVOCs 

while simultaneously limiting computational demand when the mechanism is associated 

with a three-dimensional atmospheric model.

12
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Oxidation M echanism for a-Pinene

A total o f 50 reactions are used to represent the oxidation mechanism for a-pinene. 

They are shown in Table A .l of the Appendix. Species involved in the oxidation 

mechanism are described in more detail in Table A.2 o f the Appendix.

OH addition to the double bond o f a-pinene forms a P-hydroxy peroxy radical, 

R O 2 IOI. (See the Appendix for notation.) Upon reaction of RO 2 IOI with NO, it is 

assum ed that 2 0 % forms hydroxy nitrate, 60% forms pinonaldehyde, and the remaining 

20%  forms formaldehyde (HCHO) and another product that is lumped to the CACM  

long-chain ketone group. The yields for hydroxy nitrate, pinonaldehyde, and HCHO are 

in general agreement with the findings o f Noziere et al. (1999). Pinonaldehyde 

undergoes photolysis and reactions with OH and NO 3 . Upon photolysis, pinonaldehyde 

forms CO, HO 2, and RO2 IO3 , a peroxy radical that reacts with NO to form 

norpinonaldehyde. Absorption cross sections for pinonaldehyde are assigned to be the 

same as other aldehydes in CACM. Based on Noziere and Barnes (1999), 80% o f OH 

attack on pinonaldehyde occurs on the aldehydic H-atom, such that an acyl peroxy radical 

(RO 2 IO6 ) is formed. Upon reaction with NO, RO 2 IO6  decomposes to form RO 2 IO3 . By 

reacting with HO 2, RO 2 IO6  also forms pinonic acid, a SVOC which has been identified in 

the aerosol phase (Yu, et al., 1998; Kamens et al., 2001). The remaining OH  attack 

occurs on other positions to form peroxy radicals that are lumped to a single a-carbonyl 

peroxy radical, RO 2 IO4 , which further decomposes to the acetyl peroxy radical (RO2 8 ) 

treated in CACM , and another peroxy radical, RO 2 IO8 , further reaction o f which leads to 

formation o f the CACM  long-chain ketone. Reaction o f pinonaldehyde with NO 3 is 

assumed to proceed via abstraction o f the aldehydic H-atom, leading to the acyl radical
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RO 2 IO6 . The reactions o f norpinonaldehyde are treated similarly to those of 

pinonaldehyde.

The O3 oxidation chemistry for a-pinene is adapted from  Jenkin et al. (2000). 

Upon reaction o f a-pinene with O3, pinonaldehyde, pinonic acid, RO2IO3, RO2IO4, and 

RO 2 IO5  are formed. RO 2 IO5 , a C 10 a-carbonyl peroxy radical, is of particular 

importance. Jenkin et al. (2000) propose an H-atom isomerization mechanism so that 

reaction o f RO2 IO5  with RO2T partly leads to 1 0 -hydroxy-pinonic acid. RO 2 IO5  also 

decomposes to RO 2 IO9 , a C9 acyl peroxy radical. Upon reaction with RO 2T, RO 2 IO9  

also forms pinic acid through 1,7 H-atom isomerization (Jenkin et al., 2000). These 

hydroxy-pinonic acid and pinic acid formation processes are param eterized empirically 

without complete treatment o f intermediate radicals. Another pinic acid formation 

pathway involving intramolecular rearrangement o f perpinalic acid (product o f RO 2 IO9  + 

H O 2) is also incorporated based on W interhalter et al. (2000). Overall, the O3 scheme 

ensures that pinonic acid, 10-hydroxy-pinonic acid, pinic acid, and pinalic-3 acid, which 

are found in significant amounts in the SOA formed in a-pinene ozonolysis experiments 

(Kamens et al., 1999; Yu et al., 1999), are produced and that their yields are comparable 

to measured values from Yu et al. (1999).

The reaction o f NO3 with a-pinene involves addition o f NO3 into the double bond 

(65% adds to the less-substituted carbon and 35% to the other carbon, based on Jenkin et 

al. (1997)), forming a P-nitrato peroxy radical, RO2 IO2 . Upon reaction with NO, 60% of 

RO 2 IO2  forms pinonaldehyde, 17.5% leads to formation o f keto-nitrate, and the 

rem ainder forms HCHO and another product lumped to the CACM  long-chain ketone 

group. Organic nitrate yields in dark experiments with NO3 have been determ ined to be
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about 14-20%  (W angberg et al. 1997; Hallquist et al., 1999). In this work, it is assumed 

that 13.5% hydroxy-nitrate and 7% keto-nitrate are formed upon reaction o f RO 2 IO2  with 

R O 2T. The O/a-pinene reaction is assumed to form an epoxide and a ketone that is 

lum ped to nopinone, which is described in the P-pinene oxidation mechanism below. No 

further reaction is considered for epoxide.

Oxidation M echanism for B-Pinene

A total o f 16 reactions are used for the P-pinene oxidation mechanism; they are 

shown in Table A.3 o f the Appendix. Descriptions o f species involved in the mechanism 

are given in more detail in Table A.4 o f the Appendix.

OH reacts with P-pinene by adding to the double bond, leading to a P-hydroxy 

peroxy radical, RO2 2 OI. Upon reaction o f RO2 2 OI with NO, a portion forms organic 

nitrate, while the remainder undergoes decomposition to form nopinone and HCHO. The 

stoichiometric coefficient for organic nitrate is determined using the formula o f Arey et 

al. (2001). Nopinone is assumed only to react with OH. Photolysis o f nopinone is not 

included because photolysis o f ketones is usually considered o f m inor importance for 

large molecules (Seinfeld and Pandis, 1998). Reaction o f nopinone with OH involves H- 

atom abstraction, leading to a peroxy radical, assumed to be 3-peroxy nopinone, RO2203. 

Upon reaction with NO, RO2203 breaks down to RO 2 IO9 , an acyl peroxy radical treated 

in the a-pinene oxidation mechanism.

The chemistry scheme for P-pinene and O3 is adapted from the work of 

W interhalter et al. (2000). Upon reaction o f P-pinene with O 3, 16% leads to nopinone 

and a Q  Criegee intermediate (C1_CI), while the remaining 84% forms HCHO and a C9 

Criegee intermediate (C9_CI). The C1_CI further forms formic acid (HCOOH), CO, and
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H 2O. Part o f C9_CI (33% of the reacted P-pinene) follows a hydroperoxide channel to 

form RO2203 and OH, and another portion (16% o f the reacted P-pinene) proceeds by the 

ester channel to form CO 2 and a product lumped to the CACM  long-chain alkane group. 

The remaining C9_CI stabilizes and forms nopinone and H 2O 2 if  it reacts with H 2O. 

Under ambient conditions, W interhalter e t al. (2000) suggest that reaction with H 2O is the 

dom inant pathway for the stabilized C9_CI. However, in cham ber experiments, other 

reactions for stabilized C9_CI could be as important. For example, Bonn et al. (2002) 

propose that secondary organic ozonides formed by combination o f stabilized C9_CI 

with nopinone act as nucleating agents during P-pinene ozonolysis experiments. Kinetic 

data for the reaction between stabilized Criegee intermediates and ketones are generally 

not available. For the model presented here, incorporation o f reactions o f the stabilized 

C9_CI with HCHO, HCOOH, NO, and NO 2 is found to have only m inor effect on O 3 and 

SOA modeling. Thus, only reaction with H 2O is considered for C9_CI. The O 3 

chemistry of P-pinene ensures that pinic acid and pinalic-3-acid, which are the major 

carboxylic acids observed in the SOA o f P-pinene ozonolysis experiments (Yu et al., 

1999), are produced.

Dark experiments in which P-pinene is oxidized by N O 3 have been found to 

generate significant SOA (Griffin et al., 1999a; Hallquist et al., 1999). NO 3 adds to the 

double bond o f P-pinene, forming P-nitrato peroxy radical RO 2 2 0 2  (80% o f nitrate adds 

to the less substituted carbon, based on Jenkin et al. (1997)). Upon reaction with NO, 

RO 2 2 0 2  leads to formation o f nopinone, dinitrate, and carbonyl nitrate. Conversely, the 

reaction o f RO2 2 0 2  with RO2T forms nopinone, dinitrate, hydroxy nitrate, and carbonyl 

nitrate. The yields o f carbonyl and hydroxy nitrate are determ ined based on the protocol
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o f Jenkin et al. (1997), while the yield o f dinitrate is assigned so that reaction between 

RO 2 2 0 2  and RO 2T leads to a yield o f organic nitrates o f approximately 70%, which is 

close to that measured by Hallquist et al. (1999) for the P-pinene reaction with NO3. 

Although the protocol of Jenkin et al. (1997) does not call for the formation o f dinitrate 

for reaction o f P-nitrato peroxy radical with NO, it has been incorporated here to model 

SOA formation, as in Barthelmie and Pryor (1999). The O/p-pinene reaction leads to 

formation o f epoxide and a second carbonyl product lumped to nopinone. No further 

reactions are considered for epoxide.

Oxidation M echanism for d-Limonene

Experimental studies aimed at elucidating the oxidation mechanism for d- 

limonene are less numerous compared to a-pinene and P-pinene. However, studies have 

been performed to quantify the yield o f specific compounds (Hakola et al., 1994; 

Hallquist el al., 1999; Larsen et al., 2001). A total o f 84 reactions are considered for d- 

limonene; these are shown in Table A.5 o f the Appendix. Species involved in the 

mechanism are described in more detail in Table A . 6  o f the Appendix.

d-Limonene features both an endocyclic and an exocyclic double bond. 60% of 

OH  addition is assumed to occur on the endocyclic double bond to form a P-hydroxy 

peroxy radical, RO 2 3 0 1 , with the remaining 40% assumed to occur on the exocyclic bond 

to form a different P-hydroxy peroxy radical, RO2 3 0 2 . The ratio for oxidation probability 

o f 3 to 2 is assumed based on the yield o f limonaldehyde and limona ketone formed in d- 

limonene/OH experiments, which were found to be 0.3 and 0.2, respectively, by Hakola 

et al. (1994). Upon reaction with NO, RO 2 3 0 1  leads to organic nitrate and 

limonaldehyde, and RO 2 3 0 2  leads to organic nitrate and limona ketone. Organic nitrate
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yields are determined based on Arey et al. (2001). Limonaldehyde, which contains an 

aldehydic group and a double bond, undergoes photolysis and reaction with OH, O 3, and 

N O 3. Reaction o f limonaldehyde with OH and NO 3 is assumed to proceed completely by 

addition to the double bond to form RO2 3 1 0  and R0 2 3 1 1 , respectively. Further reaction 

o f RO 2 3 1 0  and R 0 2 3 1 1  forms primarily keto-limonaldehyde. Further treatment of 

detailed reactions for keto-limonaldehyde would result in significant expansion o f the 

oxidation mechanism. For the purpose o f modeling SOA, keto-limononic acid and O 3 are 

formed directly upon reaction o f keto-limonaldehyde with OH, om itting other 

intermediate processes, similar to the treatment used in Griffin et al. (2002) for second or 

third generation aldehyde products. Reaction o f limonaldehyde with O 3 is based on the 

protocol o f Jenkin et al. (1997). Limona ketone, which contains a ketone group and an 

exocyclic double bond, is assumed to undergo photolysis and reaction with OH, O 3, NO 3 

and O. The treatment o f these processes is similar to the treatment o f the chemistry o f the 

parent species and is not discussed further.

Reaction between d-lim onene and O 3 proceeds with 60% addition to the 

endocyclic double bond and 40% addition to the exocyclic double bond to form  ozonides, 

with these fractions also based on the work o f Hakola et al. (1994). Further treatment of 

the formed ozonides is based on the protocol o f Jenkin et al. (1997). Detailed 

descriptions are not given. However, a peroxy radical that merits special attention is 

RC>2 3 0 6 . RC> 2 3 0 6  is a C 10 a-carbonyl peroxy radical similar to RO 2 IO5  in the a-pinene 

oxidation mechanism. Adopting the chemistry o f RO2 IO5  to RC> 2 3 0 6  enables the 

production o f 7-hydroxy-limononic acid, limonalic acid, and limonic acid, which have 

been identified in the aerosol phase o f d-limonene/OH and d-limonene / 0 3  experiments
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(Glasius et al., 2000; Larsen et al., 2001). A similar treatment is used for R 0 2 3 1 7 , 

formed in the limona ketone reaction with O3, which enables the formation o f 7-hydroxy 

keto-limonic acid, keto-limonalic acid, and keto-limonic acid, which are SVOCs found in 

the aerosol resulting from d-limonene reaction with O 3 (Glasius et al., 2000). Reactions 

o f  d-limonene with NO 3 and O are based on the protocol o f Jenkin et al. (1997) and are 

not further described.

Equilibrium Absorptive Model

It has been demonstrated that an equilibrium absorptive mechanism is able to 

describe the gas/particle partitioning o f SVOCs during the formation o f SOA (Pankow, 

1994a; Pankow, 1994b; Odum et al., 1996; Hoffman et al., 1997; Griffin et al., 1999a; 

Kamens et al., 1999; Kamens et al., 2001; Pankow et al., 2001). In a SOA system 

assum ed to be free o f any particle-phase water, a tem perature-dependent partitioning

3 1coefficient, Komj  (m pg' ), for compound i is represented by (Pankow, 1994a; Pankow et 

al., 2 0 0 1 )

K  A R T  m
^  GiM 0 M W ^ K P l

where A, (pg m '3) and G, (pg m '3) are the aerosol- and gas-phase concentrations of 

compound i, respectively, M„ (pg m '3) is the total aerosol-phase organic mass 

concentration (including primary organic aerosol, or POA, if  present), R  is the ideal gas 

constant (8.206 x  10' 5 m3 atm m ol ' 1 K '1), T  is temperature (K), MWom is the average 

m olecular weight o f the organic phase (g m ol'1), y, is the activity coefficient o f compound 

/, and p \ i  is the sub-cooled liquid vapor pressure (atm) o f compound i at the temperature 

T. For the chamber experiments simulated in this study, no POA is present. Therefore,
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A*0 = Z A  (2)
1=1

where N  is the total number o f the organic components partitioning between the gas and 

aerosol phases. If C, (pg m '3) is defined as the total concentration o f compound /, by a 

mass balance

C' = G, + A  (3)

Com bining Equations (1) to (3), Ma can be found by solving (Colville and Griffin, 2004b)

"  K , C ,
y   —------- 1 = 0 (4)
t f l  + Kom,i M 0

Given the temperature and the total concentration o f each partitioning compound 

predicted using the gas-phase model, the calculation of SOA is performed as follows: 

initial values for y,- and MWom are assumed, Kom,i values are calculated by Equation (1), 

and Equation (4) is solved for Ma. Once Ma is determined, the value o f A  o f each 

compound is calculated according to

A. = K°mj M °C‘ (5)

Equation (5) is derived by simple manipulation of Equations (1) and (3). Based on the 

calculated value o f A  and the known T, the values o f the y,- and M W om are updated. This 

process is repeated until y, and MWom converge. If y, is assumed to be one for all organic 

compounds, it is only necessary to iterate on M W om.

The chamber experiments to be simulated in this study are typically conducted 

under low humidity. Therefore, it is assumed that the SOA form ed in these experiments 

is purely organic. W ater potentially affects SOA formation by shifting the organic 

mixture to an aqueous-inorganic-organic mixture because o f the inorganic seed used.
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Furthermore, the activity coefficients are assumed to be one for all compounds in this 

study. It has been confirmed that such an assumption is reasonable for many compounds 

m aking up the SOA mixture in chamber situations (Seinfeld et al., 2001). These 

assumptions substantially simplify the modeling o f SOA for the experiments to be 

simulated.

The remaining param eter to be estimated is the sub-cooled liquid vapor pressure. 

The sub-cooled liquid vapor pressures o f many organic compounds involved in SOA 

formation are not known. In this study, the group contribution method o f Cordes and 

Rarey (2002) is used to estimate the boiling point o f the organics, and the method 

proposed by M yrdal and Yalkowsky (1997) is used to calculate the sub-cooled liquid 

vapor pressure. However, the estimated values are typically adjusted by a factor o f 0.001, 

while the temperature dependence o f vapor pressure is retained. A similar method was 

employed by Colville and Griffin (2004b). Jenkin (2004) also applied a uniform 

adjustment factor o f 1 2 0  for partitioning coefficients that are based on the estimated 

vapor pressures. Such a corrective approach is limited in use because o f its uncertainty, 

but it is probably necessary at this time given the fact that heterogeneous and particle- 

phase reactions are not fully understood and therefore not considered completely in 

current SOA models. By doing this, the adjusted vapor pressures better match literature 

values if such values are available, or partitioning coefficients calculated according to 

Equation (1) are in closer agreement with those measured. For example, the adjusted 

vapor pressure for cis-pinic acid is 6 .10x1 O' 7 Torr at 298K. The upper lim it for vapor

pressures o f C9 carboxylic acids has been derived experimentally to be on the order of

8 ,10" Torr (Koch et al., 2000). The estimated vapor pressure for pinonaldehyde is
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1.35x10'' Torr at 308K. The partitioning coefficient based on the estimated vapor 

pressure is much lower than the one measured in 0 3 -initiated oxidation experiments (Yu 

et al., 1999). Thus, the vapor pressure for pinonaldehyde is adjusted so that the 

partitioning coefficient for pinonaldehyde is 0.0008 (m 3 p g '1) at 308K, which is at the low 

end o f the range measured by Yu et al. (1999).

Results

Gas-phase Chemistry

The developed oxidation mechanisms for a-pinene, P-pinene, and d-limonene are 

evaluated by simulating gas species profiles for chamber experiments. Unfortunately, 

detailed gas-species profiles are available only for photooxidation experiments o f P- 

pinene and d-limonene from Griffin et al. (1999a). Detailed comparisons are thus made 

only for these species. Initial conditions for these experiments are included in Table II. 1. 

However, only specific cases will be discussed below. For a-pinene, qualitative 

evaluations are made for two experiments modeled by Saunders et al. (2003). The 

simulated gas-species profiles are qualitatively comparable to the observed patterns.

During photooxidation experiments, temperature and solar intensity typically vary 

with time. However, a constant temperature and UV factor are used for the simulations. 

The average temperature during the individual experiment usually is used. In certain 

cases, the lowest temperature during the course o f the experim ents is used in order to 

model SOA more accurately. The UV factor is adjusted from 0.0 to 1.0 to minimize the 

differences between measured and simulated mixing ratios o f NO and O 3 . A UV factor 

o f 1 .0  represents clear sky at the top o f the boundary layer at noon during the summer 

tim e in Los Angeles. For P-pinene photooxidation experiments, the simulated O 3 values
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Table II.l. Summary o f  initial conditions for all experiments simulated.
a-pinene P-pinene d-limonene

Photooxidation experiments
avg. avg. avg.

expr. temp. HC NOx Ref expr. temp. HC NO/NCb Ref expr. temp. HC N O /N 0 2 Ref
09/22/95a 318.7 94.5 135 1 07/15/97a 313.6 33.7 49.2/62.5 2 08/19/95a 319.2 159.0 134* 1

09/22/95b 318.7 87.4 125 1 07/15/97b 313.6 62.2 87.0/79.7 2 08/21/95b 317.2 95.0 205* 1

09/25/95a 315.2 95.5 124 1 Oil 1X1191 a 316.2 42.0 15.6/43.4 2 08/25/95a 317.7 89.2 174* 1

09/25/95b 315.2 94.6 1 2 2 1 07/21/97a 313.5 85.5 93.7/63.6 2 08/17/97a 309.4 49.5 75.7/64.4 2

8/14/95a - 136.0 240 1 07/21/97b 313.5 96.5 93.0/67.0 2 08/17/97b 309.4 65.1 73.6/65.8 2

8/14/95b - 144.0 240 1 07/27/97a 313.3 45.0 53.1/58.6 2 08/26/97a 312.7 35.2 17.4/62.8 2

9/15/95b 320.2 53.0 206 1 08/15/97a 308.8 32.3 81.4/53.4 2 08/26/97b 312.7 2 0 . 6 43.1/61.8 2

m i  195a 312.2 72.0 203 1 08/19/97a 312.0 79.0 88.8/64.8 2

8/17/95b 312.2 19.5 113 1 10/06/95b 312.2 95.0 204 1

Ozone experiments
avg. avg. avg.

expr. temp. HC o 3 Ref expr. temp. HC O3 Ref expr. temp. HC O3 Ref
06/05/98a 309.9 16.7 67 2 06/1 l/98a 306.9 57.6 230 2

06/05/98b 309.9 18.2 73 2 06/1 l/98b 306.9 80.1 320 2

06/07/98a 303.3 31.0 124 2 06/13/98b 308.4 35.2 140 2

06/07/98b 303.3 45.5 182 2

06/09/98a 308.0 57.0 228 2

06/09/98b 308.0 65.0 260 2

Nitrate experiments
avg. avg. avg.

expr. temp. HC n 2o 5 Ref expr. temp. HC n 2o 5 Ref expr. temp. HC n 2o 5 Ref
293.2 420 278 3 05/13/98b 302.0 96.4 123 2 286.2 18 1 0 . 2 3
288.2 140 99 3 06/01/98a 309.0 18.8 55 2

06/01/98b 309.0 54.7 99 2

Temperature in K, initial mixing ratios in ppb. Ref.: 1. Hoffman et al. (1997); 2. Griffin et al. (1999a); 3. Hallquist et al. 
(1999). If one value is given for NO/NO2, it represents total NOx with a desired initial NO/NO 2 ratio o f 2 to 1 .
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Figure II. 1. Observed (points) and predicted (lines) mixing ratios o f NO, NO 2, O3 , and P- 
pinene for photooxidation experiment 8/19/97a from Griffin et al. (1999a). 
Experim entally measured NO 2 is NOy -  NO.

are typically within ±50% o f the measured values. For d-limonene, the simulated O 3 

values are within ±30% of the measured values. Figure II. 1 shows the simulated and 

measured NO, NO 2, O3, and P-pinene profiles during the photooxidation experim ent 

08/19/97a. For this experiment, the simulated O 3 values are within ±30% of the 

measured values. The simulated NO, NO 2, and P-pinene mixing ratios adequately follow 

the trends o f the measured ones. Figure n.2 shows the simulated and measured profiles 

for d-limonene photooxidation experiment 08/17/97a. The simulated values are typically 

within ±20% of the measured values, except for NO2. The measured NO 2 is likely to be 

closer to the difference between total active nitrogen (NOy) and NO because peroxyacyl 

nitrate and other nitrogen containing compounds interfere with the measurement.

24

P-pinene

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



700

600

p 500

60
■a 400 d-limonene

ro

2  300

J.
o  
z  100 NO

NO

0 30 60 90 120 150 180

x>Q.a.
_o
Ut
tooc
■>?
s
us<uco
e

Time (min)

Figure E.2. Observed (points) and predicted (lines) mixing ratios o f NO, NO 2, O3 , and d- 
limonene for photooxidation experiment 8/17/97a from Griffin et al. (1999a). 
Experim entally measured NO 2 is NOy -  NO.

SOA M odeling for a-Pinene

A total o f seventeen separate chamber experiments with a-pinene as the parent 

hydrocarbon are simulated using the mechanism and partitioning module described 

previously. These include nine photooxidation experiments, six O3 experiments, and two 

N O 3 experiments. Initial conditions for these experiments are summarized in Table n.l.

Figure II.3 shows the comparison of observed and predicted SOA concentration 

for the experiments simulated. These concentrations represent those at the end o f both a 

simulation and the corresponding experiment. The ranges o f predicted SOA are also 

shown if the partitioning coefficients of all compounds are adjusted by ±20%. Nitrate 

experiments are simulated with a vapor pressure for pinonaldehyde that is different from
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Figure H.3. Comparison between final observed and model predicted SOA concentrations 
for a series of a-pinene experiments (photooxidation experiments from Hoffman et al. 
(1997); O 3 experiments from Griffin et al. (1999a); NO 3 experiments from Hallquist et al. 
(1999)). The nitrate experiments were modeled using a different assumption about the 
vapor pressure o f pinonaldehyde than the other experiments. See text for detailed 
discussions. The range o f the predicted SOA/observed SOA is assessed by adjusting the 
partitioning coefficients o f all partitioning compounds by ±2 0 %.

that used in the simulation of photooxidation and O 3 experiments as discussed 

subsequently. Results of four cases (photooxidation experiments 08/17/95b and 

09/15/95b and O 3 experiments 06/05/98a and 06/05/98b, for which the final measured 

SOA concentration is less than 10 pg m '3) are not shown in Figure H.3 because no SOA 

is predicted to form in the model. Observed and predicted SOA concentrations are 

typically within ±50% for most experiments. The model underpredicts SOA formation 

when the initial a-pinene concentration, and hence the final observed SOA formation, is 

low. A potential explanation is ignorance o f other processes that may lead to formation 

o f SOA, such as association reactions o f aldehydes (e.g., pinonaldehyde) with stabilized 

Criegee biradicals produced in the O 3 reaction to form very low vapor pressure secondary 

ozonides (Kamens et al., 1999, 2001) or dim er formation by pinic acid (Hoffman et al.,
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Figure II.4. Observed and predicted SOA concentration as a function o f time for 
experim ent 06/07/97a (a-pinene + O3) from Griffin et al. (1999a).

1998; Kamens et al., 1999, 2001). However, for the model presented here, adding these 

processes with kinetic data from Kamens et al. (1999, 2001) yielded only minor 

improvement. Expanding dimer formation by pinic acid, Jenkin (2004) introduced an 

“acid chaperone” mechanism involving dim er formation among bi- and multifunctional 

acid species. This approach was not tested.

For several O3 experiments, data on the temporal evolution o f SOA over the 

course o f the experim ent are also available, enabling a direct comparison o f simulated 

and measured SOA temporal profiles. Figure U.4 shows measured and simulated SOA 

mass concentration during the O 3 experiment 06/07/97a. The final predicted SOA 

concentration is within 10% of the measured one. Generally, the evolution o f SOA over 

tim e is characterized adequately, although the predicted onset o f SOA formation occurs 

earlier than that observed, which is most likely due to uncertainties associated with gas- 

phase mechanistic parameters as well as gas/aerosol partitioning coefficients.
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Table II.2. Partitioning coefficients for major predicted semi-volatile a-pinene oxidation 
products. ______________________________ ____________________________________

Term Description

Partitioning 
coefficients 
(m3 p g 1) at 

308K*

Partitioning 
coefficients (m 3 

p g '1) from Yu et 
al. (1999)**

PINA pinonaldehyde 0.00079 0 . 0 0 1 2

NRPA norpinonaldehyde 0.00064 0.0019
RP101 pinalic-3-acid 0.028 0.013
RP102 1 -hydroxy-pinonaldehyde 0.0013 0.019
RP103 10 -hydroxy-pinonaldehyde 0.0042 0.019
UR101 pinonic acid 0.045 0.028
UR 102 norpinonic acid 0.019 0.013
UR 104 pinic acid 0.056 0.028
UR105 1 0 -hydroxy-pinonic acid 0.078 0.040
UR 106 1-hydroxy-pinonic acid 0.046 0.040
AP101 2-nitrato-3-hydroxy-pinane 0.0031 -

AP102 2-nitrato-3-oxo-pinane 0.0030 -

PAN101
peroxy 2,2-dimethyl-3-acetyl- 

cyclobutyl acetyl nitrate 0.0031

PAN 102
peroxy 2,2-dimethyl-3-acetyl- 

cyclobutyl formyl nitrate 0.0026

PAN 103
peroxy 2,2-dimethyl-3- 

formylmethyl-cyclobutyl 
formyl nitrate

0.0035 -

*Because M Vom varies among photooxidation experiments, ozone experiments,
nitrate experiments, the partitioning coefficients here for illustrative purposes are 
calculated based on a M W om o f 180 g m ol'1.
** Based on three ozonolysis experiments conducted at 306-308K.

Table II.2 shows the partitioning coefficients at 308K for predicted m ajor SVOCs 

involved in the simulation o f SOA for a-pinene experiments. For comparison, 

experimentally determined partitioning coefficients for a number o f compounds from Yu 

et al. (1999) are also shown. For illustrative purposes, these partitioning coefficients are 

calculated for a M W om o f 180 g m ol'1. Partitioning coefficients for carboxylic acids (e.g., 

pinic acid) and aldehydes (e.g., pinonaldehyde) are generally comparable to those 

measured by Yu et al. (1999) at 308K, while partitioning coefficients for organic nitrates 

(e.g., 2-hydroxy-3-nitrato-pinane) are o f the same order o f m agnitude as those used in the
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model of Barthelmie and Pryor (1999) at 313K. To assess the effect o f uncertainties in 

partitioning coefficients on SOA predictions, sensitivity analysis was performed by 

adjusting the partitioning coefficients o f all species by ±20%. As shown in Figure 11.3, 

the magnitudes o f predicted SOA variations differ by each individual experiment. On 

average, the predicted SOA vary by ±35%, indicating strong dependence o f predicted 

SOA on partitioning coefficients. In general, simulation o f a-pinene photooxidation 

experiments depends more strongly on partitioning coefficients than does simulation of 

O 3 and NO 3 experiments.

W ith these partitioning coefficients, final SOA concentrations are overpredicted 

for NO 3 experiments by more than a factor o f five compared to those observed. SOA 

contributions from pinonaldehyde are especially high. The param eterization o f gas-phase 

nitrate chemistry for a-pinene leads to production o f approximately 79% pinonaldehyde, 

14% 2-hydroxy-3-nitrato-pinane, and 7% 2-nitrato-3-oxo-pinane. W angberg et al. (1997) 

identified approximately 80% of the products o f the a-pinene/N 0 3  reaction and measured 

the formation yield for pinonaldehyde, 2-hydroxy-3-nitrato-pinane, and 2-nitrato-3-oxo- 

pinane to be 62%, 5%, and 3%, respectively. Total alkyl nitrate yield was measured to be 

approximately 14%. Hallquist et al. (1999) reported an approximate 70% yield o f 

pinonaldehyde and an approximate 2 0 % yield of organic nitrates for the a-pinene 

reaction with NO3 . Because of the qualitative agreement between observations and the 

gas-phase mechanism, it is believed that the gas-phase chemistry param eterization is not 

the cause o f such high over prediction o f SOA. As seen in Table II.2, based on an 

adjusted vapor pressure, the partitioning coefficient for pinonaldehyde is 0.0008 m3 pg ' 1 

at 308K, in accord with measured values in O3 experiments. This partitioning coefficient
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requires an adjustment factor o f 0 .0 0 1  for the estimated vapor pressure o f pinonaldehyde. 

I f  the adjustment factor of 0.001 for the estimated vapor pressure o f pinonaldehyde is not 

used, reasonable predictions o f SOA formation for the two NO 3 experiments are achieved, 

as shown in Figure II.3. Indeed, the vapor pressure o f pinonaldehyde was measured to be 

approximately 5.1 Pa at 298K (Hallquist et al., 1997). The estimated vapor pressure for 

pinonaldehyde without using the adjustment factor is 7.8 Pa at the same temperature. 

O ther processes, such as particle-phase reactions (Jang et al., 2002; Ziemann, 2002; 

Kalberer et al., 2004), potentially cause the partitioning coefficient o f pinonaldehyde in 

O 3 experiments to be much higher than that based on absorptive theory. Thus, different 

vapor pressures for pinonaldehyde are used under O 3 experiments (An adjustm ent of 

0.001 is applied to the estimated vapor pressure.) and NO3 experiments. (No adjustment 

factor is used for the estimated vapor pressure.) This discrepancy potentially indicates 

that heterogeneous or particle-phase reactions leading to SOA formation may not be as 

significant in NO 3 experiments as they are in O 3 experiments, as organic acids, such as 

pinonic acid and pinic acid, have been determined experimentally to be important 

com ponents o f SOA formed in O 3 experiments. These species are not predicted to be 

im portant in the NO 3 system. W hen modeling photooxidation experiments, the 

adjustm ent factor is used; contributions o f pinonaldehyde to SOA typically are minor in 

photooxidation simulations.

In terms o f SOA composition, pinonic acid, norpinonic acid, pinic acid, and 

hydroxy-pinonic acid, together with nitrogen containing organics (peroxyacyl nitrogen, 

and hydroxyl- or keto- nitrates) are the main constituents during photooxidation 

experiments. During O3 experiments, pinonic acid, pinalic-3 acid, pinic acid, and
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hydroxy-pinonic acid are major SOA components, with sm aller contributions from 

pinonaldehyde, hydroxy-pinonaldehyde, and norpinonaldehyde. During NO3 

experiments, SOA is predicted to be comprised almost exclusively o f nitrogen-containing 

organics. M any o f the predicted SOA constituents have been identified experimentally in 

the SOA formed from a-pinene oxidation (Hallquist et al., 1999; Kamens et al., 1999; Yu 

et al., 1999; Kamens et al., 2001).

SOA Modeling for (3-Pinene

Simulations of experiments with P-pinene include nine photooxidation 

experiments, three O3 experiments, and three NO3 experiments. Initial conditions for 

these experiments are summarized in Table II .l.

Figure II.5 shows the final observed and predicted SOA mass concentration for 

the fifteen experiments simulated, as well as the ranges o f predicted SOA if the 

partitioning coefficients for all compounds are adjusted by ±20%. Observed SOA 

concentrations range from around 10 pg m ' 3 to approximately 500 pg m~\ except for in 

one O 3 experim ent that will be discussed below. Predicted SOA concentrations are 

typically within ±30% of the observed SOA concentrations. Figure II .6  shows the 

temporal profiles of observed and predicted SOA formation for photooxidation 

experiment 10/06/95b from Hoffman et al. (1997). Although the final SOA formation is 

under predicted by approximately 20%, the evolution of SOA formation is well simulated. 

The SOA composition for this experiment is predicted to be composed mainly o f 

dinitrates, hydroxy nitrate, and peroxyacyl nitrate, with a smaller contribution from 

nopinone and pinic acid, which is similar to the modeling results o f Barthelmie and Pryor 

(1999).
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Figure H.6 . Observed and predicted SOA concentration as a function o f time for 
experim ent 10/06/95 (P-pinene photooxidation) from Hoffman et al. (1997).
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SOA formation is predicted reasonably for O 3 experiments 0 6 /ll/9 8 a  and 

0 6 /ll/9 8 b , for which final measured SOA concentrations are 10-30 pg m '3. SOA 

formation is not predicted for experiment 06/13/98b, for which final measured SOA 

concentration is 1.8 pg m '3. Processes in addition to absorption potentially need to be 

considered at such a low level o f SOA. For example, Bonn et al. (2002) suggest that the 

secondary ozonide formed by the stabilized C9_CI reaction with nopinone is responsible 

for new particle formation during P-pinene/ 0 3  experiments. Docherty and Ziemann 

(2003) hypothesize that particle nucleation and growth following P-pinene ozonolysis is 

probably controlled by unidentified, low volatility products. The low volatility products 

are not pinic acid or compounds that are more volatile. Though the exact mechanism 

remains unclear, such products are speculated to be produced through radical-mediated 

decomposition o f the excited C9_CI (Docherty and Ziemann, 2003).

Table II.3 shows the partitioning coefficients for m ajor predicted SVOCs 

involved in P-pinene experiments at 308K. For comparison, the experimentally 

determined partitioning coefficients for a number o f products from Yu et al. (1999) are 

also given. The partitioning coefficients are comparable to those adopted for a-pinene 

experiments and are also in general agreement with measured values (e.g., ring retaining 

carboxylic acids from Yu et al., (1999)) or values used in modeling studies by other 

researchers (e.g., organic nitrates from Barthelmie and Pryor, (1999)). The sensitivity of 

SOA predictions to the uncertainties in the partitioning coefficients is also shown in 

Figure II.5. On average, the predicted SOA varies by ±30% if the partitioning 

coefficients o f all species are adjusted by ±20%. For simulations with P-pinene, it 

appears that smaller predicted
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Table II.3. Partitioning coefficients for major predicted semi-volatile P-pinene oxidation
products.

Term Description Partitioning 
coefficient 

(m3 p g 1) at 308K*

Partitioning 
coefficient (m3 

p g 1) from  Yu et 
al. (1999)**

NOPI nopinone 0.00076 -

UR204 3-hydroxy-nopinone 0.0015 0.0094
RP101 Pinalic-3-acid 0.028 0.014
UR 104 pinic acid 0.056 0.035
UR203 2 ,1 0 -dinitrato-pinane 0 .1 1 -

AP201 2 -nitrato-10 -hydroxy-pinane 0.0045 -

AP202
2 -formyl-2 -nitrato-6 -
dimethyl-norpinane 0.0038

PAN 103
peroxy 2,2-dimethyl-3- 

formylmethyl-cyclobutyl 
formyl nitrate

0.0035 -

*Based on a / 4 Wom o f 180 g m o l1 for aeroso -phase organics; see note on Table II.2.
** Based on two ozonolysis experiments conducted at 306-308K.

concentrations o f SOA are much more sensitive to the values used for partitioning 

coefficients.

SOA M odeling for d-Limonene

Eight experiments with d-limonene as the parent species are simulated. These 

include seven photooxidation experiments from Hoffman et al. (1997) and Griffin et al. 

(1999a) and one NO 3 experiment from Hallquist et al. (1999). The initial conditions for 

these experiments are summarized in Table II. 1.

Figure II.7 shows the comparison of observed and predicted SOA formation for 

the simulated experiments. The ranges o f predicted SOA if the partitioning coefficients 

for all compounds are adjusted by ±20% are also shown. (Photooxidation experiment 

09/26/97b, for which final SOA concentration is less than 10 pg m ' 3 is not included; no 

SOA is predicted for this experiment.) A simplification m ade in the gas-phase chemistry 

concerns the treatment o f keto-limonaldehyde, as discussed previously. Keto-
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Figure II.7. Comparison between final observed and model predicted SOA concentrations 
for a series o f d-limonene experiments (photooxidation experiments from Hoffman et al. 
(1997) and Griffin et al. (1999a); NO 3 experiment from Hallquist et al. (1999)). The 
range o f the predicted SOA/observed SOA is assessed by adjusting the partitioning 
coefficients o f all partitioning compounds by ±2 0 %.

limonaldehyde is the main oxidation product o f limonaldehyde and limona ketone, which 

are in turn the main oxidation products o f d-limonene. Generation o f keto-limononic acid 

from keto-limonaldehyde is represented by a single reaction w ithout detailed treatment of 

intermediate steps, as done by Griffin et al. (2002) for second or third generation 

aldehyde products. However, complete transformation of keto-lim onaldehyde to keto- 

limononic acid yields too much simulated SOA formation during photooxidation 

experiments. When a 10% transformation ratio is used, reasonable agreem ent between 

observed and predicted SOA formation is achieved. The remaining 90% is degraded to 

an aldehyde, which is lumped back to keto-limonaldehyde by considering carbon 

conservation.

Experimental yield and temporal data on SOA formation from the d-limonene 

reaction with O3 are not available. A hypothetical simulation is performed with an initial
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d-limonene mixing ratio of 57 ppb, an initial O3 m ixing ratio o f 228 ppb, and a 

temperature o f 308 K (same initial conditions as a-pinene O3 experim ent 06/09/98a). 

SOA formation is predicted to be 89.6 pg m '3, in comparison to SOA formation o f 52.3 

pg m ' 3 observed in the a-pinene experiment (Griffin et al., 1999a). This is reasonable 

because d-limonene, like a-pinene, includes an endocyclic double bond and a methyl 

group on the endocyclic double bond, a structure that is found to increase SOA yields in 

cycloalkene / 0 3  system (Keywood et al., 2004). In addition, a higher yield is expected for 

d-limonene because o f its second double bond.

The partitioning coefficients at 308K o f major predicted SVOCs in d-limonene 

experiments are shown in Table H.4. Quantitative information about the partitioning 

coefficients o f d-limonene oxidation products is not found in the literature, although 

oxidation products that partition to the aerosol phase have been identified in several 

studies (Glasius, et al., 2000; Larsen et al., 2001). M ost o f the products identified in 

these studies have been represented explicitly in the gas-phase chemistry developed in 

this study. In photooxidation experiments, SOA is predicted to be composed mainly of 

keto-limononic acid, keto-limonaldehyde, organic nitrates, and several other acids, such 

as limononic acid. Partitioning coefficients for major predicted SOA constituents in 

photooxidation experiments range from 0.001 m3 p g 1 to 0.025 m 3 p g '1, comparable to 

values o f 0.0053 m 3 pg ' 1 and 0.055 m3 p g '1, which were derived through application o f a 

two-product model (Griffin et al., 1999a). The sensitivity o f predicted SOA to the 

uncertainties in partitioning coefficients is shown in Figure 13.7. On average, predicted 

SOA vary by ±40% if the partitioning coefficients o f all species are adjusted by ±20%. 

In O3 experiments, SOA is predicted to consist o f carboxylic acids (e.g., limononic acid,
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Table II.4. Partitioning coefficients for m ajor predicted semi-volatile d-limonene 
oxidation products._____________________________________ ___________________

Term Description Partitioning coefficient 
(m3 pg"1) at 308K*

EDLM
limonaldehyde

(3-isopropenyl-6-keto-heptanal) 0.00073

RP301
keto-limonaldehyde

(3-acetyl-6-keto-heptanal) 0.0037
RP302 3,6-dioxo-heptanal 0 . 0 0 1 0

RP303 3-acetyl-pentadial 0.00087
UR301 limononic acid 0 . 0 2 2

UR304 keto-limononic acid 0.025
UR307 7-hydroxy-limononic acid 0.089
UR308 limonalic acid 0 .0 1 1

UR309 limonic acid 0.031
UR310 7-hydroxy-keto-limononic acid 0 . 1 0

UR311 keto-limonalic acid 0.017
UR312 keto-limonic acid 0.074
UR315 5-keto-limonaldehyde 0.0049
UR316 5-hydroxy-limonaldehyde 0 .0 1 1

UR319 3-acetyl-5-hydroxy-6-keto-heptanal 0.016
UR321 3-hydroxymethyl-2,6-heptanedione 0.0083
UR323 3-acetyl-5,6 -dioxo-heptanal 0.0097
UR324 3-acetyl-4-formyl-butanoic acid 0.019

AP301
1 -m ethyl-1 -nitrato-2-hydroxy-4- 

isopropenyl-cyclohexane 0.0042

AP302
1 -methyl-4-( 1 -m ethyl-1 -nitrato-2- 

hydroxy-ethyl)-cyclohexene 0.0065

AP303
1 -m ethyl-1 -nitrato-2-keto-4-isopropenyl- 

cyclohexane 0.0019

AP304
2-methyl-2-nitrato-2-(4-methyl-4-

cyclohexenylj-acetaldehyde 0.0028

AP306
1 -hydroxy-2-methyl-2-nitrato-3- 

formylmethyl-6 -keto-heptane 0.015

AP307
2-methyl-2-nitrato-3-formylmethyl-6-

keto-heptanal 0.014

AP308
1 -m ethyl-1 -nitrato-2-hydroxy-4-acetyl- 

cyclohexane 0.0075

AP309
1 -m ethyl-1 -nitrato-2-keto-4-acetyl- 

cyclohexane 0.0082
*Based on a M W om of 180 g m ol' for aerosol-phase organics; see note on Table H.2.
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limonic acid, and hydroxy-limononic acid) and multifunctional aldehydes. In the NO 3 

experiment, organic nitrates are predicted to constitute most o f the formed SOA.

Conclusions

G as-phase oxidation mechanisms have been developed for a-pinene, (3-pinene, 

and d-limonene within the CACM  framework. SVOCs are predicted explicitly in the 

gas-phase oxidation mechanisms and are allowed to partition to the aerosol phase to form 

SOA via an absorption process. Reasonable agreement between simulated and measured 

SOA concentrations is achieved for a series o f chamber experim ents involving single as 

well as multiple oxidants, except for the a-pinene reactions with NO 3, for which a 

different partitioning coefficient for pinonaldehyde has to be used in order to match the 

observed SOA levels. The heterogeneous-heteromolecular nucleation process was not 

treated in the model. This could potentially explain the underprediction o f SOA for 

experiments with low initial hydrocarbon concentrations, as well as the underprediction 

o f SOA onset times for certain experiments. In addition, the size dependence of 

partitioning coefficients is ignored (Cai and Griffin, 2005). SVOCs from a-pinene, |3- 

pinene, and d-limonene oxidation will be lumped into one o f the surrogate organics 

treated in the M PM PO module, or new surrogate organics will be created in future work 

(Griffin et al., 2003). The updated CACM  model and the updated M PM PO m odule will 

be incorporated into a three-dimensional air quality model and applied to the New 

England region, which is influenced heavily by biogenic hydrocarbons (Lamb et al., 

1993). Development and application of the mechanisms described here indicate clearly 

that the approach that is intermediate between SAPRC and the M CM  is capable of 

accurate SOA prediction for biogenic compounds.
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A significant uncertainty associated with the approach used in this study is the 

determination o f partitioning coefficients. While experimentally derived Komj  values are 

available for a num ber o f ozonolysis products, such values for nitrate containing organics 

are scarce. Uncertainties associated with the estimated Kom%i values could result from 

inaccurate estimates o f sub-cooled liquid vapor pressure, as well as potential influences 

from  other chemical processes that cause the partitioning o f organics to deviate from a 

strict absorption mechanism (e.g., heterogeneous or particle-phase reactions).
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CHAPTER III

APPLICATION OF THE CACM  AND M PM PO M ODULES USING THE 
CM AQ M ODEL FOR THE EASTERN UNITED STATES

Abstract

The Caltech Atmospheric Chemistry M echanism (CACM ) and the M odel to 

Predict the M ulti-phase Partitioning o f Organics (M PM PO) have been updated with a 

detailed treatment of the oxidation mechanisms and secondary organic aerosol (SOA) 

formation potentials of a-pinene, p-pinene, and d-limonene. The updated CACM  and 

M PM PO modules have been incorporated into the Community M ulti-scale Air Quality 

(CM AQ) model. The revised CM AQ model was used to simulate air quality over the 

eastern United States, with a particular focus on New England (NE) for the period August 

3-4, 2004, which was part o f the International Consortium for Atm ospheric Research on 

Transport and Transformation (ICARTT) campaign. On August 3, 24-hour-average 

organic aerosol (OA) and PM 2.5 concentrations were approximately 7.0 pg m ' and 13.0 

pg m '3, respectively, at Thompson Farm (TF), a rural site in southeastern New 

Hampshire. The model results (e.g., ozone (O3), PM 2.5 , and individual PM 2.5 chemical 

components) were compared against various observational datasets (e.g., AIRM AP, 

IM PROVE, SEARCH, and AIRNOW ), as well as CM AQ model predictions using the 

CB-IV gas-phase mechanism and the SORGAM  SOA module. Both CM AQ model 

simulations with CACM /M PM PO and with CB-IV/SORGAM  predicted O 3, PM 2.5,
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sulfate, and ammonium reasonably well but underestimated elemental and organic carbon 

aerosol. SOA predictions from CACM /M PM PO and from CB-IV/SORGAM  were very 

close for the sites where OA concentrations were available on August 4, though 

sensitivity o f SOA predictions at TF to domain-wide NO* emissions and temperature 

variations differed significantly. Additionally, based on the predicted chemical 

composition o f OA from CM AQ with CACM /M PM PO, 24-hour averages o f the ratio of 

the organic mass to organic carbon were determined to be in the range o f 1.1 to 1.9, 

depending on the relative abundance of SOA and primary organics.

Introduction

Organic mass (OM) is an important component o f atmospheric aerosols, generally 

accounting for 30-60% of fine particle mass (Chow et al., 1994; Tanner et al., 2004). A 

substantial fraction of OM  is secondary organic aerosol (SOA), which is formed in the 

atmosphere from  the gas-to-particle partitioning o f the oxidation products o f gas-phase 

hydrocarbons. Examples of SOA formation mechanisms include absorption into existing 

aerosol-phase organics (Pankow, 1994), dissolution into aerosol-phase water (Saxena and 

Hildemann, 1996; Aum ont et al., 2000), heterogeneous or particle-phase reactions (Jang 

et al., 2002; Kalberer et al., 2004), and cloud-phase reactions (Ervens et al., 2004; Lim et 

al., 2005).

Because o f the complexity o f SOA formation processes, treatment o f SOA 

formation is a major source o f uncertainty in three-dimensional particulate matter (PM) 

models (Seigneur, 2001; Pun et al., 2003). Typical three-dimensional air quality models 

use empirical approaches based on environmental cham ber data to simulate SOA 

formation (Schell et al., 2001; Pun et al., 2003). Recently, mechanistic or semi-

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mechanistic approaches for modeling SOA have emerged in the literature and are 

considered to be the future direction o f more realistic SOA m odeling (Griffin et al., 2005; 

Kanakidou et al., 2005; Johnson et al., 2006).

An example of such a mechanistic approach that has been used in three- 

dimensional air quality models is the Caltech Atmospheric Chemistry M echanism 

(CACM ) and the M odel to Predict the M ulti-phase Partitioning o f Organics (M PM PO) 

(Griffin et al., 2002a; Pun et al., 2002; Griffin et al., 2002b; Griffin et al., 2003). CACM  

predicts the products o f gas-phase oxidation o f volatile organic compounds (VOCs), and 

M PM PO simulates the phase partitioning of those that are semi- or non-volatile. The 

CACM  and M PM PO were incorporated originally into the California Institute of 

Technology urban-scale air quality model and applied to the South Coast A ir Basin 

(SoCAB) o f California (Griffin et al., 2002b; Griffin et al., 2003). Griffin et al. (2005) 

updated the CACM  and M PM PO to mimic SOA yields from laboratory chambers. Chen 

and Griffin (2005) further updated the CACM  mechanism with a detailed treatment of 

chemistry for a-pinene, (3-pinene, and d-limonene.

In this study, the CACM  and M PM PO with the updates o f Griffin et al. (2005) 

and Chen and Griffin (2005) have been incorporated into a state-of-the-science regional 

air quality model, the Community M ulti-scale A ir Quality (CM AQ) model (Byun and 

Ching, 1999), and have been applied over the eastern United States. Focus is placed on 

the New England (NE) region, which is heavily influenced by biogenic hydrocarbons 

(Lamb et al., 1993). The objectives o f the study are: to evaluate the performance o f the 

updated CACM /M PM PO in simulating ambient SOA formation; to compare the updated 

CACM /M PM PO with default gas-phase chemistry and SOA m odules in the CM AQ
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model; to evaluate the sensitivity o f the different SOA modules to variations in 

tem perature and emissions o f oxides o f nitrogen (NO*) and VOCs; to quantify aqueous- 

phase SOA concentrations relative to the total in the M PM PO module; and to investigate 

the OM  to organic carbon (OC) ratio predicted by the M PM PO module. For the first of 

these objectives, CACM /M PM PO output will be compared to high-time-resolution 

aerosol mass spectrometer (AMS) data for the first time.

Models and Measurement Data

CACM  and M PM PO

CACM  is designed to characterize the formation o f O3 and products that could 

potentially contribute to SOA from the oxidation o f VOCs (Griffin et al., 2002a). CACM  

lumps parent VOCs into categories based on their SOA formation potentials, reactivity, 

and structure. Examples of such lumped species are aromatic low and aromatic high, 

where low and high represent relative SOA formation potentials. CACM  is an 

intermediate approach between the non-specific SAPRC mechanism (Carter, 1990) and 

the fully explicit M aster Chemical M echanism (MCM) (Jenkin et al., 2003; Saunders et 

al., 2003). It allows for an increased level o f detail while still maintaining reasonable 

computational demands.

The M PM PO calculates the partitioning o f CACM -predicted semi-volatile 

oxidation products between the gas- and aerosol phases using ten surrogate species 

(Griffin et al., 2003). Two processes that are responsible for SOA formation are treated 

simultaneously, in contrast to only one process that is typically treated in other SOA 

modules. The first is absorption into existing aerosol OM (i.e., prim ary organic aerosol,
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'I

POA, or preexisting SOA). This is characterized by an absorption coefficient, Komj  (m 

p g '1) (Pankow, 1994):

K~ J G ,M .  M W ' . u f n P l  m

where O, (pg m '3) and G, (pg m '3) are the organic aerosol- and gas-phase concentrations 

o f compound i, respectively, Ma (pg m '3) is the total aerosol-phase OM  concentration 

(including POA, if present), R  is the ideal gas constant (8.206 x 10' 5 m3atm mol' 1 K '1), T  

is temperature (K), MWom is the average molecular weight o f the organic phase (g m ol'1), 

ji is the activity coefficient o f compound i, and p ° u  is the sub-cooled liquid vapor 

pressure (atm) o f compound i at temperature T.

The second process is dissolution into aerosol-phase water, which is represented 

by H enry’s Law:

a  =  C , ( l w c  )h l , (2)

YaqJ

where A, is the aqueous aerosol-phase concentration o f species i (pg m '3), HLj is its 

Henry's Law coefficient ((pg pg ' 1 H 2O) /  (pg m ' 3 air)), LW C is the aerosol liquid water 

content (pg H 2O m ' 3 air), and yaqj  is the activity coefficient o f species i in the aqueous 

aerosol phase, normalized by that at infinite dilution. Further dissolution o f the oxidation 

products into organic ions is also considered.
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Chen and Griffin (2005) updated the CACM  with detailed oxidation mechanisms 

for a-pinene, P-pinene, and d-limonene and used an absorption module based on Pankow 

(1994) to simulate SOA formation from oxidation o f these three compounds in laboratory 

experiments. For application in three dimension, over forty simulated oxidation products 

for a-pinene, P-pinene, and d-limonene are lumped into the three original biogenic 

surrogate species in the M PM PO module plus a newly created surrogate species (2,10- 

dinitrato-pinane).

To improve the model performance for the experiments with low initial VOC 

concentrations in the simulations o f Chen and Griffin (2005), a mechanism involving 

dim er formation o f di- and multifunctional acid species proposed by Jenkin (2004) has 

also been adopted. This is represented by inclusion o f a pseudo-unim olecular reaction

acid (gas) —► acid (aerosol) (3)

for each o f the 15 multifunctional acid species generated from oxidation o f the 

monoterpenes. The reaction was assigned a rate coefficient k = k ’E[acid(gas)] (Jenkin, 

2004), where £[acid(gas)] is the sum o f the gas-phase concentrations o f all 

multifunctional acids generated from a-pinene, P-pinene, and d-limonene and k ’ = 1.5e- 

35xexp(14770/T) cm 3 molecule ' 1 s '1, a value decreased by three orders o f magnitude 

compared to that used in Jenkin (2004), in order to fit experimental data. Reaction (3) is 

treated as a gas-phase reaction in CACM , leading to an assum ed nonvolatile dimer 

(Jenkin, 2004). The mass o f the dimer is added to the SOA mass, with the corresponding 

m onom er acid mass no longer available for partitioning using M PMPO.
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Figure III. 1. Comparison o f observed SOA during photooxidation experiments with those 
predicted by CACM  and an absorption module based on four surrogate species (Observed 
data from Hoffman et al. (1997) and Griffin et al. (1999)).

Simulation based on the four M PM PO surrogate species with the additional acid 

gas-to-particle transfer process were evaluated using the photooxidation experimental 

data from Hoffman et al. (1997) and Griffin et al. (1999). Figure III. 1 shows the 

comparison o f observed and predicted final SOA for these experiments. Reasonable 

agreem ent is achieved, indicating that use o f the four surrogate species is appropriate. 

A fter the update, five individual monoterpene species (i.e., a-pinene, P-pinene, d- 

limonene, a-terpineol, and y-terpinene) and their products are now treated explicitly in 

CACM  and accounted for in the surrogates used in MPMPO.

W ithin CMAQ, CACM  was coupled to a general Rosenbrock ordinary differential 

equation solver (Sandu et al., 1997). Existing gas-phase chemistry mechanisms in 

CM AQ include CB-IV (Gery et al., 1989), RADM  (Stockwell et al., 1990), and 

SAPRC99. In CM AQ, inorganic aerosol formation is simulated with ISORROPIA 

(Nenes et al., 1998), and organic aerosols are simulated using SORGAM  (Schell et al.,
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2001). Because M PM PO interacts with the inorganic aerosol module in order to treat the 

effect o f additional water uptake by SOA and dissociated SOA ions on the inorganic 

partitioning, the ISORROPLA module from  the MADRID model that has that capability 

(Zhang et al., 2004a) was used in this study.

M easurem ent Data

M easurement data were taken from a wide range o f sources. Hourly O3, 24-hour 

average PM with diameters less than 2.5 micron (PM 2.5), and 24-hour average speciated 

PM 2.5 were taken from a variety o f programs, including the AIRM AP program  (Talbot et 

al., 2005), EPA Air Quality System (AQS), the Southeastern Aerosol Research 

Characterization Study (SEARCH) (Hansen et al., 2003), and the Interagency M onitoring 

o f Protected Visual Environments (IMPROVE) (M alm et al., 1994). Highly time- 

resolved chemical mass concentrations for speciated PM 2.5 were drawn from an 

Aerodyne AMS (Jayne et al., 2000) deployed at the Thom pson Farm (TF), a rural site in 

southeastern New Hampshire, as part of International Consortium  for Atmospheric 

Research on Transport and Transformation (ICARTT). The T F  site is part o f the 

AIRM AP network o f atmospheric observatories operated by the University o f New 

Hampshire (Talbot et al., 2005). Additionally, observed PM  from  a particle-into-liquid 

sam pler (PILS) measurement (Sullivan et al., 2004) on board the NOAA P3 aircraft was 

used to evaluate vertical predictions o f PM.
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Model Applications

The CM AQ model implemented with CACM /M PM PO was used to simulate air 

quality for the eastern United States. W hile an earlier version o f CACM  was applied to a 

sim ilar spatial domain previously using CM AQ (Pun et al., 2003), this is the first 

application o f the full M PM PO and the updated CACM  (Chen and Griffin, 2005; Griffin 

et al., 2005) within this framework. For comparison purposes, simulations were also 

perform ed using the default CB-IV/SORGAM  modules. The model domain is shown in 

Figure III.2. It has a 62x66 horizontal grid with a resolution o f 36 km. Vertically, 21 

layers are specified with a a-pressure coordinate extending from  the surface to 10,000 Pa.

The M PM PO module uses the UNIFAC method to calculate activity coefficients 

for the surrogate species in the aerosol organic and aqueous phases (Fredenslund et al., 

1977), which dramatically increases the computational time. It was found to be 

com putationally too intensive to simulate the entire modeling domain while including the 

UNIFAC calculation. Therefore, the smaller domain shown in Figure III.2 was selected 

to evaluate whether assuming unity for all activity coefficients yields results similar to 

those from the full UNIFAC calculation. In order to focus on those areas where SOA 

formation was most significant, only those cells in which predicted SOA concentrations 

were greater than 0.5 pg m ' 3 were considered in this analysis. Simulation within this 

small domain for these cells shows that SOA predictions while assum ing unity for 

activity coefficients were within ±5% of the base predictions. This is largely due to the 

fact that the majority o f simulated SOA formation results from biogenic sources. 

Therefore, activity coefficients do not deviate significantly from  unity because o f the 

m olecular similarity o f the species. Thus, when the M PM PO-incorporated CM AQ model
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Figure 111.2. M odeling domain for this study. The small domain was used for a 
sensitivity analysis with activity coefficient calculation on or off. AIRM AP sites are stars, 
SEARCH sites are triangles, and IM PROVE sites are circles.

was applied to the entire modeling domain, the activity coefficients o f all organic species

in the condensed phases were assumed to be one.

The episode o f August 3-4, 2004 (UTC) is chosen for simulation, as August 3

experienced one o f the highest OM  concentrations measured during ICARTT using filters

at TF (Ziemba et al., 2007). Much of NE featured clear or partly cloudy skies with high

temperatures in the range o f 27 to 32°C during the daytime o f August 3, 2004. A cold

front pushed through NE during August 4, 2004. Twenty-four-hour average OM  and

PM 2.5 concentrations were approximately 7.0 pg m ' 3 and 13.0 pg m '3, respectively, at TF

on August 3. The maximum one-hour O3 mixing ratio during August 3, 2004 reached 95

parts per billion (ppb) at Appledore Island (Al), which is one o f the Isles o f Shoals in the

G ulf o f M aine and is host to another AIRM AP observatory.
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Emission profiles have been processed with the Sparse M atrix Operator Kernel 

Emissions (SM OKEl.O) system, as in M ao et al. (2006). Anthropogenic emissions are 

based on the U.S. National Emissions Inventory 99 Version 2, while biogenic emissions 

are calculated with the Biogenic Emissions Inventory System (BEIS3.09) model. 

Because the VOCs emissions data processed by SM OKE were formatted for the CB-IV 

mechanism, they had to be transformed for use with CACM. This was done using the 

VOC speciation profile for the SoCAB, as was done by Pun et al. (2003). The 

monoterpene speciation was based on annual emission estimates for individual 

monoterpenes for North America from Guenther et al. (2000). M eteorological fields 

were simulated with the PSU/NCAR M esoscale M odeling System  Generation 5 version 

3.4 (MM5). Additional details o f model set-up and configuration also can be found in 

M ao et al. (2006).

Model Results

In this study, model results are compared with measured values for O3, PM2.5, and 

PM2.5 composition at various surface locations. Vertical profiles are also considered. 

Only species with lifetimes in excess o f a few hours are shown due to the spatial 

resolution o f the host model.

O3 Predictions

Figure III.3 shows the simulated and observed hourly average O 3 m ixing ratios at 

the surface at TF and AL Simulations with both CACM  and CB-IV generally are able to 

capture the temporal variations o f O 3 m ixing ratios at Al, but not at TF. For August 3, 

2004, at TF, CACM  accurately predicts the O 3 peak, while CB-IV  underpredicts the O 3 

peak by 11%. For the same day at A l, CACM  and CB-IV overpredict the O 3 peak by
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36% and 23%, respectively. The only difference between the simulatibns is the gas- 

phase chemical mechanism used. Disparities in their VOC aggregation scheme, reaction 

rate constants, product yields, etc. likely lead to the discrepancies in modeled O3 mixing 

ratios.

An interesting feature in the O 3 profiles at TF is the depletion o f O 3 at night, 

which occurs frequently at this site (Talbot et al., 2005). This was not captured by the 

model. This is potentially caused by use o f a minimum vertical diffusion coefficient, Kzz, 

o f 1.0 m2/sec. If the minimum Ka  is assigned to be 0.1 m2/sec (Zhang et al., 2004b), the 

O 3 predictions at night from the CB-IV mechanism could be decreased to 20 ppb, still 

significantly higher than observed values. The model probably underestimates dry 

deposition losses, which were found to be responsible for night time O 3 depletion at this 

site (Talbot et al., 2005).

The modeled one-hour average O 3 mixing ratios for August 3-4, 2004 (EST) are 

com pared to observations for approximately 400 EPA AQS sites across the modeling 

domain. Table HI. 1 summarizes the model performance statistics for the CACM  and CB- 

IV applications for one-hour average O 3 mixing ratios when the observed O 3 mixing 

ratios exceed 60 ppb (Zhang et al., 2004b). The model perform ance in terms o f mean 

normalized gross error (MNGE) and mean normalized bias (M NB) for both CACM  and 

CB-IV is comparable to those reported in other studies (Zhang et al., 2004b).
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Figure III.3. M easured and modeled O3 mixing ratios: a.) TF; b.) Al.

PM 2.5 Predictions

M odel-simulated, 24-hour average PM 2.5 concentrations are evaluated against 

measurements at 117 EPA AQS sites across the modeling domain. The model 

performance statistics are summarized in Table III.2 for CACM /M PM PO and CB- 

IV/SORGAM . Model predictions from CACM /M PM PO are only slightly different than 

those from CB-IV/SORGAM . The differences are due solely to differences in the gas- 

phase chemical mechanism and the SOA module. The gas-phase chemical mechanism 

affects inorganic aerosol formation by providing gas-phase concentration fields (e.g., 

hydroxyl radical (OH), hydrogen peroxide (H 2O 2), and O 3). Predictions of the 

concentrations o f primary species (e.g., elemental carbon (EC), POA, and other PM 2.5
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species) are independent of the gas-phase chemical mechanism and SOA modules. For 

both CACM /M PM PO and CB-IV/SORGAM  for 24-hour average PM 25, the M NGE and 

MNB are approximately 38% and -24%, respectively, which are values comparable to 

other studies (Zhang et al., 2004b).

M odel-predicted, 24-hour average compositions are also compared to speciation 

measurements from the AIRMAP, SEARCH, and IM PROVE programs. A summary of 

model performance statistics is given in Table III.3. Among the 45 data pairs, 43 data 

points are for August 4, 2004 (EST) because the SEARCH and IM PROVE programs did 

not sample on August 3, 2004. The remaining two pairs are from  TF from AIRM AP and 

Jefferson Street, Atlanta, GA, from SEARCH on August 3, 2004. For these sites, the 

performance o f total PM 2.5 mass predictions is consistent with that for the EPA AQS sites 

given in Table III.2. Model simulations using CACM /M PM PO and CB-IV/SORGAM  

show only m inor differences in percentage for sulfate, nitrate, ammonium, EC, and OM 

predictions. For the predictions o f individual chemical species, M NGE is largest for 

nitrate and smallest for ammonium. Based on M NE, both OM  and EC are 

underestimated significantly. The underprediction o f EC may reflect underestimation of 

EC emissions because EC is purely a primary, non-reactive species in the model. OM, 

however, consists of both primary and secondary material. The slight difference in terms 

o f OM  predictions reflects the difference in SOA predictions, as will be discussed 

subsequently.
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Table III. 1. Performance summary for one-hour average O3 mixing ratios on August 3-4, 2004, for CACM  and CB-IV. Data 
are from EPA AQS.___________________________________________________________________________________________________
Date
(EST)

Data
points

Mean
observation
(ppb)

Mean
prediction (ppb)

M NGE MNB

CACM CB-IV CACM CB-IV CACM CB-IV
08/03/2004 1870 69.7 70.0 58.6 0 .2 1 0 . 2 2 0 .0 1 -0.16
08/04/2004 929 69.7 75.8 60.7 0.23 0.18 0.09 -0 . 1 2

Table III.2. Perform ance summary for 24-hour average PM 2.5 concentrations on August 3-4, 2004, for CACM /M PM PO and 
CB-IV/SORGAM. D ata are from EPA AQS.___________________________________________________________________________

Date
(EST)

M ean
observation 
(P8  m '3)

Mean
prediction (pg m '3)

MNGE MNB

CACM
/M PM PO

CB-IV
/SORGAM

CACM
/M PM PO

CB-IV
/SORGAM

CACM
/M PM PO

CB-IV
/SORGAM

08/03/2004 2 0 .1 14.6 14.7 0.37 0.37 -0.23 -0 . 2 2

08/04/2004 2 1 . 0 15.1 15.3 0.38 0.39 -0.25 -0.24
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Table III.3. Performance summary for 24-hour average concentrations o f PM 2.5 and individual PM 2.5 species for 
CACM/MPMPO and CB-IV/SORGAM . D ata are from the SEARCH, IM PROVE, and AIRM AP programs. Ammonium

Species
Data
points

Mean
observation 
(tig m '3)

Mean
prediction (pg m '3)

M ean normalized gross 
error (MNGE)

Mean norm alized bias 
(MNB)

CACM
/M PM PO

CB-IV
/SORGAM

CACM
/M PM PO

CB-IV
/SORGAM

CACM
/M PM PO

CB-IV
/SORGAM

PM 2.5 45 16.70 13.70 14.10 0.33 0.36 -0.17 -0.15
Sulfate 44 7.13 7.98 8.55 0.52 0.60 0.32 0.39
Nitrate 44 0.28 0.19 0.18 1.34 1.23 -0.06 -0.03
Ammonium 15 2.73 2.74 2.71 0.14 0.15 0.03 0 . 0 2

EC 44 0.80 0.39 0.39 0.52 0.52 -0.45 -0.45
OC 44 3.82 1.26 1.18 0 . 6 6 0.69 -0 . 6 6 -0.69
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Figure III.4. Comparisons o f AM S-measured temporal profiles for a.) sulfate, b.) 
ammonium, c.) nitrate, and d.) OM  and e.) aethalometer-measured EC with model 
simulations with CACM /M PM PO and CB-IV/SORGAM  at TF. Note the difference in 
scale between measured and modeled OM. In the case o f EC, simulations with 
CACM /M PM PO and with CB-IV/SORGAM  produce the same modeled value.

Figure III.4 shows the AM S-measured and m odel-predicted temporal profiles for 

m ajor aerosol species at TF. The AMS is able to produce highly time-resolved chemical 

mass concentrations for sulfate, ammonium, nitrate, and OM  in aerosols with 

aerodynamic diam eter less than approximately 1 pm. However, a study in M exico City 

(Salcedo et al., 2005) shows that AM S-measured species plus black carbon and soils are a
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good approximation for PM 2.5 . For this reason, model-predicted concentrations o f PM 2.5 

species are compared to AM S-measured values.

M odel simulations with CACM /M PM PO and with CB-IV/SORGAM  produce 

very similar temporal profiles for ammonium, nitrate, and sulfate because the same basic 

inorganic aerosol module is used. Besides missing one significant short-lived observed 

peak in both ammonium and sulfate, observed temporal profiles for ammonium and 

sulfate are followed adequately by the model output. The model predicts a nitrate peak 

that is not evident from observations.

Simulations significantly underpredict the OM concentrations at this site. 

However, the correlations between modeled hourly OM  concentrations and those 

measured with the AMS are 0.61 for CACM /M PM PO and 0.51 for CB-IV/SORGAM , 

indicating that the temporal variations o f AM S-measured OM  were characterized by the 

model to a certain extent, with slightly better performance for CACM /M PM PO. The 

differences in the comparisons for the high-time resolution data indicate that comparison 

o f model output using 24-hour filter data should be done with caution. Figure ID.4 

indicates significant differences between CACM /M PM PO and CB-IV/SORGAM  despite 

sim ilar predicted 24-hour average SOA concentrations.

Figure IH.4 also shows the model predicted EC concentrations at this site 

compared to the measurement from an aethalometer. M odeled EC shows diurnal cycles 

that are not obvious from the observations. Averaged over the 48-hour period, modeled 

EC is actually approximately 20% higher than observed EC at this site, in contrast to the 

overall EC performance in the model domain, as indicated in Table m .3 .
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Model predictions o f vertical profiles have been com pared to observed values 

from a PILS measurement onboard the NOAA P3 aircraft. PILS measures water-soluble 

aerosol species at a time resolution o f 60-90 seconds. The position o f the NOAA P3 

aircraft is averaged over the PILS measurement time to yield the average position for that 

measurement. The average position o f the aircraft is then mapped onto the modeling 

cells. To construct the vertical profiles, the observational points and the corresponding 

model predictions are averaged for every 2 0 0  meters extending from the surface to an 

altitude o f three kilometers. The modeled vertical profiles for sulfate and ammonium 

follow the observed ones reasonably well. Therefore, only the vertical profile for OM  is 

discussed here. M easured water-soluble OC is multiplied by 2.25 to yield approximate 

total OM concentrations [R.J. Weber, Georgia Institute o f Technology, personal 

communication].

Figure III.5 shows the comparison between observed and m odel-predicted vertical 

profiles for OM. As with the AMS, the PILS collected particles with diameters smaller 

than approximately one micron; model predicted PM 2.5 OM  concentrations are again 

shown in Figure III.5. The vertical OM  profile is very sim ilar for CACM /M PM PO and 

CB-IV/SORGRAM . OM  concentrations are significantly underestimated. The relative 

bias is approximately -70% at the surface and approximately -97% at the altitude o f three 

kilometers, indicating poorer model performance at greater height. Heald et al. (2005) 

found that observed OM  concentrations in the free troposphere were also 10-100 times 

higher than model values computed using a standard two-product simulation o f SOA 

formation based on chamber data. They suggest that a large, sustained source o f SOA in
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Figure III.5. Comparison of observed vertical profiles for OM  from a PILS measurement 
onboard the NOAA P3 aircraft with those predicted by CACM /M PM PO and CB- 
IV/SORGAM .

the free troposphere is the oxidation o f long-lived organic compounds that are not 

captured by current SOA modules.

SOA Predictions

Figure III .6  shows the predicted 24-hour average SOA on August 3-4, 2004 from 

CACM /M PM PO and CB-IV/SORGAM . The modeled SOA within this domain is 

derived mainly from monoterpenes. The spatial distributions o f SOA are coincident with 

biogenic VOC emissions. For August 3, 2004, CB-IV/SORGAM  predicts high SOA 

formation in the northeastern United States, particularly in Maine, as well as in places 

around Lake Superior. Peak 24-hour SOA concentrations occurring in M aine and 

M innesota reach approximately 4.1 pg m‘3.

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.000 66

3.000

2.000

1.000

micrograms/inr*3
,  i A ugust 3,2004 0:00:00

1 M in- 0.000 a t (S8.4). Max- 2.162 at (9.9)

3.000

2.000

1.000

4.000 66

3.000

2.000

1.000

0.000 1 ---
microgram s)m f3

b) A ugust 3 ^ 0 0 4 0 0 0 0 0  
Min- 0.000 a t (45.1 ), Max- 4.118 a t (2,60)

>-1 0.000 1 -----
mlerograms/mf”3

4.000 66

2.000

0.000 1

c) A ugust 4 ^ 0 0 4 0 0 0 0 0  
M in- 0.000 a t (62.1), Max- 3570  at(15.17)

0 2  microgram sJmf“3 62
A ugust 42004  0 .0000  

M in- OOOO at (56,1), Max- 4.008 a t (10,15)d)

Figure III.6 . Predictions o f 24-hour average SOA: a.) CACM /M PM PO on August 3, 
2004 (UTC); b.) CB-IV/SORGAM  on August 3, 2004 (UTC); c.) CACM /M PM PO on 
August 4, 2004 (UTC); d.) CB-IV/SORGAM  on August 4, 2004 (UTC).

For the same day, CACM /M PM PO yields high SOA predictions in the northeastern 

United States, New Brunswick, the southeastern United States, and places around the 

Great Lakes. M aximum 24-hour SOA concentrations are approximately 2.2 pg m '3. For 

August 4, 2004, CB-IV/SORGAM  produces high SOA formation in the southeastern 

United States, with peak values o f 3.9 pg m ' 3 occurring in Georgia. CACM /M PM PO
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also produces strong SOA formation in the southeastern United States, with peak values 

o f 3.6 pg m ' 3 in Georgia. The differences in predicted SOA from CACM /M PM PO and 

CB-IV/SORGAM  mainly reflect differences in their predictions o f biogenic SOA. 

Averaged over the entire modeling domain and throughout the m odeling episode, 

however, SOA prediction from CACM /M PM PO is 51% higher than that from CB- 

IV/SORGAM . This indicates that the SOA predictions from  CACM /M PM PO are 

spatially more spread than predictions from  CB-IV/SORGAM . This is likely because 

CACM /M PM PO also tracks SOA formation from oxidation o f the first and second 

generation products, while CB-IV/SORGAM  assumes instantaneous SOA formation 

upon oxidation o f parent hydrocarbons. This again underscores why use o f 24-hour filter 

data for model comparison o f simulated OM  concentrations is not the most appropriate 

technique.

CACM /M PM PO and CB-IV/SORGAM  both underestimate OM  concentrations at 

TF. One potential reason is the inaccuracy o f fine POA emissions. The AM S-measured, 

24-hour average OM  concentration was 7.5 pg m’3. Following the approach o f deGouw 

et al. (2005), the ratio o f the AMS signal at m/z = 44 to the total organic signal suggests 

that on August 3, 2004, 35-65% of OM  at TF was secondary in nature (Cottrell et al., 

2007). Assuming that 50% o f OM  at TF is SOA on that day, the resulting POA 

concentration would be 3.75 pg m '3, approximately five times the modeled value o f 0.77 

pg m ' . On the same day, the EC concentration is predicted by the model reasonably well, 

as shown in Figure IH.4. However, this does not suggest that POA should also be 

reasonably predicted by the model because the current emission inventory is not able to
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capture substantial variations o f the ratio o f OC to EC in em issions from various sources 

(M cDonald et al., 2000; Shah et al., 2004).

Although this factor o f five under prediction is unlikely to be applicable to the 

entire modeling domain, a sensitivity analysis has been perform ed to investigate the 

response o f SOA predictions if the POA concentration is increased by a factor o f five. 

For TF, CB-IV/SORGAM  yields a 24-hour average SOA prediction o f 2.3 pg m ' 3 on 

August 3, 2004, which is 0.61 pg m '3, or 37%, higher than the base-case SOA prediction. 

This also increases the total modeled OM  concentration to 6.0 pg m '3. CACM /M PM PO

■> -5
predicts a SOA concentration o f 1.4 pg m ' , an increase o f 0.4 pg m ' , or 43% , compared 

to  the base case, and increases the total modeled OM  to 5.2 pg m '3. W ith the five fold 

increase in POA levels, SOA only increases by approximately 40%, indicating that 

simulated SOA formation in this scenario is limited by the availability o f condensing 

material. W ith the increase of POA levels, modeled OM  is still sm aller than that 

observed, indicating that additional SOA formation is needed. Reasons for 

underestimation o f SOA at this site may include: uncertainties associated with the gas- 

phase mechanism and SOA formation module (e.g., vapor pressure values used for SOA 

products); the underestimation o f parent hydrocarbons that are responsible for SOA 

formation; lack o f a detailed treatment o f polymerization processes (Jang et al., 2002; 

Kalberer et al., 2004) and potential cloud-phase SOA formation processes (Ervens et al., 

2004; Lim et al., 2005); lack of consideration o f SOA formation from isoprene and 

sesquiterpenes (Vizuete et al., 2004; Kroll et al., 2005a); and lack o f  consideration of
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reactive uptake o f carbonyl compounds, such as glyoxal (Kroll et al., 2005b; Hastings, et 

al., 2005; Liggio et al., 2005).

SOA Sensitivity Study. The sensitivity o f SOA predictions to NO*, VOC, and 

tem perature variations is also studied for comparison to recent experimental results and to 

recent modeling results for the SoCAB performed using sim ilar techniques (Vutukuru et 

al., 2006). Figure III.7 shows the SOA predictions at TF for August 3, 2004, for a series 

o f  sensitivity analysis studies. Twenty-four-hour average SOA prediction at TF from 

CACM /M PM PO is 17.2% lower when domain-wide NO* emissions are increased by 

40%  from the base case compared to the case when dom ain-wide NO* emissions are 

decreased by 40%  from the base case. However, the simulation with CB-IV/SORGAM  

exhibits a much weaker opposite trend. T F  is located in a semi-rural area and is probably 

NO*-limited during summer (Griffin et al., 2004). NO and H O 2 compete for the reaction 

with organic peroxy radicals (RO2). W hen NO* increases, a sm aller amount o f organic 

acids that participate in SOA formation is formed from RO 2 + HO 2 reactions in the 

CACM  mechanism, leading to less SOA formation, which is consistent with a simulation 

done by Jenkin et al. (2000) using MCM. Presto et al. (2005) and Song et al. (2005) 

report decreased SOA formation with increases in the NO* to VOC ratio for a-pinene and 

m-xylene, respectively, in chamber studies. The NO*-dependence o f  SOA formation 

predicted by CACM /M PM PO in the eastern United States is much stronger than that 

predicted by Vutukuru et al. (2006) for the SoCAB, probably because o f the NO*- 

saturated atmosphere in the SoCAB (Kelly and Gunst, 1990).
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Figure IH.7. SOA predictions on August 3, 2004 at TF: a.) dom ain-wide NO* emissions 
were varied by ±40% from base case; b.) temperature used in gas-phase chemistry and 
aerosol modules was varied by ±5 K from  base case. Notation: _1 represents the base 
case, _2 represents the case with 40%  increase o f emissions for a.) or the case with 
increase o f temperature by 5K  for b.), and _3 represents the case with 40%  decrease o f 
emissions for a.) or the case with decrease o f temperature by 5K  for b.).

On the contrary, an increase o f NO* emissions increases the oxidation power of 

the atmosphere at TF by leading to more O 3 and increased consum ption o f monoterpenes. 

This explains the very slight increase o f SOA predicted by the simulation with CB- 

IV/SORGAM . Simulations with CACM /M PM PO and with CB-IV/SORGAM  both 

predict higher SOA formation when domain-wide VOC em issions are increased, as 

would be expected.
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The sensitivity o f SOA predictions to the temperature was conducted by adjusting 

by ±5 K the temperature that is fed into the gas-phase chemistry mechanism and the 

aerosol module. In this way, the temperature dependence o f other processes such as 

emissions was not included. The dependence o f SOA predictions on temperature (T) is 

stronger for CB-IV/SORGAM  than for CACM /M PM PO. Twenty-four-hour average 

SOA prediction at TF in the (T -  5 K) case is 3.4 times that in the (T + 5 K) case for CB- 

IV/SORGAM , while for CACM /M PM PO, 24-hour average SOA prediction in the (T -  5 

K) case is 2.1 times that in the (T + 5 K) case. The tem perature dependence o f SOA 

predictions is due mainly to the value used for enthalpy o f vaporization o f the SOA 

constituents. SORGAM  uses 156.0 kJ mol"1 for all molecules, while M PM PO uses an 

average o f approximately 73.0 kJ mol ' 1 depending on individual surrogate species. The 

values used in M PM PO are based on a molecular structure prediction technique (Myrdal 

and Yalkowsky, 1997). Increases in the value o f enthalpy o f  vaporization typically lead 

to greater predicted SOA (Pun et al., 2003). Takekawa et al. (2003) measured SOA 

yields from the photooxidation o f toluene at different temperatures and found that the 

SOA yield at 283 K is approximately twice that at 303 K. Thus, the temperature 

dependence predicted by both CACM /M PM PO and CB-IV/SORGAM  is stronger than 

that measured experimentally. Temperature sensitivity in the eastern United States is 

sim ilar to that observed for simulations in the SoCAB perform ed by Vutukuru et al. 

(2006).

Aqueous SOA. A unique feature o f the M PM PO module is that it simulates the 

simultaneous partitioning of semi-volatile organics into both the organic and the aqueous
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Figure HI.8 . Predictions of 24-hour average aqueous-phase SOA from CACM /M PM PO: 
a.) August 3, 2004 (UTC); b.) August 4, 2004 (UTC).

phases, while other SOA modeling approaches typically only simulate the partitioning of 

semi-volatile organics into one phase, usually organic. To evaluate the significance o f 

partitioning o f organics into the aqueous phase, the portion o f SOA that resides in the 

aqueous phase was quantified. Figure III .8  shows the predictions o f 24-hour average 

aqueous-phase SOA from CACM /M PM PO for August 3-4, 2004. The maximum 24- 

hour average aqueous- phase SOA concentration is 0.43 pg m ' 3 for August 3, 2004, and 

0.76 pg m ' 3 for August 4, 2004. However, these maxima are not spatially coincident with 

the maximum 24-hour average SOA concentration predictions from CACM /M PM PO 

shown in Figure III.6 . The aqueous-phase SOA can constitute from 0% to approximately 

90%  of the total SOA predictions from the M PM PO module. The relative importance of 

aqueous-phase SOA formation depends on multiple factors, among which are the LWC 

o f aerosols, the aqueous-phase hydrogen ion concentration, and the com petition with the 

partitioning to the organic phase. The M PM PO module does not treat potential further

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



irreversible or reversible reactions (except ionization for carboxylic acids) for the 

organics in the aqueous phase despite observations o f polymerization for certain 

compounds in the aqueous phase (Hastings et al., 2005). This suggests the current 

M PM PO module underestimates the importance o f aqueous-phase SOA.

OM to OC Ratio. Another strength o f CACM /M PM PO is its ability to simulate 

organic composition. This enables calculation o f the OM  to OC ratio, which is used 

typically to convert measured aerosol OC content to aerosol OM  (Turpin and Lim, 2001). 

Figure HI.9 shows the spatial distributions o f 24-hour average values for the average OM 

to OC ratio for the modeling domain. The average ratio varies from 1.10 to 1.90 in 

continental areas. In this study, the average OM to OC ratio is 1.16 for POA. The OM  to 

OC ratio for surrogate species in the M PM PO module varies from 1.13 to 3.75, 

depending on the specific compound. The spatial distributions o f average OM  to OC 

show the spatial patterns o f relative contributions o f SOA and POA. In the northern part 

o f  the modeling domain, the average OM  to OC ratio reaches 1.80 to 1.90 because o f the 

dominant contributions o f SOA to total OM. For areas where SOA formation is minor or 

where POA dominates over SOA formation, the average O M  to OC ratio is in the range 

o f  1.10 to 1.30. Turpin and Lim (2001) suggested that the average OM  to OC ratio was 

1. 6  ± 0.2 for urban aerosols and 2.1 ± 0.2 for non-urban aerosols. The slightly lower OM  

to OC ratio from this study may be due to two reasons: a value o f the OM  to OC ratio 

used for POA that is too low and the potential under prediction o f organic functionality 

for SOA from CACM/MPMPO.
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Figure III.9. Spatial distributions for the 24-hour average values o f the ratio o f OM to OC 
from CACM /M PM PO: a.) August 3, 2004 (UTC); b.) August 4, 2004 (UTC).

Conclusions

CACM  and M PM PO have been incorporated into the CM AQ model and applied 

to the eastern United States for an August 2004 episode. Simulations with 

CACM /M PM PO were compared to simulations using CB-IV/SORGAM , as well as a 

num ber o f observational datasets. Model simulations produce reasonable predictions for 

O 3, PM 2.5, sulfate, and ammonium but yield substantial underestimates for EC and OM. 

The underestimation o f EC is probably due to the underestimation o f em issions for EC. 

Reasons for the underestimation o f OM  may include uncertainties in the gas-phase 

mechanism and SOA modules used, the neglect o f SOA formation from sesquiterpenes, 

isoprene, and additional formation pathways, and the potential underestimation of 

emissions o f POA and parent hydrocarbons that are responsible for SOA formation.
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Simulations with CACM /M PM PO and with CB-IV/SORGAM  produce similar 

SOA predictions for the nearly 40 sites where OM  concentrations are available on August 

4, 2004, based on 24-hour filter samples. Again, comparison to 24-hour filter samples is 

not the best method for discussion o f SOA model output discrepancies. However, 

responses o f SOA predictions at TF to NO* emissions changes and tem perature variations 

are different for the two modeling approaches. This may lead to different results if both 

m odeling approaches are used to examine the effect o f NO* em issions reductions on SOA 

concentrations or to study how climate change affects ambient SOA levels.
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CHAPTER IV

M ODELING SECONDARY ORGANIC AREOSOL FORM ATION THROUGH 
CLOUD PROCESSING O F ORGANIC COM POUNDS

Abstract

Interest in the potential formation o f secondary organic aerosol (SOA) through 

reactions o f organic compounds in condensed aqueous phases is growing. In this study, 

the potential formation o f SOA from irreversible aqueous-phase reactions o f organic 

species in clouds was investigated. A new proposed aqueous-phase chemistry 

mechanism (AqChem) is coupled with the existing gas-phase Caltech Atmospheric 

Chem istry M echanism (CACM) and the Model to Predict the M ultiphase Partitioning of 

Organics (MPMPO) that simulate SOA formation. AqChem treats irreversible organic 

reactions that lead mainly to the formation o f carboxylic acids, which are usually less 

volatile than the corresponding aldehydic compounds. Zero-dimensional model 

simulations were performed for tropospheric conditions with clouds present for three 

consecutive hours per day. Zero-dimensional model simulations show that 48-hour 

averaged SOA formation are increased by 27% for a rural scenario with strong 

m onoterpene emissions and 7% for an urban scenario with strong emissions o f aromatic 

compounds, respectively, when irreversible organic reactions in clouds are considered. 

AqChem  was also incorporated into the Community M ultiscale Air Quality M odel 

(CM AQ) version 4.4 with CACM /M PM PO and applied to a previously studied 

photochemical episode (August 3-4, 2004) focusing on the eastern United States. The
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CM AQ study indicates that the maximum contribution o f SOA formation from 

irreversible reactions o f organics in clouds is 0.28 jig m ' 3 for 24-hour average 

concentrations and 0.60 fig m ‘3 for one-hour average concentrations at certain locations. 

On average, domain-wide surface SOA predictions for the episode are increased by 8 .6 % 

when irreversible, in-cloud processing o f organics is considered.

Introduction

Atmospheric particulate matter (PM) is associated with adverse human health 

effects (Pope and Dockery, 2006), decreases in visibility (M alm, 1989), and global 

climate forcing (Charlson et al., 1992, Jones et al., 1994). Organic aerosol (OA) is a 

ubiquitous and important constituent o f atmospheric PM  (M urphy et al., 1998; Turpin et 

al., 2000). OA consists of primary OA (POA), which is directly em itted from various 

sources, and secondary OA (SOA), which is formed in the atmosphere from  the oxidation 

o f volatile organic compounds (VOCs).

The processes leading to SOA formation typically are viewed as gas-phase 

oxidation o f VOCs followed by nucleation/gas-particle partitioning o f low-volatility 

products (Pankow, 1994; Odum et al., 1996; Griffin et al., 1999). Oligomer and/or 

polym er formation in the aerosol phase has also been shown to be important with regard 

to SOA formation (Jang et al., 2002; Kalberer et al., 2004). Besides these processes, it 

has also been hypothesized that fog/cloud processing, which leads to substantial sulfate 

formation, could also be a source for SOA (Blando and Turpin, 2000). The process of 

SOA formation from aqueous-phase processing o f organic compounds in clouds involves 

formation o f potential low-volatility products through aqueous-phase reactions o f 

organics, followed by subsequent gas-particle partitioning o f  the low-volatility products
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post evaporation o f the hydrometeor (Blando and Turpin, 2000; Kanakidou et al., 2005). 

Recent experimental and modeling studies indeed demonstrated that SOA potentially can 

be formed from aqueous-phase processing o f organic compounds in clouds (Carlton et 

al., 2006; Loeffler et al., 2006). Ambient particle size distribution measurements also 

showed the occurrence o f droplet-mode organics (Blando et al., 1998; Yao et al., 2002), 

which, similarly to droplet-mode sulfate, are most likely formed from  cloud processing of 

organic materials (Blando and Turpin, 2000). Several modeling studies (W ameck, 2003; 

Ervens et al., 2004; Lim et al., 2005) have demonstrated the formation o f low-molecular 

weight dicarboxylic acid from cloud processing o f organics. Such dicarboxylic acids 

have been found in atmospheric aerosols in various regions (Kawam ura and Ikushima, 

1993; Decesari et al., 2000). In addition, Claeys et al. (2004) showed that multiphase 

acid-catalyzed organic reactions with hydrogen peroxide provided a new route for SOA 

formation from isoprene and hypothesized that such a m echanism  could also provide a 

pathway for SOA formation from monoterpenes and their oxidation products. M ost 

recently, Heald et al. (2006) analyzed the covariance o f water soluble particulate organics 

with other species in the free troposphere over the eastern United States, with the results 

suggesting aqueous-phase SOA generation involving biogenic precursors.

Given the increasing interest in potential SOA formation through the aqueous- 

phase processing o f organic compounds, this paper evaluates the significance o f SOA 

formation from aqueous-phase reactions o f organics in cloud droplets through a modeling 

study. The study involves the development o f an aqueous-phase chemistry mechanism 

(AqChem) that specifically includes treatment o f potential organic reactions that lead to 

production o f semi-volatile organic compounds. Because o f our incomplete knowledge
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on the aqueous-phase chemistry for organics (Kanakidou et al., 2005; Gelencser and 

Varga, 2005), AqChem treats organic reactions based on previous work by Ervens et al. 

(2004) and Lim  et al. (2005) for organics o f carbon num ber up to four and the simple 

protocol used by Aumont et al. (2000) for organics o f carbon num ber greater than four. 

Potential reversible oligomerization reactions (Hastings et al., 2005; Loeffler et al., 2006) 

are not included because o f a current lack o f a quantitative description of these 

phenomena. AqChem utilizes an existing gas-phase chemistry mechanism, the Caltech 

Atmospheric Chemistry Mechanism (CACM ) (Griffin et al., 2002) that provides the 

prediction of gas-phase production o f organic compounds. It is also linked with a SOA 

module, the Model to Predict the M ulti-phase Partitioning o f Organics (MPMPO) 

(Griffin et al., 2003), such that the partitioning between gas and aerosol phases o f semi- 

volatile organic products from aqueous-phase reactions is determined 

thermodynamically. AqChem was used in a zero-dimensional model as well as a three- 

dimensional model to study the magnitude o f potential SOA formation in clouds.

Methods

Development o f the AqChem M echanism

AqChem was developed based on previous work (Aumont et al., 2000; W am eck 

et al., 2003; Ervens et al., 2004; Lim et al., 2005) and to work specifically with the 

CACM  mechanism and the M PM PO module. The main purpose o f AqChem is to treat 

the irreversible organic reactions that could potentially lead to the production o f semi- 

volatile organic compounds in clouds.

In AqChem, the reactions for organics o f carbon num ber up to four that are 

treated in the CACM  mechanism were adopted from previous work by Ervens et al.
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(2004) and Lim et al. (2005) and are shown schematically in Figure IV .la . The main 

purpose o f the reaction scheme for organics o f carbon num ber up to four is to provide 

formation routes for oxalic and pyruvic acids. Briefly, organics in the cloud phase are 

assum ed to be oxidized only by hydroxyl radical (OH). Glycoladehyde and glyoxal are 

converted to oxalic acid via glyoxylic acid (Ervens et al., 2004, Lim  et al., 2005). 

M ethylglyoxal is converted to pyruvic acid, which decomposes to form acetic acid. 

Ethanol and acetaldehyde are converted to acetic acid as well. A portion o f acetic acid is 

converted to oxalic acid, while the rest decomposes to formaldehyde (Lim  et al., 2005). 

No reactions are treated for methyl vinyl ketone and methacrolein in the aqueous phase 

because o f their low solubility in water (Ervens et al., 2004).

W ithin CACM, there are approximately 140 semi-volatile organic compounds of 

carbon number greater than four (Griffin et al., 2002; Chen and Griffin, 2005). Instead of 

treating potential aqueous-phase chemistry for these organic compounds individually, an 

organic surrogate approach similar to that used in M PM PO was adopted here. In the 

M PM PO module, each semi-volatile organic compound is lumped into one o f 11 organic 

surrogate species (Griffin et al., 2003; Griffin et al., 2005; Chen et al., 2006). M PM PO 

calculates the partitioning between the gas and aerosol phases for these 11  surrogate 

species. Similarly, AqChem treats the aqueous-phase chemistry for four o f the 11 

surrogates because o f their potential to lead to less volatile organic products (e.g., 

carboxylic acids). These four surrogate species are surrogate 3 (S3, 3-hydroxy-2, 4- 

dim ethyl-2,4-hexadiendial), surrogate 5 (S5, 2-hydroxyl-3-isopropyl-6-keto-heptanal),

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHjCHpH 
(ethanol) -v.

CHpHCHO

(glycoladehyde)

I
(OH)2CH2CH2(OH)2

(glyoxal)

I
T

CHOCOOH 
(glyoxydic acid)

CHpHO

(acetaldehyde)

CHpOOH -  
(acetic acid)

1ST '-----015

HOOCCOOH 
(oxalic acid)

CHpOCHO

(methyiglyoxal)

CHpOCOOH 
(pyruvic acid)

CHj(OH)2
(formaldehyde)

a.)

C 02 -  HCOOH' 
(formic acid)

C H pH
(methanol)

S "T A
X

r A  r

b.)

A °
(Si)

COOM

A .
CMC

A
T -

YY
COOM

A.

COOW I.STT' tau ixd  to Sr. ICOM

L'-0"^ iC  „MO;

Figure IV. 1. Schematic o f organic reactions in clouds: a.) organics o f carbon number less 
than four (based on Ervens et al. (2004) and Lim et al. (2005)); b.) organics o f carbon 
num ber greater than four (based on Aum ont et al. (2000)) (S2-S7 and S10 are surrogates 
in the M PM PO module).

surrogate 7 (S7, 2,4-dimethyl-3-formyl-benzoic acid), and surrogate 10 (S10, 1-m ethyl-1- 

hydroxy-2-nitrato-4-isopropyl-cyclohexane) in the M PM PO module (Griffin et al., 2003; 

Griffin et al., 2005). In this way, although only four aqueous-phase chemical reactions
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were added for organic compounds o f carbon number greater than four, 58 organic 

compounds that are lumped into these four surrogates in the M PM PO undergo further 

reactions in the aqueous phase. The products o f aqueous-phase reactions for these four 

M PM PO surrogates were based on the protocol used by Aum ont et al. (2000). Aumont et 

al. (2000) assumed that (1) OH is the only oxidant; (2) an aldehyde moiety is converted 

to  a carboxylic acid moiety; and (3) the carbon skeleton is not changed during oxidation. 

Following the protocol o f Aumont et al. (2000), the oxidation o f S3 by OH leads to the 

formation o f 3-hydroxy-2, 4-dimethyl-2, 4-hexadienalic acid (S3PD). The oxidation 

product o f S5 is 2-hydroxyl-3-isopropyl-6-keto-heptanoic acid (S5PD). S7 is converted 

to 3, 5-dim ethyl-l, 4-dibenzoic acid (S7PD). Oxidation o f S10 by OH in the aqueous 

phase leads to a product (S10PD, 1-methyl-1-hydroxy-2-nitrato-3-oxo-4-isopropyl- 

cyclohexane) that has one more ketone group than surrogate 10. The aqueous-phase 

oxidation rates by OH for these surrogate species were estim ated based on the method of 

D utot et al. (2003). The reaction scheme for these surrogate species is shown in Figure 

IV. lb .

AqChem also includes a compact treatment o f aqueous-phase hydrogen-oxygen 

and sulfur chemistry mainly based on Ervens et al. (2003) and Ervens et al. (2004). Such 

a compact treatment includes the important reactions for determ ining aqueous OH levels 

and aqueous sulfate formation but is computationally less dem anding than detailed 

treatments, which is especially im portant for three-dimensional air quality simulations. 

Tables IV. 1 and IV.2 list the irreversible and equilibrium reactions, respectively, that are
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Table IV. 1. Aqueous-phase irreversible reactions included in AqChem
Num Reactions ka E/R (K) Ref.”
1 0 3 + 0 2 4  2 0 z  + OH + OH 1.5e9 2 2 0 0 2

2 H 20 2 + OH 4  H 0 2 + H20 3.0e7 1680 1

3 H20 2 + h v 4  2 0 H 1

4 H 0 2 + 0 2 4  H20 2 + 0 2 + OH 9.7e7 1060 1

5 H 0 2 + H 0 2 -4 H20 2 + 0 2 8.3e5 2720 1

6 OH + H 0 2 -4 H20  + 0 2 l.OelO 1

7 OH + 0 2' -4 OH + 0 2 l .le lO 2 1 2 0 1

8 0 3 + OH 4  H 0 2 + 0 2 1 .0 e 8 1

9 N 0 3 + hv 4  N 0 2 + OH + OH 1

1 0 S(IV) + 0 2 Fe" Mn2t ) S(VI) 2.6e3[FeJ+] + 
7.5e2[M n2+] 
+1 .0el0[Fe3+][M n2+] 
(if PH < 5 .0 ) 
7.5e2[M n2+] + 
2.0e 10[Fe3+] [Mn2+]
(if PH > 5 .0 )

5,6

1 1 h s o 3' + h 2o 2 + H+ 4  S O / ' + h 2o  + 2 h + 6.9e7 4000 1,4
1 2 H S 0 3 + 0 3 -4 H S 0 4' + 0 2 3.7e5 5530 1,4
13 S 0 2 H20  + O3 4  HSO4 ' + 0 2 + H+ 2.4e4 1,4
14 S 0 32 + 0 3 4  S 0 42' + 0 2 1.5e9 5280 1,4
15 HCHO + H S 0 3‘ -4 HOCH2S 0 3' 4.5e2 2660 4
16 HCHO + S 0 32- -4 H 0 C H 2S 0 3' + OH 5.4e6 2530 4
17 H 0 C H 2S 0 3' + OH' -4 CH 2(OH)2+ S O / 4.6e3 4880 4
18 H 0 C H 2S 0 3 + OH -4 H 0 C H S 0 3- + H20 3.0e8 4
19 H 0 C H S 0 3' + 0 2 -4 HCOOH + H S 0 3 + H 0 2 2.5e9 4
2 0 CH3OH + OH 4  HCHO + H 0 2 1.0e9 580 1

2 1 CH 2(OH ) 2 + OH -4 HCOOH + H 0 2 + H20 l .le 9 1 0 2 0 1

2 2 c h 3o o  + h o 2 -4 c h 3o o h  + o2 4.3e5 4
23 CH30 0  + 0 2 -4 CH3OOH + O H ' + 0 2 5.0e7 4
24 CH3OOH + OH -4 CH30 0  + H20 3,0e7 1680 1

25 CH3OOH + OH 4 HOz + HCOOH 6 .0 e6 1680 1

26 HCOOH + OH -4 C 0 2 + H 0 2 + H 20 1.3e8 1 0 0 0 1

27 HCOO + OH -4 C 0 2 + HzO 1.0e9 1 0 0 0 1

28 c h 3c h o  + OH 4 CH 3COOH + h o 2 3.6e9 1

29 CH 3CH(OH ) 2 + OH -4 CH3COOH + h o 2 1.2e9 1

30 CH 3CH2OH + O H 4  CH3CHO + H 0 2 1.9e9 1

31 CH2OHCHO + OH -4 (CH2(OH ) 2) 2 + H 0 2 1.2e9 2

32 (CH2(OH ) 2) 2 + OH 4 CHOCOOH + H 0 2 l . le 9 1516 1

33 CHOCOOH + OH 4 (COOH ) 2 + H 0 2 3.6e8 1 0 0 0 2

34 CH 3CO O' + OH 4 0.85CHOCOOH + 0.15 
CH 2(OH ) 2

8.5e7 3

35 CH3COOH + OH 4 0.85CHOCOOH + 0.15 
CH 2(OH ) 2

1.6e7 3
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Table IV. 1 Continued
36 CHOCOO + OH -> (COOH ) 2 + H 0 2 2.9e9 4300 2

37 (COOH ) 2 + OH -> H 0 2 + 2 C 0 2 + H20 1.4e6 2

38 HC20 4' + OH -> H 0 2 + 2 C 0 2 + H20 1.9e8 2800 2

39 C 20 42' + OH -> H 0 2 + 2 C 0 2 + HzO 1 .6 e 8 4300 2

40 CH 3COCHO + OH CH3COCOOH + H 0 2 l . le 9 1600 2

41 CH3COCOOH + OH -> CH 3COOH + H 0 2 + 
C 0 2

6.0e7 3

42 CH 3COCOO- + OH CH 3COO + H 0 2 + 
C 0 2

6.0e7 3

43c S3 + OH -» S3PD + H 0 2 4.98e9 7
44c S5 + OH S5PD + H 0 2 5.76e9 7
45c S7 + OH S7PD + H 0 2 4.26e9 7
46° S7 + OH S7PD + H 0 2 4.08e9 7
47° S10 + OH -> S10PD 1.23el0 7

a: in appropriate units o f M and s'
b: References: 1: Ervens et al. (2003); 2: Ervens et al. (2004); 3: Lim et al (2005); 4: 
W am eck (1999); 5. M artin and Good (1991); 6 : Zaveri (1999); 7: Dutot et al. (2003).
c: S3: 3-hydroxy-2, 4-dimethyl-2, 4-hexadiendial; S3PD: 3-hydroxy-2, 4-dimethyl-2, 4- 
hexadienalic acid; S5: 2-hydroxyl-3-isopropyl-6-keto-heptanal; S5PD: 2-hydroxyl-3- 
isopropyl-6 -keto-heptanoic acid; S7: 2,4-dimethyl-3-formyl-benzoic acid; S7PD: 3, 5- 
dimethyl-1, 4-dibenzoic acid; S10: 1-m ethyl-l-hydroxy-2-nitrato-4-isopropyl-
cyclohexane; S10PD: 1-m ethyl-1, 3-dihydroxy-2-nitrato-4-isopropyl-cyclohexane.

included in AqChem. Gas and aqueous-phase mass transfer was treated according to the 

resistance model o f Schwartz (1986) by considering mass accommodation coefficient (a), 

gas-phase diffusion constants (Dg), and H enry’s law constants (KH) for each soluble 

species, values o f which are shown in Table IV.3.

After the evaporation o f cloud droplets, the partitioning between the gas and 

aerosol phases for the oxidation products formed from the aqueous-phase reactions is 

computed by the M PM PO module. This is shown schematically in Figure IV.2. If 

clouds are not present, the amounts o f semi-volatile organic compounds computed from 

the CACM  mechanism are used directly as input to the M PM PO module to compute 

SOA formation, as in previous applications (Chen et al., 2006). If clouds are present, 

AqChem is first called to simulate the cloud processing o f organics, followed by a call to
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Table IV.2. Aqueous-phase equilibrium reactions included in AqChem
Num. Equilibrium reactions K (M) E/R (K) Ref.a
1 H 20  «-* H+ + OH 1.8e-16 6800 1

2 C 0 2 H20  «-► H C 0 3+ + H 7.7e-7 - 1 0 0 0 2

3 H C 0 3+ «-» C O /  + H 4.84e-l 1 -1760 2

4 h o 2 <->h+ + o 2 1.6e-5 1

5 h n o 4 ~ h + + n o 4' 1.0e-5 1

6 h n o 3 <-► H+ + N 0 3 2 2 . 0 -1800 1

7 HONO ~  H+ + N 0 2 5.3e-4 1760 1

8 NH 3 H20  *-» NH4+ + OH 1.75e-5 560 1

9 S 0 2 H 20  H S 0 3‘ + H* 1.73e-2 -1940 1

1 0 H S 0 3 «-> S 0 32 + H+ 6 .2 2 e - 8 -1960 1

11 H 2S 0 4 «-► H S 0 4 + H+ 1 0 0 0 1

1 2 H S 0 4‘ <-+ S O / ' + H+ 1 .0 2 e - 2 -2700 1

13 HCHO + H20  ^  CH2 (OH) 2 36.0 -4030 1

14 HCOOH «-» HCOO + H + 1.77e-4 - 1 2 1

15 CH3CHO + H20  <-► CH 3CH(OH ) 2 2.46e-2 -2500 1

16 c h 3c o o h  ^  h + + c h 3c o o 1.75e-5 -46 1

17 C H O C O O H «-» CHOCOO + H+ 6.6e-4
18 COOHCOOH HC20 4 + H+ 6.4e-2 1

19 HC20 4' <-► C 20 42' + H+ 5.25e-5 1

2 0 CH3COCOOH CH 3COCOO' + H+ 4.07e-3 2

2 1 S7 «-»■ S7‘ + H+ 7.335e-5 3
2 2 ” S3PD ^  S3PD' + H + 3.7e-5 3
23d S5PD <-► S5PD' + H+ 6.52e-4 3
24b S7PD S7PD' + H+ 1.7e-3 3

a: References: 1: Ervens et al. (2003); 2: Ervens et al. (2004); 3: Pun et al. (2002) 
b See Table IV. 1 for molecular definition o f S7, S3PD, S5PD, and S7PD

M PM PO to calculate SOA formation. The organic oxidation products in clouds were 

lumped into existing surrogates in the M PM PO module. Oxalic and pyruvic acids were 

lumped into surrogate 1 (oxalic acid) o f MPMPO. S3PD, S5PD, S7PD, and S10PD were 

lumped into surrogate 2 (S2, 2-methyl-5-formyl-2, 4-hexadiendioic acid), surrogate 4 

(S4, 2-hydroxy-3-isopropyl-5-keto-3-hexenoic acid), surrogate 6  (S6 , 3, 5-dimethyl-2- 

nitro-4-hydroxy-benzoic acid), and surrogate 5 (S5, 2-hydroxy-3-isopropyl-6-keto- 

heptanal) of M PM PO, respectively. Overall, the aqueous products S3PD, S5PD, S7PD,
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Table IV.3. Uptake parameters for gas-phase species in AqChem
Species3 Kh, 298k (M atm ') AH/R

(K)
a Dg (m2 s ') Ref . 6

CO 2 3.11e-2 -2423 2.0e-4 1.55e-5 1

n h 3 60.7 -3920 0.04 2.3e-5 1

O 3 1.14e-2 -2300 0.05 1.48e-5 1

H 0 2 9.0e3 0 .0 1 1.04-5 1

OH 25.0 -5280 0.05 1.53e-5 1

H 2O 2 1.02e5 -6340 0 .1 1 1.46e-5 1

HNO 3 2.1e5 -8700 0.054 1.32e-5 1

HONO 49.0 -4880 0.5 1.30e-5 1

HNO 4 3.0e4 0 .1 1.30e-5 1

S 0 2 1.24 -3247 3.5e-2 1.28e-5 1

H 2SO4 2.1e5 0.07 1.30e-5 1

HCHO 2.5 0 . 0 2 1.64e-5 1

C H 3OH 2 2 0 -5390 0.015 1.16e-5 1

C H 3OO 310 3.8e-3 1.35e-5 1

C H 3OOH 310 3.8e-3 1.31e-5 1

HCOOH 5530 5630 0 . 1 0 1.0e-5
C H 3CHO 11.4 -6254 0.03 1.22e-5 1

C H 3CH 2OH 190 -6290 8.2e-3 0.95e-5 1

CHzOHCHO 4.14e4 0.03 1.95e-5 2

CH 3COOH 5500 -5890 0.019 1.24e-5 2

COOHCOOH 3.26e6 0.019 1.24e-5 3
CHOCHO 3.0e5 3.8e-3 1.31e-5 2

CHOCOOH 9000 0 .1 1.0e-5 2

C H 3COCHO 3710 0.023 1.15e-5 2

C H 3COCOOH 3.1 le5 5100 0 .1 1.0e-5 2

S3C 6 . 0  le 6 0.05 1.0e-5 4,5
S5C 3.90e7 • 0.05 1.0e-5 4,5
S7C 4.9 le 6 0.05 1.0e-5 4,5
S10c 1.18e6 0.05 1.0e-5 4,5
: N 2O5 is assumed to be completely dissolved in water and to form two moles o f HNO 3 . 

b: References: 1: Ervens et al. (2003); 2: Ervens et al. (2004); 3: Lim et al. (2005); 4: Pun 
et al. (2002); 5: Aumont et al. (2000).
c: See Table IV. 1 for molecular definition o f S3, S5, S7, and S10.

and S10PD are less volatile than their precursors, as in the treatment used by Gelencser 

and Varga (2005). Vapor pressure and Kh estimates for the surrogate species in M PM PO 

can be found in Pun et al. (2002) and Griffin et al. (2005).
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Figure IV.2. H ow  diagram for SOA modeling with/without consideration o f the aqueous- 
phase chemistry in clouds.

The kinetic processor KPP2.1 (Damian et al., 2002; Daescu et al., 2003; Sandu et 

al., 2003) was used to process AqChem and generate the associated numerical codes. A 

Rosenbrock solver in KPP2.1 was used to solve the differential equations associated with 

the mechanism (Sandu et al., 1997).

Zero-dimensional M odel Simulations

A zero-dimensional model was constructed to investigate potential SOA 

formation due to irreversible aqueous-phase organic chemistry under scenarios for which 

cloud is present for three consecutive hours per day (Lim et al., 2005). The zero

dimensional model considers emissions, dry deposition, and gas- and aqueous-phase
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chemistry for chemical species. The mass balance o f the gas- and aqueous-phase species 

is described by (Pandis and Seinfeld, 1989; Lim et al., 2005)

The zero-dimensional model couples CACM, AqChem, and MPM PO. Emissions 

and dry deposition of gas-phase species were implemented within the gas-phase 

chemistry mechanism. As with AqChem, the latest version o f CACM  with emissions and 

dry deposition o f species was processed by KPP2.1, and a Rosenbrock solver was used 

for solving the differential equations. If clouds are present, the simulations o f gas-phase 

and aqueous-phase chemistry processes are split every 1 2  minutes, following the

- L k C g +
LkCa

K h R T
(1)

(2)

where Cg is the gas-phase concentration (mole L ' 1 o f air), Ca is the aqueous-phase 

concentration (M), Qg (mole L "1 o f air sec '1) and Qa (M sec '1) are the gas-phase and 

aqueous-phase production rate, respectively, Sg (mole L ' 1 o f air sec '1) and Sa (M sec '1) are

2 i
the gas-phase and aqueous-phase loss rate, respectively, E  (mole dm ' sec' ) is the 

emission rate o f the gas-phase species, Z  (dm) is the boundary layer height, v (dm sec '1) is 

the dry deposition velocity, L  is the cloud liquid water volume fraction, Kh (M atm"1) is 

the effective H enry’s law constant, R  (L atm  mole ' 1 K 1) is the ideal gas constant, T  (K) is 

the temperature, and k  ( s e c 1) is the mass transfer coefficient,

(3)

where a  is the mass accommodation coefficient, Dg (cm 2 s '1) is the gas-phase diffusion 

constant, a is the cloud droplet radius (cm), and v is the mean m olecular speed (cm s '1).
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treatment in the three-dimensional model that will be discussed subsequently. If clouds 

are not present, only gas-phase chemistry is simulated every 12 minutes. At the end of 

every 12 minutes, MPMPO is called to simulate SOA formation.

For the zero-dimensional model simulation, conditions are based on the study of 

Lim  et al. (2005). The boundary layer height was assumed to be fixed at 1000 meters. 

Tem perature and relative humidity (RH) are 298 K and 75%, respectively, if  clouds are 

not present. Clouds are assumed to be present through the entire boundary layer for 

hours 13-16 o f each day. Cloud water content was assumed to be 0.5 g m ' , with a 

uniform cloud droplet diam eter o f 10 pm. Temperature and RH are assumed to be 288 K 

and 100%, respectively, when clouds are present. In addition, a constant cloud pH o f 4.5 

was assumed. Photolysis rates were assumed to vary semisinusoidally between hour 6  

and hour 18 of each day, with a peak at hour 1 2 .

Two emissions scenarios were studied. Scenario 1 features strong biogenic 

m onoterpene emissions for a rural area, and Scenario 2 features strong anthropogenic 

em issions of aromatic compounds for an urban area. Emission rates and deposition 

velocities o f gas-phase hydrocarbons were extracted from previous three-dimensional 

model simulations (Chen et al., 2006; M ao et al., 2006). These are shown in Tables IV.4 

and IV.5, respectively. In order to simulate SOA formation in M PM PO, total POA 

concentrations (fractions of individual POA species are consistent between the two 

scenarios and are based on those used in Chen et al. (2006)), aerosol water content, and 

aerosol pH for both scenarios were assumed to be constant at 1.0 pg m‘\  30 pg m '3, and
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2  1 • Table IV .4. Twenty-four-hour average emission rates (moles m ' s e c ') for tw o scenarios
used in zero-dimensional moc el simulations

Species Emissions for Scenario 1 Emissions for Scenario 2
NO 1.36e-9 3.27e-8
N O z 1.42e-10 3.63e-9
CO 1.33e-8 3.40e-7
HCHO 1.33e-ll 6.73e-10
ALD1 a 2.63e-10 1.06e-9
O L E L a 1.38e-9 1.49e-9
A R O L a 5 .5 6 e-ll 7.18e-10
A R O H a 6 .6 0 e-ll 1.33e-9
IS O P a 2.64e-9 1.83e-9
T E R P a 8.30e-10 1.87e-l 1
A L K L a 3.04e-9 l . l l e - 8

S 0 2 5 .0 6 e-ll 6.38e-9
a: ALD1: lumped small-carbon-number aldehydes; OLEL: lumped alkenes C 3-C6 ; AROL: 
lumped low-SOA-yield aromatic species; AROH: lumped high-SOA-yield aromatic 
species; ISOP: isoprene; TERP: monoterpenes; ALKL: lumped alkanes C 2-C6 .

Table IV.5. Twenty-four-hour average dry deposition velocities (dm sec '1) for two 
scenarios used in zero-dimensional model simulations

Species Dry Deposition (urban) Dry deposition (rural)
NO 9.08e-4 2.52e-3
N 0 2 7.45e-4 2.03e-3
O 3 1.46e-3 2.71e-3
H 2O 2 4.77e-3 7.41e-3
N 0 3 3.26e-2 1.48e-2
HNO 3 3.41e-2 1.75e-2
HONO 3.94e-3 6.88e-3
n 2o 5 3.00e-2 1.56e-2
CO 1.26e-3 2.83e-3
so2 3.82e-3 6.28e-3
HCHO 3.20e-3 6.67e-3
ALD a 2.03e-3 4.03e-3
O R A a 3.63e-3 6.06e-3
PAN a 8.89e-4 1.95-e3

a: ALD for general aldehydes, ORA for general organic acids, and PAN for general 
peroxy acetyl nitrates.

3.0, respectively. This simplified treatment omits considerations o f emission, deposition, 

and size distribution o f aerosols. In addition, the zero-dimensional model simulations
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were performed for four days for each scenario. The first two days were used as 

initialization days, while the last two days were used for analysis.

Three-dimensional Model Simulation

AqChem was incorporated into the Community M ultiscale A ir Quality (CMAQ) 

model version 4.4 with CACM  and M PM PO (Chen et al., 2006). In addition, the 

com putationally efficient version o f the M PM PO module (Tulet et al., 2006) was used. 

CM AQ originally employed the RADM  aqueous-phase chemistry mechanism, mainly for 

the purpose o f predicting aqueous-phase sulfate formation in grid resolved clouds and/or 

sub-grid convective clouds (Byun and Ching, 1999). In the CM AQ model, the aqueous- 

phase chemistry mechanism is called when the liquid water content o f clouds exceeds 1 0 '

e -3
kg m ' . Cloud droplet diameter was assumed to be 10 pm  (Lim et al., 2005). In 

addition, CM AQ assumes that accumulation mode particles serve as cloud condensation 

nuclei and Aitken mode particles form interstitial aerosol that can be scavenged by 

clouds. Therefore, all accumulation mode particles and some fraction o f Aitken mode 

particles are included in the resulting aqueous phase o f the hydrometeors. Chemical 

species (e.g., nitrate, oxalic acid, S3, S5, S7, and S10) o f cloud-incorporated particles are 

also subject to aqueous-phase chemistry. SOA formation due to both the gas-phase 

oxidation and the aqueous-phase oxidation is distributed between accumulation and 

Aitken mode particles using the proportion o f preexisting OA in these two modes.

CM AQ with CACM  and M PM PO was applied previously to an episode (August 

3-4, 2004 with spin-up days o f August 1-2, 2004) over the eastern United States (Chen et 

al., 2006). In this study, CM AQ with CACM  and M PM PO and with the newly 

developed AqChem was applied to the same episode to study the significance o f SOA
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formation from the consideration of irreversible aqueous-phase organic chemistry in 

clouds. M odel inputs (e.g., emissions and meteorological fields) and model 

configurations (e.g., model domain and vertical layers) for this episode are described in 

M ao et al. (2006) and Chen et al. (2006).

Results

Zero-dimensional Model Simulations

Figure IV .3a shows the SOA predictions from the zero-dimensional model 

simulation for Scenario 1, which features strong monoterpene emissions for a rural area. 

Averaged over 48 hours, total SOA prediction considering SOA formation from cloud- 

phase organic reactions is 5.7 ftg m '3, which is approximately 27% higher than the 

prediction without considering aqueous-phase chemistry in clouds. At the end of 

simulation, total SOA prediction with aqueous-phase chemistry in clouds is 8.7 |tg  m ' , 

which is 32% more than that from the simulation without clouds. Compared to the SOA 

prediction without consideration o f the aqueous-phase chemistry, total SOA prediction 

with aqueous-phase chemistry increases substantially during the hours 13-16 and hours 

37-40, during which clouds are present. This suggests substantial rapid processing of 

organic compounds in cloud droplets and that such processing leads to formation o f SOA.

As shown in Fig. IV.3a, the increase o f SOA prediction from aqueous-phase 

chemistry is due primarily to the increase o f SOA formation from S4 and S5 o f MPMPO, 

which is attributed to the oxidation o f S5 to form S5PD (lumped to S4) and the oxidation 

o f S10 to form S10PD (lumped to S5) in AqChem, respectively. Because S4 and S5 are 

less volatile and more soluble than S5 and S10, respectively, more SOA is formed. Both 

S5 and S10 are surrogates for oxidation products o f monoterpenes.
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Figure IV.3. SOA predictions from zero-dimensional model simulations: a.) Scenario 1 
(S4: SOA o f surrogate species 4 o f MPM PO; S5: SOA of surrogate species 5 o f 
M PM PO) b.) Scenario 2 (S2: SOA of surrogate species 2 o f M PM PO; S6 : SOA of 
surrogate species 6  o f MPMPO). “w aq” indicates simulation with consideration o f the 
aqueous-phase organic chemistry in clouds; “w/o aq” indicates simulation without 
consideration o f the aqueous-phase organic chemistry in clouds.

Figure IV.3b shows the SOA production from Scenario 2 using the same zero

dimensional model. Scenario 2 represents an urban environm ent with strong 

anthropogenic emissions (e.g., nitrogen oxides (NO*) and aromatic compounds). If 

aqueous-phase chemistry in clouds is considered, the SOA concentrations predicted at the 

end o f the simulation period and averaged over 48 hours are 9.23 pg m ' 3 and 6.33 pg m '3, 

respectively, which are 11% and 7% higher than that from simulation without
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consideration o f cloud chemistry. Individually, the increase o f SOA prediction by 

considering aqueous-phase organic chemistry is due to the increase o f SOA contributions 

from  S2, S6 , and, to a smaller extent, S 1, which is then attributed to the aqueous-phase 

conversion o f S3, S7, and organic compounds o f carbon num ber less than four. S2, S6 , 

and the majority o f SI are surrogates for oxidation products from aromatic compounds. 

Based on the aqueous-phase organic chemistry proposed in this study, the effect of 

aqueous-phase chemistry in clouds on SOA formation is less important for aromatic 

compounds than it is for monoterpene species.

Three-dimensional Model Simulation

Figure IV.4 shows the difference between 24-hour average SOA predictions at the 

surface for August 3-4, 2004 (UTC) when the SOA formation from aqueous-phase 

organic chemistry in cloud droplets is considered and not. In addition, the absolute 

values o f SOA predictions at the surface layer for these two days are also shown if the 

SOA formation from aqueous-phase organic chemistry in clouds is considered. 

Consideration o f SOA formation from aqueous-phase organic chemistry increases 24- 

hour average SOA predictions. The maximum difference in 24-hour average SOA 

predictions within the domain is 0.28 pg/m 3 for both days. Averaged over the entire 

domain, the relative increases o f 24-hour average SOA predictions with consideration of 

SOA formation from aqueous-phase organic chemistry in clouds are 8.7% and 8.5% for 

August 3 and August 4, 2004, respectively.
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Figure IV.4. Spatial distribution o f surface SOA predictions: a.) difference between 24- 
hour average SOA prediction on August 3, 2004, with/without SOA from aqueous-phase 
organic chemistry simulation in clouds; b.) 24-hour average SOA prediction on August 3, 
2004, with SOA from aqueous-phase organic chemistry simulation in clouds; c.) 
difference between 24-hour average SOA prediction on August 4, 2004, with/without 
SOA from aqueous-phase organic chemistry simulation in clouds; d.) 24-hour average 
SOA prediction on August 4, 2004, with SOA from aqueous-phase organic chemistry 
simulation in clouds.

The increase o f SOA predictions if aqueous-phase organic chemistry is 

considered is due mainly to the cloud processing o f S5 and S10, which leads to the 

formation o f less volatile products. Both S5 and S 10 are lumped species for oxidation 

products o f monoterpenes. This is consistent with the fact that the majority o f SOA 

predicted within the domain is from biogenic monoterpenes (Chen et al., 2006).
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The average relative increase across the domain is sm aller than that from the zero

dimensional model simulation for Scenario 1 in which strong monoterpene emissions are 

considered. This is expected because the zero-dimensional model simulation represents 

an ideal situation in which a site is influenced by biogenic monoterpene em issions and is 

exposed to clouds for three hours in the afternoon (12.5% o f the time o f each day). 

Examination of the meteorological inputs for the chosen episode indicates that resolved 

clouds occupy approximately 10-20% of surface area during the episode. In addition, 

CM AQ internally calculates sub-grid convective clouds. Therefore, on average, each 

grid has the probability o f 1 0 -2 0 % of being exposed to cloud processing, which is close 

to the cloud exposure time used in the zero-dimensional model. However, locations 

influenced strongly by monoterpene emissions may not be necessarily exposed to cloud 

processing. This is believed to be the m ajor reason for a sm aller relative SOA increase in 

the three-dimensional model simulation compared to the zero-dimensional model 

simulations if  SOA formation from aqueous-phase organic chemistry in clouds is 

considered.

Figure IV.5 indicates the time series o f the SOA predictions with or without 

consideration o f SOA formation from the aqueous-phase organic chemistry in clouds at 

the two sites which have the maximum difference in 24-hour average SOA predictions 

for August 3 and August 4, 2004, respectively. A t these two sites, the relative difference 

in SOA prediction with or without consideration o f SOA formation from aqueous-phase 

organic chemistry are as high as 36% and 43%, respectively, indicating that accounting
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for SOA formation from aqueous-phase organic chemistry in clouds could be important 

at these locations. As shown in Fig. IV.5, the increase of SOA formation by considering 

aqueous-phase organic chemistry is due mainly to the increase o f SOA formation from 

S4 and S5, which is again attributed to the aqueous-phase oxidation o f S5 and S10, which
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are surrogates for oxidation products of monoterpenes. This implies that the increase of 

SOA formation with consideration o f aqueous-phase organic chemistry in clouds is due 

to the cloud processing o f monoterpene oxidation products. These two sites are 

influenced by transport o f monoterpene or monoterpene oxidation products from the New 

England region. In addition, these two sites are also exposed to resolved clouds almost 

throughout the entire episode. Therefore, SOA formation from  aqueous-phase organics 

can be im portant when a site is influenced by biogenic m onoterpene emissions or 

products and also exposed to cloud processing for significant time periods.

Figure IV . 6  indicates additional SOA formation due to the in-cloud organic 

chemistry at layer 14 of the modeling domain. In addition, for comparative purposes, the 

total SOA predictions from the simulations with consideration o f SOA formation from 

aqueous-phase organic chemistry are also shown for layer 14. The CM AQ modeling 

domain includes 2 1  vertical layers using a a-pressure system extending from  the surface 

to 10,000 Pa. Although the actual altitude for layer 14 varies, according to the U.S. 

standard atmosphere, layer 14 corresponds to the altitude between 1,800 -  2,300 meters. 

Layer 14 thus roughly represents the lower free troposphere. The maximum additional 

SOA formation due to aqueous-phase organic chemistry in clouds is 0.25 pg m" for both 

days, only slightly smaller than the maximum difference at the surface. Similar to the 

surface layer, the increase o f SOA predictions is due primarily to cloud processing of 

gas-phase monoterpene oxidation products, indicating the potential o f SOA formation 

from  an aqueous-phase mechanism involving biogenic precursors as suggested by Heald 

et al. (2006).
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Figure IV.6 . Spatial distribution of SOA predictions o f layer 14: a.) difference in 24-hour 
average SOA prediction on August 3, 2004, w ith/without aqueous-phase organic 
chemistry simulation in clouds; b.) 24-hour average SOA prediction on August 3, 2004, 
with aqueous-phase organic chemistry simulation in clouds; c.) difference in 24-hour 
average SOA prediction on August 4, 2004, w ith/without aqueous-phase organic 
chemistry simulation in clouds; d.) 24-hour average SOA prediction on August 4, 2004, 
with aqueous-phase organic chemistry simulation in clouds.

Averaged across the modeling domain for layer 14, the relative difference in SOA 

predictions is 18.8% and 15.3 %, respectively for August 3 and August 4, which is much 

larger than the relative difference at the surface layer. This is due to the fact that less 

SOA is predicted to form from gas-phase oxidation o f organic compounds in the free 

troposphere (Heald et al., 2005).
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Discussion

An aqueous-phase chemistry mechanism was developed to study the potential of 

SOA formation in cloud droplets. The AqChem mechanism incorporates a compact 

treatment o f hydrogen-oxygen and sulfur chemistry but treats in more detail organic 

chemistry based on recent work o f Aum ont et al. (2000), Ervens et al. (2004), and Lim et 

al. (2005) in an effort to represent the potential irreversible organic reactions that may 

lead to low-volatility products. AqChem was coupled to the existing CACM  mechanism 

and M PM PO module. Zero-dimensional model simulations indicated that consideration 

o f SOA formation from organic chemistry in cloud droplets could lead to increases of 

SOA prediction by approximately 27% and 7% for a rural scenario with strong 

m onoterpene emissions and an urban scenario with strong aromatic compound emissions, 

respectively. Three-dimensional simulations showed an average o f 8-9% increase in the 

SOA predictions at the surface when the aqueous-phase organic chemistry in clouds is 

considered. However, the relative increase o f SOA prediction at certain locations could 

be much higher than the domain-wide, averaged surface increase. Overall, based on the 

proposed AqChem, the modeling work in this study suggests that SOA formation due to 

aqueous-phase organic chemistry in clouds could be important at locations that are 

strongly influenced by monoterpene emissions and where clouds are present for 

significantly long time, especially in the afternoon when photochem istry is strongest.

A key limitation o f this study is the simple treatment o f organic reactions in the 

aqueous phase for organic compounds o f carbon number greater than four. Herrmann et 

al. (2005) presented a much more detailed treatment of organic chemistry in their 

aqueous-phase chemistry mechanism, although such a mechanism is probably too
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complex for incorporation into three-dimensional models. M ore laboratory studies are 

also needed to characterize the mechanism of aqueous-phase reactions, especially for 

intermediate gas-phase oxidation products, which are soluble in water and have the 

potential to lead to low-volatility products.

Another limitation is the lack o f treatment of potentially reversible 

oligomerization processes, especially for small molecules like glyoxal and methyl 

glyoxal (Hastings et al., 2005; Loeffler et al., 2006). These processes are not included 

because o f a current lack of a quantitative description.

In addition, future studies need to consider the aqueous-phase processing of 

organic compounds in deliquescent particles. Unlike short-lived clouds, deliquescent 

particles provide additional time for processing organic compounds and could be more 

likely to lead to SOA, despite having significantly smaller water contents (Claeys et al., 

2004). Such treatment would need to consider the interactions o f different ions and 

molecules in the particles, which poses significantly more difficulty than processes in the 

cloud droplets.

Despite these limitations, the method used in this study provides a fram ework to 

study SOA formation due to aqueous-phase processing o f organic compounds and 

underscores the potential of SOA formation via cloud processing o f organic compounds. 

New findings of aqueous-phase organic chemistry should be incorporated into this 

fram ework when such quantitative information becomes available.
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CHAPTER V

CONCLUSIONS AND FUTURE RESEARCH 

Conclusions

In this thesis, CACM and M PM PO were updated with new chemistry for a- 

pinene, P-pinene, and d-limonene. The updated CACM and M PM PO were incorporated 

into the CM AQ model, and the CM AQ model with CACM  and M PM PO was applied for 

the eastern US for August 3-4, 2004. In addition, the aqueous-phase chemistry 

mechanism AqChem was developed. AqChem allows certain organic compounds to 

undergo irreversible reactions with OH in cloud droplets to form less volatile products. 

AqChem was also incorporated into CM AQ with CACM and M PM PO and applied to the 

eastern US for August 3-4, 2004.

The main conclusions o f thesis are:

1.) CM AQ with CACM  and M PM PO predicted sim ilar levels o f SOA formation 

on average when compared to CM AQ with CB-IV and SORGAM. Both models 

predicted that SOA formation in the eastern US during August 3-4, 2004 was dominated 

by that from monoterpenes. Compared with measurements, both models significantly 

under predicted OA in the atmosphere, indicating missing sources o f SOA in both 

models. Despite the similarity, the response o f SOA formation to dom ain-wide NO* 

em issions and temperature variations differs between CM AQ with CACM /M PM PO and 

CM AQ with CB-IV/SORGAM . The response from CM AQ with CACM /M PM PO is
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more similar to that observed in chamber experiments. In addition, the spatial and 

temporal distributions of SOA from CM AQ with CACM /M PM PO are less varied than 

those from CM AQ with CB-IV/SORGAM.

2.) Simulation of the same episode using CM AQ with CACM , M PM PO, and 

AqChem  indicated that the maximum contribution o f SOA formation from irreversible 

reactions o f organics in clouds was 0.28 pg/m 3 for 24-hour average concentrations and

•a
0.60 pg/m  for one-hour average concentrations at certain surface locations. On average, 

domain-wide surface SOA predictions during August 3-4, 2004 are increased by 8 .6 % 

when irreversible, in cloud processing o f organics is considered. At an upper layer 

corresponding to an altitude of approximately 1800 ~ 2300 meters in the lower free 

troposphere, the SOA predictions are increased by approximately 17% if irreversible 

reactions o f organics in clouds is accounted for. The increase o f SOA predictions within 

the domain is due to the cloud processing o f oxidation products from monoterpenes. 

Contribution from irreversible cloud processing o f isoprene oxidation products is 

negligible.

Future Research

During the course of conducting the research presented in this thesis, several new 

experimental and modeling studies appeared in the literature showing new data and/or 

mechanisms for SOA formation. The CACM  (Griffin et al., 2002), M PM PO (Griffin et 

al., 2003), and AqChem modules provide a good fram ework to incorporate new 

experimental findings on SOA formation pathways. Future research should be targeted 

to update the CACM, M PM PO, and AqChem modules to improve their predicative 

capability on SOA formation. Potential research endeavors could include:
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1.) SOA formation from  isoprene. Isoprene was thought not to lead to SOA 

formation a decade ago (Pandis et al., 1992). New isoprene photooxidation experiments, 

however, showed that SOA yields are 1-2% at high NO* levels (Kroll et al., 2005a) and 

-3 %  at low NO* levels (Kroll et al., 2006). Incorporation o f such SOA yield data into 

global air quality models showed clearly the importance o f SOA formation from  isoprene 

(Henze and Seinfeld, 2006; Donkelaar et al., 2007; Liao et al., 2007). The current 

version of CACM  includes a gas-phase chemistry mechanism for isoprene that does not 

lead to significant SOA. This mechanism should be updated to include products that 

contribute to SOA; corresponding updates to M PM PO will be necessary.

2.) SOA formation from sesquiterpenes. A lthough SOA formation from 

sesquitepenes has been recognized widely (Hoffmann et al., 1997; Griffin et al., 1999; 

Bonn and moortgat, 2003; Jaoui and Kamens, 2003; Jaoui et al., 2004; Vizuete, et al., 

2004), a lack o f emission inventory for sesquiterpenes prohibited realistic consideration 

o f  SOA formation from sesquiterpenes in three-dimensional air quality models. 

Fortunately, the latest development o f a biogenic VOC emissions model (Model of 

Emissions o f Gases and Aerosols from Nature, M EGAN (Guenther et al., 2006)) allows 

calculation of sesquiterpene emissions from pine trees (Helmig et al., 2007). Pine trees 

have significant sesquiterpene emissions (Helmig et al., 2007) and cover -18%  of 

contiguous US forest areas, which is more than any other genus (Smith et al., 2004). 

Sesquiterpene emissions from other biogenic sources are likely to be added to M EGAN 

in the near future. The availability o f sesquiterpene em issions provides an opportunity to 

incorporate SOA formation from sesquiterpenes in three-dimensional air quality models.
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CACM  as well as M PM PO should be upgraded to describe SOA formation from 

representative sesquiterpene species.

3.) Incorporation of new SOA yield data from photooxidation experiments under 

low-NOx conditions. New chamber photooxidation experiments showed that SOA 

formation increases when the ratio o f VOC to NO* decreases (Presto et al., 2005; Song et 

al., 2005). Ng et al. (2007) provided a comprehensive dataset regarding SOA formation 

under low-NO* conditions for major aromatic compounds (i.e., m-xylene, toluene, and 

benzene). Compared with previous data for these species (e.g., Odum et al., 1996; 1997), 

SOA yield under low-NO* conditions was found to be substantially higher. CACM  and 

M PM PO should be upgraded to reflect this new development.

4.) SOA formation from small carbonyls. Although the exact mechanism for 

SOA formation from small carbonyls (e.g., glyoxal) is still not known, laboratory 

experim ents and field measurements have already suggested the possibility o f SOA 

formation from these compounds (e.g., Kroll et al., 2005b; Liggio et al., 2005; M atsunaga 

et al., 2005; Volkam er et al., 2006). It is likely that SOA formation from small carbonyls 

is related to potential polymerization processes that lead to enhanced SOA formation 

(Jang et al., 2002; Kalberer et al., 2004). Given the unknown mechanism, an empirical 

parameterization of SOA formation from potential oligermization and/or polymerization 

o f small carbonyls could be pursued within the CACM, M PM PO, and AqChem modules 

as in M orris et al. (2006).

5.) Improvement o f POA emission inventory. The ultim ate goal o f improving 

SOA modeling is to improve the prediction of OA in the atmosphere. POA is a 

substantial part o f OA in the atmosphere. In addition, SOA formation also depends on
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the availability o f POA in the atmosphere through the absorptive mechanism. It is known 

that emission inventories are associated with the largest uncertainties in current three- 

dimensional air quality models (Seigneur et al., 1997; Russell and Dennis, 2000). In 

addition, recent work from Robinson et al. (2007) calls for a redefinition o f POA and 

semi-volatile organic emissions because POA itself is often semivolatile. Upon being 

emitted, species associated with POA can evaporate partially with atmospheric dilution, 

creating substantial amounts o f low-volatility gas-phase material. Photochemical 

processing o f these materials provides an additional SOA formation pathway (Robinson 

et al., 2007). If this phenomenon is validated and widely accepted, M PM PO should be 

revised to reflect this because in the current M PM PO module, POA is assumed to be non

volatile.

In summary, understanding and modeling o f SOA and OA in the atmosphere is an 

ongoing challenging research topic and will remain so in the coming years. It is 

recommended that the CACM, MPM PO, and AqChem  modules are constantly updated in 

the future to reflect new developments in the understanding o f SOA formation in the 

atmosphere.
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APPENDIX A

GAS-PHASE OXIDATION MECHANISMS FOR a-PINENE, p-PINENE, AND d-LIM ONENE

Table A .I. Oxidation mechanism for a-pinene (kj refers to the rate constant o f reaction i)

Num Reactants Products
Rate constan tb 
(cm 3 molecule ' 1 s '1)

Ref./
Note

1A APIN + OH RO2 IOI + R 0 2T 1.2 IE -11 xE X P(444/T ) 1

2A APIN + N 0 3 RO2102 + RO2T 1.19E-12 x EXP(490/T) 1

3A APIN + 0 3

0 .2 R 0 2103 + 0.2CO + 0.8OH + 0.05UR101 + 0.15PINA + 
0.15H2O2 + 0 .3 3 R 0 2104 + 0 .27R 02105 + 0.8 R 0 2T 1.01E-15 x  EXP(-732/T) 1

4A APIN + 0 0.75UR103 + 0.25NOPI 3.2E-11 1

5A RO2 IOI + NO 0.2AP101 + 0.6PINA + O.8 NO 2 + O.8 HO 2 + 0.2KETH + 
0.2HCHO

8.8E-13 x  EXP(180.2/T)
2

6 A r o 2io i  + r o 2t 0.7PINA + H 0 2  + 0.3UR107 + R 0 2T + 0 2 1.82E-13 x  EXP(416/T) 2

7A RO2 IOI + H 0 2 0.8PINA + 0.2KETH + 0.2HCHO + OOH1 4.1E-13 x  EXP(790/T) 2

8 A RO2 IO2  + NO
0.6PINA + 1.825N 02 + 0.175AP102 + 0.225KETH 
0.225HCHO + 0.4HO 2

+
ks

9A RO2 IO2  + RO2T 0.795PINA + 0.795NO 2 + 0.135AP101 + 0.07AP102 
RO 2T +O 2

+ ke

10A RO2 IO2  + HO2

0.6PINA + 0.825NO2 + 0.175AP102 + 0.225KETH 
0.225HCHO + 0.225HO2 + 0.175OOH1 + 0.825OOH2

+
k7

11A RO2 IO3  + NO
CF(101)AP103 + CF(102)NRPA + CF(102)HO2 

CF(102)NO 2

+ 1.05E-12 x  
EXP(180.2/T) 2 ,a

12A RO2103 + R 0 2T NRPA + HO 2 + RO 2T + O 2 ke
13A RO2 IO3  + HO2 NRPA + OOH1 k7
14A RO2104 + NO N 0 2 + RO 2 IO8  + R 0 28 + 2 R 0 2T k5
15A RO2104 + r o 2t 0 .7 R 0 2108 + 0.7RO28 + 0.3RP102 + 2 .4 R 0 2T + 0 2 ke
16A RO2 IO4  + HO2 RO2 IO8  + R 0 28 + OOH2 + 2 R 0 2T k7

120



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table A.I. Continued
11A RO2105 + NO HCHO + N 0 2 + RO2109 + R 0 2T k5

18A RO2105+ R 0 2T
0.8HCHO + 0 .8 R 0 2109 + 0.10UR105 + 0.05RP103 + 
0.05U R108+ 1 .8R 02T + 0 2 ke

19A RO2105 + HO 2 HCHO + RO2109 + OOH2 + R 0 2T k7
20A PINA + hv CO + H 0 2 + RO2103 =J A LD 2 3
21A PINA + OH 0.8 R 0 2106 + 0.2 RO2104 + H20  + R 0 2T 9.1E-11 4
22A PINA + N 0 3 RO2106 + h n o 3 + R 0 2T 5.4E-14 4
23A RO2106 + NO RO2103 + n o 2 + c o 2 + r o 2t 1.1 IE -11 x EXP( 180.2/T) 2

24A
RO2106 + N 0 2 + 
M PAN101 +M Refer to reference 3

25A PAN101 RO2106 + N 0 2 + R 0 2T Refer to reference 3
26A RO2106 + RO2T 0.2UR101 + 0 .8 R 0 2103 + 0.8CO 2 + 1 .8R 02T + 0 2 5.0E-12 2

21A RO2106 + HO 2 UR101 + 0 3 4.3E-13 x  EXP(1040/T) 2

28A NRPA + hv CO + H 0 2 + RO2108 + r o 2t = J ald2 3
29A NRPA + OH 0 .8 R 0 2107 + 0 .2 R 0 2104 + R 0 2T + H20 k2i
30A NRPA + N 0 3 RO2107 +  r o 2t  +  h n o 3 k 22

31A RO2107 + NO N 0 2 + C 0 2 + RO2108 + r o 2t k 23

32A
RO2107+ N 0 2 + 
M PAN 102 +M k 24

33A PAN 102 RO2107 + N 0 2 + R 0 2T k 25

34A RO2107 +  R 0 2T 0.2UR102 +  0.8CO 2 +  0 .8 R 0 2108 +  1.8R 02T +  0 2 k 26

35A RO2107 +  H 0 2 UR 102 +  0 3 k 27

36A RO2108 +  NO CF(103)API04 +  CF(104)KETH +  CF(104)NO2 +  

CF(104)HO2
1.24E-12 xEX P(l80.2/T) 2 , a

37A RO2108 + RO2T k e t h  + h o 2 + r o 2t +  0 2 ke
38A RO2108 + H 0 2 KETH + OOH1 k7
39A RO2109 + NO C 0 2 + N 0 2 +  RO2108 +  R 0 2T k23

40A
RO2109 +  N 0 2 +  

M PAN 103 +  M k 24

41A PAN 103 RO2109 +  N 0 2 +  R 0 2T k 25
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Table A.I. Continued
42A RO2109 + RO2T 0.3RP101 + 0.1UR104 + O.6 CO 2 + O.6 RO 2 IO8  + I .6 RO2T + 

0 2
k26

43A RO2 IO9  + HO 2 UR104 + 0 2 k27
44A AP101 + OH PINA + N 0 2 + H 20 5.63E-12 5
45A API 02 + OH RO2 IO8  + NO 2 + H 2O + RO 2T 6.86E-12 5
46A AP103 + OH NRPA + N 0 2 + H20 2.53E-12 5
47 A API 04 + OH KETH + N 0 2 + H 20 2.02E-12 5
48A RP101 + OH URIO4  + O 3 - H O 2 2.62E-11 5
49A RP102 + OH URIO6  + O3 - H O 2 2.36E-11 5
50A RP103 + OH U R 105 + 0 3 -  H 0 2 2.66E-11 5

aCF(10 ) -  CF(104) are calculated based on Arey et al. (2001). bRate constant references: 1. Atkinson (1997); 2. Jenkin et al.
(1997); 3. Griffin et al. (2002a); 4. Glasius et al. (1997); 5. Kwok and Atkinson (1995).
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Table A.2. Chemical species in the a-pinene oxidation mechanism.
Term Description

Reactive, fully integrated species
APIN a-pinene
PINA Pinonaldehyde
NRPA Norpinonaldehyde
AP101 2-nitrato-3-hydroxy-pinane
A PI 02 2-nitrato-3-oxo-pinane
A PI 03 2,2-dimethyl-3-acetyl-cyclobutyl-methyl-nitrate
API 04 2,2-dimethyl-3-acetyl-cyclobutyl-nitrate
PAN101 peroxy 2,2-dimethyl-3-acetyl-cyclobutyl-acetyl-nitrate
PAN 102 peroxy 2,2-dimethyl-3-acetyl-cyclobutyl-formyl-nitrate
PAN 103 peroxy 2,2-dimethyl-3-formylmethyl-cyclobutyl-formyl-nitrate
RP101 pinalic-3-acid
RP102 1 -hydroxy-pinonaldehyde
RP103 1 0 -hydroxy-pinonaldehyde

Nonreacting, fully integrated species
UR101 pinonic acid
UR 102 norpinonic acid
UR 103 2,3-pinane-epoxide
UR 104 pinic acid
U R 105 1 0 -hydroxy-pinonic acid
U R 106 1 -hydroxy-pinonic acid
U R 107 2,3-dihydroxy-pinane
U R 108 2-(2,2-dimethyl-3-formylmethyl-cyclobutyl)-2-keto-acetaldehyde

Reactive, organic pseudo-steady species

R O2101
hydroxy alkyl peroxy radical from oxidation o f a-pinene 
(2-peroxy-3-hydroxy-pinane)

R O2102
nitrato alkyl peroxy radical from oxidation o f a-pinene
(65% is 2-peroxy-3-nitrato-pinane, 35% is 2-nitrato-3-peroxy-pinane)

R O2103
cyclic keto alkyl peroxy radical from oxidation o f a-pinene 
(C4 cycle, 1-methyl peroxy, 2,2-dimethyl, 3-acetyl)

R O 2104
cyclic keto aldehydic peroxy radical from oxidation o f a-pinene 
(C4 cycle, 1 -peroxy, 1 -acetyl, 2,2-dimethyl, 3-formylmethyl)

RO 2105
cyclic keto alkyl peroxy radical from oxidation o f a-pinene 
(C4 cycle, l-(l-keto-ethyl peroxy), 2,2-dimethyl, 3-formylmethyl)

RO 2106 acyl peroxy radical from aldehydic H abstraction o f pinonaldehyde
RO 2107 acyl peroxy radical from  aldehydic H abstraction o f norpinonaldehyde

R O 2108
cyclic keto alkyl peroxy radical from oxidation of a-pinene and P- 
pinene (C4 cycle, 1-peroxy, 2,2-dimethyl, 3-acetyl)

RO 2109 acyl peroxy radical from oxidation o f a-pinene and P-pinene 
(C4 cycle, 1-formyl peroxy, 2,2-dimethyl, 3-formylmethyl)
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Table A.3. Oxidation mechanism for ft-pinene. (k; refers to the rate constant of reaction i)

Num. Reactants Products
Rate co n stan tb 
(cm 3 molecule ' 1 s '1)

Ref./
Note

IB BPIN + OH RO2201 + R 0 2T 2.38E-11 x EXP(357/T) 1

2B BPIN + N 0 3 RO2202 + R 0 2T 2.51E-12 1

3B BPIN + 0 3

0.51 NOPI + 0.11 ACID + 0.03CO + 0.03H20  + 
0.84HCHO+ 0.35H 2O 2 + 0 .33R 02203 + 0.33OH + 0.16 
ALKM  + 0.16CO2 + 0.33 R 0 2T

1.5E-17 1

4B BPIN + 0 0.75UR201 + 0.25 NOPI 2.7E-11 1

5B RO2201 + NO
CF(201)AP201 + CF(202)NOPI + CF(202)HO 2 

CF(202)HCHO + CF(202)NO2

+
8.8E-13 x EXP(180.2/T) 2 ,a

6 B RO2201 + R 0 2T 0.3UR202 + 0.7NOPI + 0.7HO 2 + 0.7HCHO + R 0 2T +
o 2

1.82E-13 x EXP(416/T) 2

7B RO2201 + H 0 2 NOPI + HCHO + OOH1 4.1E-13 x EXP(790/T) 2

8 B RO2202 + NO
0.57NOPI + 1.31N 02 + 0.57HCHO + 0.17AP202 
0.17HO2 + 0.26UR203

+
k 5

9B RO2202 + R 0 2T
0.318NOPI + 0.058 N 0 2 + 0.318HCHO + 0.28AP201 + 
0 .142AP202 + 0.26UR203 + 0 .102H 0 2 + R 0 2 T k e

10B RO2202 + H 0 2

0.83NOPI + 0.83NO2 + 0.83HCHO + 0.17AP202 
0.17OOH1 + 0.83OOH2

+
k 7

11B NOPI + OH RO2203 + HzO + R 0 2T 1.43E-11 3
12B RO2203 + NO RO2109 + N 0 2 + R 0 2T 1.05E -12x EXP (180.2/T) 2 ,c
13B RO2203 + R 0 2T 0.35UR204 + 0.3UR205 + 0 .35R 02109 + 1.35R 02T U
14B RO2203 + H 0 2 RO2109 + OOH2 + R 0 2T k 7
15B AP201 + OH NOPI + HCHO + N 0 2 + H 20 4.82E-12 4
16B AP202 + OH N 0 P I + C 0 2 + N 0 2 + H 2 0 6.92E-12 4

aCF(201) and CF(202) are calculated based on Arey et al. (2001). Rate constant references: 1. A tkinson (1997); 2. Jenkin et al. 
(1997); 3. Atkinson and Aschmann (1993); 4. Kwok and Atkinson (1995); cSee a-pinene oxidation mechanism (Table A .l)  for 
reactions o f RO 2 IO9 .
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Table A.4. Chemical species in the P-pinene oxidation mechanism.
Term Description

Reactive, fully integrated species
BPIN P-pinene
NOPI nopinone
AP201 2-nitrato-10-hydroxy-pinane
AP202 2-formyl-2-nitrato-6-dimethyl-norpinane

Nonreactive, fully integrated species
UR201 2,10-pinane-epoxide
UR202 2,10-hydroxy-pinane
UR203 2,10-dinitrato-pinane
UR204 3-hydroxy-nopinone
UR205 3-oxo-nopinone

Reactive, pseudo-steady state species

R O2201
hydroxy alkyl peroxy radical from oxidation o f P-pinene 
(2-peroxy-10-hydroxy-pinane)

R O 2202
nitrato alkyl peroxy radical from oxidation o f P-pinene
(80% is 2-peroxy-10-nitrato-pinane; 20% is 2-nitrato-10-peroxy-pinane)

RO 2203
keto alkyl peroxy radical from oxidation o f nopinone 
(3-peroxy-2-norpinone)

See Table A.2 for products formed from reactions o f RO 2 IO9 .
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Table A.5. Oxidation mechanism for d-limonene. (kj refers to the rate constant o f reaction i)

Num. Reaction Products
Rate co n stan tb 
(cm 3 molecule ' 1 s '1)

Ref.
Note

1L DLM N + OH 0.6 R 0 2301 + 0.4 RO2302 + R 0 2T 1.71E-10 1

2L DLM N + N 0 3 0 .6 R 0 2303 + 0.4 RO2304 + R 0 2T 1 .2 2 E - 1 1 1

3L DLM N + 0 3

0.033EDLM + 0.069H20 2 + 0 .134R 02305 + 
0 .133R 02306 + 0.033UR301+ 0.698OH + 0.267 RO2307 
+ 0.43 IC O  + 0.236LM KT+ 0.036ACID + 0.2HCHO + 
0.164 RO2308 + 0.698 R 0 2T

2.00E-16 1

4L DLM N + 0 0.75UR302 + 0.25UR303 7.2E-11 1

5L RO2301 + NO CF(301)AP301 + CF(302)EDLM  + CF(302)NO2 + 
CF(302)HO2

8.8E-13 x  EXP(180.2/T) 2 ,a

6 L RO2301 + R 0 2T 0.7EDLM + 0.7HO2 + 0.3UR313 + R 0 2T + 0 2 1.82E-13 x  EXP(416/T) 2

7L RO2301 + H 0 2 EDLM + OOH1 4.1E-13 x  EXP(790/T) 2

8 L RO2302 + NO
CF(303)AP302 + CF(304)LM KT + CF(304)NO2 
+ CF(304)HCHO + CF(304)HO2 k5 a

9L RO2302 + R 0 2T 0.7LM KT + 0.7HCHO + 0.7HO 2 + 0.3UR314 + R 0 2T +
o 2

k6

10L RO2302 + H 0 2 LMKT + HCHO + OOH1 k7

11L RO2303 + NO 0.825EDLM  + 1 .825N 02 + 0.175AP303 + 0.175HO2 ks

12L RO2303 + R 0 2T
0.56EDLM + 0.56NO2 + 0.265AP301 + 0.175AP303 + 
0.105H 02 + R 0 2T  + 0 2 ke

13L RO2303 + H 0 2

0.825EDLM  + 0.825NO2 + 0.175AP303 + 0.175OOH1 + 
0.825OOH2 k7

14L RO2304 + NO 0.83LM KT + 1 .83N 02 + 0.83HCHO + 0.17AP304 + 
0.17HO2

ks

15L RO2304 + ROzT
0.578LM KT + 0.578NO2 + 0.578HCHO + 0.28AP302 + 
0.142AP304 + 0 .102H 0 2 + R 0 2T  + 0 2 ke

16L RO2304 + H 0 2

0.83LM KT + 0.83NO2 + 0.83HCHO + 0.17AP304 + 
0.17OOH1 +0.83O O H 2 k7
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Table A.5. Continued
17L RO2305 + NO R 0 28 + 0.8EDLM  + N 0 2 + R 0 2T k5
18L RO2305 + R 0 2T 0.48EDLM  + 0.6RO 28 + 0.2UR315 + 0.2UR316 + 

1.6R 02T + 0 2
k6

19L RO2305 + H 0 2 R 0 28 + 0.8EDLM  + OOH2 + R 0 2T k7

20L RO2306 + NO N 0 2 + RO2309 + HCHO + R 0 2T k5

21L RO2306 + R 0 2T
0.1UR307 + 0.1UR315 + 0.1UR316 + 0.7 RO2309 + 
0.7HCHO + 1.7 R 0 2T ke

22L RO2306 + H 0 2 RO2309 + HCHO + OOH2 + R 0 2T k7

23L RO2307 + NO
CF(305)AP305 + 0.9C F(306)R 02305 + CF(306)NO2 
+ 0.9C F(306)R 02T

1.05E-12 x 
EXP(180.2/T) 2,a

24L RO2307 + R 0 2T 0 .9 R 0 2305 + 1 .9R 02T + 0 2 ke
25L RO2307 + H 0 2 0 .9 R 0 2305 + 0.9RO2T + OOH2 k7

26L RO2308 + NO R 0 28 + 0.77LM KT + N 0 2 + R 0 2T k 23
27L RO2308 + R 0 2T R 0 28 + 0.77LM KT + 2 R 0 2T + 0 2 ke
28L RO2308 + H 0 2 R 0 28 + 0.77LM KT + R 0 2T + OOH2 k7

29L RO2309 + NO N 0 2 + C 0 2 + 0.88 RO2307 + 0.88 R 0 2T l . l l E - l l x  EXP(180.2/T) 2

30L
RO2309 + N 0 2 + 
M PAN301 Refer to Reference 3

31L PAN301 RO2309 + N 0 2 Refer to Reference 3
32L RO2309 + R 0 2T 0.3UR308 + 0.2UR309 + 0.44 RO2309 + 0.5CO 2 + 

1.44R 02T
5.0E-12

33L RO2309 + H 0 2 UR309 + 0 2 4.3E-13 x  EXP(1040/T) 2
34L EDLM  + OH RO2310 + RO2T 1 .1 0 e - 1 0 4
35L EDLM  + N 0 3 R 0 2311 + R O zT 2.5e-13 4

36L EDLM  + 0 3

0.59RP301 + 0.09ACID + 0.4 IC O  + 0.41H2O + 
0.5HCHO + 0.09H20 2 + 0.41 OH + 0.41RO2312 + 
0.41RO2T

8.3e-18 4

37L EDLM  + hv CO + H 0 2 + RO2307 + R 0 2T = J ald2 3
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Table A.5. Continued

38L RO2310 + NO
CF(307)AP306 + CF(308)HCHO + CF(308)RP301 
CF(308)NO2 + CF(308)HO2

+
ks a

39L RO2310 + RO2T 0.7HCHO + 0.7RP301 + 0.7HO 2 + 0.3UR317 + R 0 2T +
o 2

k«

40L RO2310 + HO 2 HCHO + RP301 + OOH1 k?
41L R 0 2311 + NO 0.83HCHO + 0.83RP301 + 1.83N 02 + 0.17AP307 

0.17HO2
+ k5

42L R 0 2311 + R 0 2T
0.578HCHO + 0.578RP301 + 0.578NO2 + 0.28AP306 + 
0.142AP307 + 0 .102H 0 2 + R 0 2T + 0 2 ke

43L R 0 2311 + H 0 2

0.83HCHO + 0.83RP301 + 0.83NO2 + 0.17AP307 
0.17OOH1 +0.83O O H 2

+
k7

44L R 0 2312 + NO RP302 + R 0 28 + N 0 2 + R 0 2T k 23

45L R 0 2312 + R 0 2T 0.7RP302 + 0.7RO28 + 0.3UR318 + 1 .7R 02T + 0 2 ka
46L R 0 2312 + H 0 2 RP302 + R 0 28 + OOH2 + R 0 2T k7

47L LMKT + hv R 0 28 + 0.77LM KT + R 0 2T = J k e t l 3
48L L M K T + OH R 0 2313 + R 0 2T 1.29E-10 4
49L LMKT + N 0 3 R 0 2314 + R 0 2T 1.05E-11 4

50L LMKT + 0 3

0.445RO2315 + 0.445CO +0.89OH 
+ 0.055UR304 + 0.055H20 2 + 0.055RP301 
+ 0.223RO2316 + 0.222 R 0 2317 + 0.89RO2T 1.50E-16 4

51L LMKT + O 0.75UR305 + 0.25UR306 k47 x k4 /  ki
52L R 0 2313 + NO CF(309)AP308 + CF(310)RP301 + CF(310)HO2 

CF(310)NO2
+ k23

53L R 0 2313 + R 0 2T 0.7RP301 + 0.7H O 2 + 0.3UR320 + R 0 2T  + 0 2 ke
54L R 0 2313 +  H 0 2 RP301 +O O H 1 k7

55L R 0 2314 +  NO 0.825RP301 +  1.825N 02 + 0.175HO2 +  0.175AP309 k23

56L R 0 2314 +  R 0 2T
0.56RP301 +  0.56N O 2 + 0.265AP308 +  0.175AP309 +  

0.105H 02 +  R 0 2T +  0 2 ke
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Table A.5. Continued

57L R 0 2314 + H 0 2

0.825RP301 + 0.825NO2 + 0.175AP309 + 0.175OOH1 + 
0.825OOH2 k7

58L R 0 2315 + NO
CF(311)AP310 + 0.88CF(312 )R 0 23 16 + C F(312)N 02 
+ 0.88CF(312)RO2T 1.24E-12 xEXP(180.2/T) 2 ,a

59L R 0 2315 + R 0 2T 0.53RO 2316 + 0.2UR321 + 0.2UR322 + 1 .53R 02T + 0 2 ke
60L R 0 2315 + H 0 2 0.88RO2316 + OOH2 + 0.88RO2T k7

61L R 0 2316 + NO N 0 2 + R 0 28 + RP303 + R 0 2T k23
62L R 0 2316 + R 0 2T 0.6RO28 + 0.6RP303 + 0.2UR319 + 0.2UR323 + 

1 .6R 02T + 0 2

ke

63L R 0 2316 + H 0 2 R 0 28 + RP303 + OOH2 + R 0 2T k7

64L R 0 2317 + NO N 0 2 + R 0 2318 + HCHO + R 0 2T k23

65L R 0 2317 + R 0 2T
0.1UR310 + 0.1UR319 + 0.1UR323 + 0.7 R 0 2318 + 
0.7HCHO + 1.7 R 0 2T  + 0 2 ke

6 6 L R 0 2317 + H 0 2 HCHO + R 0 2318 + R 0 2T + OOH2 k7

67L R 0 2318 + NO 0.875 R 0 2315 + N 0 2 + C 0 2 + 0.875RO2T 1.1 l E - l l x  EXP(180.2/T) 2

6 8 L R 0 2318 + N 0 2 PAN302 Refer to Reference 3
69L PAN R 0 2318 + N 0 2 Refer to Reference 3

70L R 0 2318 + R 0 2T
0.3UR311 + 0.2UR312 + 0.4375 R 0 2315 + 0.5CO 2 + 
1.4375 R 0 2T k32 2

71L R 0 2318 + H 0 2 UR312 + 0 2 k33 2

72L AP301 + OH EDLM  + N 0 2 + H20 6.00E-11 5
73L AP302 + OH LM KT + HCHO + N 0 2 + H20 9.26E-11 5
74L AP303 + OH RO2307 + N 0 2 + H20  + R 0 2T 6.05E-11 5
75L AP304 + OH LM KT + C 0 2 + N 0 2 + H 2 0 1.07E-10 5
76L AP305 + OH 0.9EDLM  + N 0 2 + H20 5.49E-11 5
77L AP306 + OH RP301 + HCHO + N 0 2 + H20 2.63E-11 5
78L AP307 + OH RP303 + C 0 2 + N 0 2 + H20 3.25E-11 5
79L AP308 + OH RP303 + N 0 2 + H20 8.10E-12 5
80L AP309 + OH R 0 2315 + N 0 2 + H20 +  R 0 2T 9.30E-12 5
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Table A.5. Continued
81L AP310 + OH 0.88RP301 + N 0 2 + H20 3.74E-12 5
82L RP301 + OH 0.1UR304 + 0.1O 3 + 0.8HO 2 + 0.8RP301 + 0.9CO 2 + N 0 2 

-N O
2.72E-11 5

83L RP302 + OH 0.1UR324 + O.IO 3 + 0.8HO 2 + 0.77RP302 + 0.9CO 2 + 
N 0 2 -  NO

2.94E-11 5

84L RP303 + OH 0.1UR324 + O.IO3 + 0.8HO 2 + 0.77RP303 + 0.9CO 2 + 
N 0 2 - NO

4.65E-11 5

aCF(301
(1997);

) -  CF(312) are ca 
3. Griffin et al. (20(

culated based on Arey et al. (2001); bRate constant references: 1. Atkinson (1997); 2. Jenkin et al. 
)2a); 4. Calogirou et al. (1999); 5. Kwok and Atkinson (1995).
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Table A.6. Chemical species in the d-limonene oxidation mechanism.
Term Description

Reactive, fully integrated species
DLM N d-limonene
EDLM limonaldehyde (3-isopropenyl-6-keto-heptanal)
LM KT limona ketone (l-m ethyl-4-acetyl-hexene)
AP301 1 -m ethyl-1 -nitrato-2-hydroxy-4-isopropenyl-cyclohexane
AP302 1 -methyl-4-( 1 -m ethyl-1 -nitrato-2-hydroxy-elhyl)-cyclohexene
AP303 1 -m ethyl-1 -nitrato-2-keto-4-isopropenyl-cyclohexane
AP304 2-methyl-2-nitrato-2-(4-methyl-4-cyclohexenyl)-acetaldehyde
AP305 2-isopropenyl-5-keto-hexylnitrate
AP306 l-hydroxy-2-methyl-2-nitrato-3-formylmethyl-6-keto-heptane
AP307 2-methyl-2-nitrato-3-formylmethyl-6-keto-heptanal
AP308 1 -m ethyl-1 -nitrato-2-hydroxy-4-acetyl-cyclohexane
AP309 1 -m ethyl-1 -nitrato-2-keto-4-acetyl-cyclohexane
AP310 2-acetyl-5-keto-hexylnitrate
RP301 keto-limonaldehyde (3-acetyl-6-keto-heptanal)
RP302 3,6 -dioxo-heptanal
RP303 3-acetyl-pentadial
PAN301 peroxy 5-formyl-4-isopropenyl-pentionyl nitrate
PAN302 peroxy 5-formyl-4-acetyl-pentionyl nitrate

Nonreactive, fully integrated organic species
UR301 limononic acid
UR302 1 -methyl-4-isopropenyl-1,2-cyclohexane-epoxide
UR303 3-isopropenyl-6-methyl-cyclohexanone
UR304 keto-limononic acid
UR305 1 -methyl-4-acetyl-1,2-cyclohexane-epoxide
UR306 3-acetyl-6-methyl-cyclohexanone
UR307 7-hydroxy-limononic acid
UR308 limonalic acid
UR309 limonic acid
UR310 7-hydroxy-keto-limononic acid
UR311 keto-limonalic acid
UR312 keto-limonic acid
UR313 1 -m ethyl-1,2-dihydroxy-4-isopropenyl-cyclohexane
UR314 1 -methyl-4-( 1 -m ethyl-1,2-dihydroxy-ethyl)-cyclohexene
UR315 5-keto-limonaldehyde
UR316 5-hydroxy-limonaldehyde
UR317 3-( 1 -m ethyl-1,2-dihydroxy-ethyl)-6-keto-heptanal
UR318 3-acetyl-3-hydroxy-6-keto-heptanal
UR319 3-acetyl-5-hydroxy-6-keto-heptanal
UR320 1 -m ethyl-1,2-dihydroxy-4-acetyl-cyclohexane
UR321 3-hydroxymethyl-2,6-heptanedione
UR322 3-formyl-2,6-heptanedione
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Table A.6. Continued
UR323 3-acetyl-5,6-dioxo-heptanal
UR324 3-acetyl-4-formyl-butanoic acid

Reactive, organic pseudo-steady state species

RO 2301
cyclic hydroxy alkenyl peroxy radical from oxidation o f d-limonene 
(C6 cycle, 1-methyl, 1-peroxy, 2-hydroxy, 4-isopropenyl)

RO 2302
cyclic hydoxy alkenyl peroxy radical from oxidation o f d-limonene 
(C6 cycle, 1-methyl, 1-ene, 4-(l-m ethyl-2-hydroxy-l -ethyl peroxy))

RO 2303
cyclic nitrato alkenyl peroxy radical from oxidation o f d-limonene 
(65% is Cg cycle, 1-methyl, 1-peroxy, 2-nitrato, 4-isopropenyl; 
35% is C6 cycle, 1-methyl, 1-nitrato, 2-peroxy, 4-isopropenyl)

R O2304

cyclic nitrato alkenyl peroxy radical from oxidation o f d-limonene 
(80% is C 6 cycle, 1-methyl, 1-ene, 4-(l-m ethyl-2-nitrato-l-ethyl 
peroxy);
20% is Cf, cycle, 1-methyl, 1-ene, 4 -(l-m ethy l-l-nitrato-2-ethyl 
peroxy))

R O2305
keto alkenyl aldehydic peroxy radical from oxidation o f d-limonene 
(C7 chain, 3-isopropenyl, 5-peroxy, 6 -keto)

R O2306
keto alkenyl aldehydic peroxy radical from oxidation o f d-limonene 
(C7 chain, 3-isopropenyl, 6 -keto, 7-peroxy)

R O2307
keto alkenyl peroxy radical from oxidation of d-limonene 
(C6 chain, 1-peroxy, 2-isopropenyl, 5-keto)

RO 2308
cyclic alkenyl peroxy radical from oxidation o f d-limonene 
(C6 cycle, 1-methyl, 1-ene, 4-peroxy, 4-acetyl)

RO 2309 acyl radical from decomposition o f RO2306

RO 2310
keto hydroxy alkyl peroxy radical from oxidation o f limonaldehyde 
(C7 chain, 1-hydroxy, 2-peroxy, 2-methyl,3-formylmethyl, 6 -keto)

R 0 2311

keto nitrato alkyl peroxy radical from oxidation o f limonaldehyde 
(80% C 7 chain, 1 -nitrato, 2-peroxy, 2-methyl, 3-formylmethyl, 6 -keto 
20% C7 chain, 1-peroxy, 2-nitrato, 2-methyl, 3-formylmethyl, 6 -keto)

R 0 23 12
keto aldehydic peroxy radical from oxidation o f limonaldehyde 
(C7 chain, 3-peroxy, 3-acetyl, 6 -keto)

R 0 2313
cyclic hydroxy alkyl peroxy radical from oxidation o f limona ketone 
(C6 cycle, 1 -methyl, 1 -peroxy, 2-hydroxy, 4-acetyl)

R 0 2314
cyclic nitrato alkyl peroxy radical from oxidation o f limona ketone 
(65% C6 cycle, 1-methyl, 1-peroxy, 2-nitrato, 4-acetyl;
35% C6 cycle, 1-methyl, 1-nitrato, 2-peroxy, 4-acetyl)

R 0 23 15
keto alkyl peroxy radical from oxidation o f lim ona ketone 
(C^ chain, 1-peroxy, 2-acetyl, 5-keto)

R 0 2316
keto aldehydic peroxy radical from oxidation o f limona ketone 
(C7 chain, 3-acetyl, 5-peroxy, 6 -keto)

R 0 2317
keto aldehydic peroxy radical from oxidation o f  limona ketone 
(C7 chain, 3-acetyl, 6 -keto, 7-peroxy)

R 0 2318 acyl radical from decomposition o f R 0 2317
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APPENDIX B

LIST O F ACRONYMS 

Al: Appledore Island

AM S: Aerosol Mass Spectrometer

AqChem: Aqueous-phase Chemistry M echanism

BEIS: Biogenic Emission Inventory System

CACM: Caltech Atmospheric Chemistry M echanism

CB-TV: Carbon Bond -  IV

CM AQ: Community Multi-scale A ir Quality Model

EC: Elemental Carbon

EPA: Environmental Protection Agency

H O 2 : Hydroperoxy radical

ICARTT: International Consortium for Atmospheric Research on
Transport and Transformation

IM PROVE: Interagency M onitoring of Protected Visual Environm ent

KPP: Kinetic Pre-Processor

M CM : M aster Chemical Mechanism

M NB: Mean Normalized Bias

MNGE: Mean Normalized Gross Error

M PM PO: Model to Predict the M ultiphase Partitioning o f Organics

OA: Organic Aerosol

OM: Organic M atter
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PILS: Particle-into-liquid Sampler

PM: Particulate M atter

POA: Primary Organic Aerosol

R 0 2: Peroxy Radicals

SEARCH: Southeastern Aerosol Research Characterization Study

SMOKE: Sparse Matrix Operator Kernel Emissions

SOA: Secondary Organic Aerosol

SoCAB: South Coast Air Basin of California

SORGAM: Secondary Organic Aerosol Model

SVOCs: Semi-volatile Organic Compounds

TF: Thompson Farm

VOCs: Volatile Organic Compounds
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