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SHORT-TERM AIR QUALITY FORECASTS FOR THE PACIFIC NORTHWEST 

AND LONG-RANGE GLOBAL CHANGE PREDICTIONS FOR THE U.S. 

Abstract 

by Jack Chi-Mou Chen, Ph.D. 
 

Washington State University 
May 2007 

 
 
Chair: Brian K. Lamb 
 
 

This dissertation presents the development and evaluation of a comprehensive 

numerical air quality modeling system designed to provide daily forecasts in the Pacific 

Northwest.  The system was also applied to predict the impact of global change upon air quality 

in the future for the US.  This system employs the EPA Community Multi-scale Air Quality 

(CMAQ) model to treat photochemical gas and aerosol formation, transport and deposition. 

For short-term regional air quality forecasts, CMAQ was coupled with the University of 

Washington meteorological forecast operations using the MM5 weather model to create a 

regional system called AIRPACT-3.  An important aspect of the development was the use of an 

automated, dynamic emissions processing system.  The detailed evaluation of the system 

against observational data covering a four month period showed the system performed well.  

For ozone, it correctly predicted high episodic conditions, but over-predicted lower observed 

concentrations.  For PM2.5, it captured concentration variations between urban and rural regions, 

and concentrations of nitrate and ammonium PM2.5 components, but under-predicted sulfate 

PM2.5. 

For global change impacts on US regional air quality, the CMAQ model was employed 

along with MM5 to downscale results from the Parallel Climate Model and the MOZART2 global 
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chemistry model based upon the IPCC A2 ‘business as usual’ scenario.  US anthropogenic 

emissions were projected using the EPA EGAS economic model and biogenic emissions were 

projected using the MEGAN model with adjusted land use.  Evaluation using a decade of ozone 

measurements showed that the system reproduced episodic conditions (defined as the 98th 

percentile of daily maximum 8-hr concentration) with a predicted average US concentration of 

93 ppbv and a measured concentration of 90 ppbv.  Predictions for 2045-2054 indicated poorer 

air quality for the selected future scenario.  The results showed that the future average daily 

maximum 8-hour ozone concentration will increase 8 ppbv, and larger areas of the US will be 

impacted at ozone levels greater than 80 ppbv.  Additional simulations showed changing future 

land use and land cover scenarios significantly reduced the magnitude and spatial distributions 

of future biogenic emissions, which subsequently reduced ozone and secondary organic aerosol 

levels in the future. 
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CHAPTER ONE 

Introduction 

Ground level ozone (O3) and fine particulate matter (PM) in the ambient atmosphere are 

pollutants known to cause severe health problems in humans and damage surrounding 

ecosystems (Folinsbee, 1993; Brauer et al., 2001).  Increased exposures to these pollutants can 

significantly increase the nation’s economical burden through increased health care expenses, 

decreased national productivity and degradation of natural resources (Benner, 2004; Rabl et al., 

1999).  To protect the public health and welfare, the US Environmental Protection Agency (EPA) 

established the National Ambient Air Quality Standards (NAAQS) for ozone, and for PM with 

aerodynamic diameters less than 10 μm (PM10) and 2.5 μm (PM2.5).  The current NAAQS for 

ozone is 80 ppbv over an 8-hour averaging period, and for PM2.5, the standard was revised in 

2006, from 65 µg/m3 to 35 µg/m3 over a 24-hour averaging period. 

An important aspect of regulating pollutant concentrations is the development of ways to 

forecast air quality conditions in the future.  The knowledge of future air quality conditions has 

tremendous benefit to the society.  In the near term, air quality forecasts for the next day are 

valuable information for air managers who issue early warnings to the public for precautionary 

actions.  In the far term, air quality simulations for the next decade are valuable resources for 

governments making future economic and healthcare decisions. 

This dissertation contains three manuscripts that describe the current research and 

results in building and analyzing numerical air quality systems for short-term forecasts and long-

range predictions.  The goals of the two modeling frameworks are to provide insights into future 
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US air quality conditions, evaluate new approaches to simulate air quality dynamics, as well as 

understand the current limitations of the numerical air quality modeling system. 

Short-term numerical air quality forecast systems are aimed at providing air pollution 

concentration predictions over the next 24 to 48 hours.  These systems simulate transport and 

formation of atmospheric pollutants with forecast meteorology and estimated emission activities.  

The spatial coverage is usually centered over small, highly populated urban areas.  Recently, 

several such systems have been implemented around the world, and in the US; examples 

include: the Australian AAQFS (http://www.epa.vic.gov.au/air/aaqfs/), the Canadian CHRONOS 

(http://www.msc-smc.ec.gc.ca/aq_smog, Pudykiewicz et al., 2001), the France regional scale 

modeling system (http://www.airparif.asso.fr/pages/modelisation/regionale), the UK NAME-III 

system (http://www.airquality.co.uk), and several systems in the US, such as the AIRNow inter-

agency network (www.airnow.gov, Eder et al., 2006a), and five systems for the Eastern US 

recently reviewed by McKeen et al. (2005).   

In the Pacific Northwest, as part of the Northwest International Air Quality Environmental 

Science & Technology Consortium (NW-AIRQUEST), the Air Indicator Report for Public Access 

and Community Tracking (AIRPACT) real-time numerical air quality forecast system was 

constructed in 2000 to provide hourly ozone forecasts (Vaughan et al., 2004).  In this 

dissertation, the AIRPACT system was revised with a new numerical modeling framework, and 

used to demonstrate the ability to accurately predict the onset of ozone and PM2.5 pollution 

events for the region.  The implementation and evaluation of this system (AIRPACT-3) is 

presented in Chapter 2 as an independent manuscript entitled: 

• Enhancement and Evaluation of the AIRPACT Ozone and PM2.5 
Forecast System for the Pacific Northwest 
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In addition to short-term air quality forecasts, long-range numerical air quality predictions 

are aimed at understanding and quantifying air quality conditions in the future from direct and 

indirect effects of global changes.  Many recent researchers have unequivocally indicated that 

large scale global changes are inevitable in the future.  Global environmental changes such as 

climate change, land use, land cover (LULC) alterations, and the associated regional emission 

changes can significantly modify the chemistry and physics of the future atmosphere.  To 

quantify future air quality impacts, several studies have employed global scale models to 

simulate tropospheric ozone responses to future environments (e.g. Prather et al., 2003; 

Dentener et al., 2006; Horowitz, 2006; Shindell et al., 2006).  Results from most studies 

generally showed higher global ozone burdens in year 2030 – 2100 compared to present 

conditions.  The predicted changes differ depending on the assumed future climate and 

emission scenarios.   

In this study, the construction of a coupled global and regional scale model system 

provides a more in depth look at ozone pollution conditions over the US continent fifty years in 

the future: 2045-2054.  The model system accounts for the collective effects of global climate 

change, regional LULC changes, differences in global chemical pollutant background 

concentrations, and projected future regional emissions within the US.  The results were 

analyzed in terms of changes in future ozone concentrations, variability of extreme pollution 

events, and spatiotemporal extent of future air pollution episodes.  The implementation, 

evaluation and analyses of the long term air quality forecast system are presented in Chapter 3 

entitled: 

• Global Change Impacts on Future Regional Air Quality in the 
United States 
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To further look at the future regional air quality conditions, Chapter 4 emphasizes future 

LULC scenario impacts on regional biogenic emissions, and how the changes in biogenic 

emissions influence ozone and biogenic secondary organic aerosol formations within the 

continental US. 

The effects of human-induced LULC changes such as deforestation, urbanization and 

increases in agricultural land have been shown to impact future global climate as well as global 

atmospheric chemistry (Feddema et al., 2005; Foley et al., 2005).  In the US, future climate 

change and continuous human agricultural expansion can alter dominant plant species, and 

change the magnitudes and spatial distributions of biogenic emissions.  Plants emit large 

amounts of volatile organic compounds (VOC) with estimated annual emissions exceeding 

combined anthropogenic sources (Lamb et al., 1993).  Changes in future biogenic emissions 

from changing LULC can, therefore, alter regional atmospheric chemistry and influence the 

formation of secondary pollutants.  For quantitative investigation of such effects, this study 

implements the new MEGAN biogenic emissions model (Guenther et al., 2006) and the long 

term regional air quality forecast system to examine biogenic emissions and air quality 

conditions in the future.  The results demonstrate the interconnectivity of global change and 

anthropogenic influences toward changing biogenic emissions and regional air pollution.  The 

manuscript in Chapter 4 is entitled: 

• Impact of Future Land Use and Land Cover Changes on Regional Air 
Quality in the United States 
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Numerical Simulations of Regional Air Quality 

General Review 

A major part of this research work is based on the implementation and analyses of 

computational numerical models in simulating air quality conditions of present and future 

environments.  An air quality model is a collection of mathematical relationships and algorithms 

that calculates the behavior of chemical compounds in the atmosphere over space and time.  It 

offers a systematic approach for understanding processes affecting regional atmospheric 

chemistry and physics, and provides quantitative estimates on the spatiotemporal extent of 

pollution changes.  In recent years, air quality models have increased in complexity along with 

our understanding of atmospheric processes and the aid of advanced computational 

technology.  The systems have demonstrated skill in capturing the status of atmospheric 

conditions and are indispensable tools in the study of atmospheric sciences. 

In this research, the main photochemical model common to all manuscripts is the 

Community Multi-scale Air Quality Model (CMAQ).  The model was developed by the US EPA 

following the ‘one-atmosphere’ paradigm (Byun et al., 1999).  The paradigm addresses the 

complex relationships between multiple chemical compounds from different sources and 

physical states simultaneous within the modeling framework.  Since its inception in 1990s, the 

system has undergone continuous community development and support, with updated scientific 

algorithms and physical parameterizations (see: Community Modeling and Analysis System – 

http://www.cmascenter.org).  The latest revision (version 4.6) was released in October 2006 and 

was implemented for the AIRPACT-3 short-term air quality forecast system.  The model 

accounts for chemical interactions from gas-phase mechanisms, as well as aqueous and 

aerosol phase chemical compounds.  The system represents the latest state-of-science in 

regional environmental air quality modeling. 
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The CMAQ model has been applied in various atmospheric studies for different 

geographical regions.  In several studies, it was used to examine the detailed chemistry of 

coupled ozone and PM2.5 pollution episodes (e.g. O'Neill et al., 2006; Eder et al., 2006b; Smyth 

et al., 2006).  The algorithms in CMAQ also allowed the study of visibility degradation from 

regional haze in the atmosphere (Choi et al., 2006; Pun et al., 2006; Mebust et al., 2003; 

Mebust et al., 2003).  In addition, the model has been used to simulate formation and transport 

of other atmospheric pollutants such as mercury (Bullock et al., 2002; Gbor et al., 2007; Gbor et 

al., 2006), hazardous air toxics (Seigneur et al., 2000; Luecken et al., 2006) pollution deposition 

on surface ecosystems (Nenes et al., 1999; Davis et al., 2006), air quality impacts from forest 

wild-fires (Roy et al., 2007; Lamb et al., 2007), fine particle number concentrations in the US 

(Park et al., 2006; Elleman, 2007) and long-range transport of pollutants (Zhang et al., 2006). 

Furthermore, the CMAQ model is also being adopted by research institutes as the core 

photochemical model in numerical forecast systems.  In addition to the AIRPACT-3 system for 

the Pacific Northwest, Monache et al., (2006) used the CMAQ model as part of an ensemble air 

quality forecast framework in Vancouver, Canada.  Yu et al., (2006) applied it in the New 

England region in support of a field study, and recently scientists at the University of Houston 

have used it to implement a real-time numerical air quality forecast system for Eastern Texas in 

an operational setting (http://www.imaqs.uh.edu/aqfmain.htm).  

One major proponent of the CMAQ short-term air quality forecast in the US is the 

interagency collaboration of EPA and NOAA (National Oceanic and Atmospheric 

Administration).  The group implemented CMAQ as the operational forecast system with 

forecast meteorology from the National Center for Environmental Prediction (NCEP) large-scale 

modeling system.  The national air quality forecast covers the entire eastern US continent at 12-

km grid resolution, with planned expansion over the western US states in the near future 

(http://www.weather.gov/ost/air_quality, Otte et al., 2005).  The results from this numerical 
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forecast are now part of the US government public Internet resources for national air quality 

(http://airnow.gov).   

In addition to real-time air quality forecasts, the CMAQ model was recently used to study 

the effects of climate change on future regional air quality.  The studies examined the sensitivity 

of ozone concentrations due to predicted variations in temperature, relative humidity, projected 

regional emissions and future global pollution conditions.   

For example, Hogrefe et al. (2004) first applied the CMAQ system to investigate ozone 

pollution as a result of climate change for the Eastern US.  The study did not account for 

dynamic variations in future background chemical conditions with global chemistry models.  

They found daily maximum 8-hr ozone to increase by 2.7 to 5.0 ppbv with future emissions and 

climate.  The results were subsequently used to assess future health impacts (Knowlton et al., 

2004), and effects of urbanization on future meteorology and ozone within New York City 

(Civerolo et al., 2000).  More recently, Steiner et al. (2006) used the CMAQ model to examine 

future ozone concentrations in California due to independent changes in model inputs such as, 

temperature, water vapor, biogenic emissions, anthropogenic emissions and chemical boundary 

conditions.  They found changing anthropogenic emissions to have the largest effect in reducing 

future urban ozone levels (10 ppbv - 20 ppbv decrease) followed by changing boundary 

conditions.  One weakness, however, in this study was that meteorological conditions were 

decoupled and applied for the future scenarios.  The study isolated the temperature change 

from the model input, and thus ignored the associated thermodynamic influences such as 

planetary boundary layer (PBL) changes, wind speed and wind direction variations on resulting 

ozone predictions. 

In this research work, the long-range air quality prediction incorporates the coupled 

global and regional scale models, to address the dynamics between global forcings toward 
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regional air quality changes.  In addition, long term simulations of 10-year periods ensure that 

the system represents future variations in meteorological conditions, chemical concentration 

backgrounds, and regional emission changes collectively to better simulate the future air 

pollution environment. 

Eularian Grid Model 

The CMAQ model follows the Eularian modeling framework to simulate the atmospheric 

processes of chemical compounds.  Like all Eularian grid models, CMAQ represents a spatial 

region – simulation domain – with 3-dimensional computational grid volumes and solves the 

conservation equation for each chemical species, for each grid volume for each time step.  

Detailed CMAQ numerical formulations can be found in Byun et al. (2006).  Following is the 

generalized species conservation equation that is common in most Eularian air quality models: 

(A)     (B1)      (B2)      (B3)           (C1)                 (C2)               (C3)           (D) (E) (F)

i i i i i i i
x y z

C C C C C C CU V W K K K R D S
t x y z x x y y z z

⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂∂ ∂ ∂⎛ ⎞ ⎛ ⎞+ + + = + + + + +⎜ ⎟⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎝ ⎠ (E1) 

 
where, 

(A) .............  is the time rate of change of chemical specie i 
(B1, B2) .....  are horizontal advection components of specie i 
(B3) ...........  is the vertical advection transport of specie i 
(C1,C2) ......  are the horizontal atmospheric turbulent diffusion components of specie i 
(C3) ...........  is the vertical atmospheric turbulent diffusion of specie i 
(D) .............  is a general term for chemical reactions of the specie i 
(E) .............  is a general term for deposition processes of specie i 
(F) ..............  is a general term for source emissions of the specie i 

The species conservation equation, E1, divides physical transport processes (terms B 

and C) and chemical processes (terms D, E and F) into individual numerical problems, and 

solves each term iteratively.  The system assumes quasi-steady-state conditions such that, the 

processes of other terms remain unchanged within each numerical synchronization time step.   
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In Equation E1, the CMAQ model obtains the mean U, V and W wind components from 

the input meteorological data, and calculates turbulent diffusion coefficients Kx, Ky, and Kz with 

modeled atmospheric stability conditions, height within the PBL, as well as domain grid 

structures and simulation numerical time steps. 

In recent model revisions, the parameterization of vertical turbulent diffusivity (Kz) was 

updated to better represent the influences of urban landuse (Pleim et al., 2005).  This enables 

Kz to increase in urban grids with higher surface roughness, and decrease in non-urban regions 

with lower vertical mixing.  The revised Kz resulted in better night time ozone simulations in 

urban areas from higher vertical mixing.  The parameterizations of horizontal turbulent diffusivity 

(Kx and Ky) are simpler, but also less understood due to inadequate measurement studies.  The 

CMAQ horizontal diffusivity algorithms are based on earlier studies by Smagorinsky (1963) and 

vary primarily by domain grid structures.   

For chemical processes, the model handles individual gas and aerosol phase species by 

separate modules.  The system accounts for multi-phase chemical reactions, surface emissions, 

as well as wet and dry deposition.  The following sections describe the ozone gas-phase and 

aerosol-phase chemistry in the CMAQ model in greater detail. 

Chemistry of Tropospheric Ozone 

The CMAQ model offers a choice of different chemical mechanisms in simulating 

atmospheric gas-phase interactions: CB-IV, SAPRC-99 and RADM2.  In this study the SAPRC-

99 mechanism (Carter, 2000) was chosen because of the more explicit representation of 

organic chemical species.  The mechanism uses the ‘lumped-molecule’ approach to simplify 

atmospheric VOC by combining compounds with similar hydroxyl radical (OH.) reactivities and 

functional groups together.  Inorganic gas-phase species in SAPRC-99 are explicitly defined 

since these are better understood and have fewer species compared to VOC.  The SAPRC-99 
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mechanism, excluding aerosol and aqueous components, contains 72 mechanism species, and 

214 chemical reactions, of which 30 reactions are photolytic.  Appendix A lists the SAPRC99 

mechanism species and their descriptions. 

Simulating the onset of ozone events is highly challenging due to the non-linear 

chemistry between ozone and its precursor emissions, NOx (NO + NO2) and VOC.  In the 

troposphere, ozone is formed from the photolysis reaction of NO2 in the presence of sunlight: 

NO2 + hv  NO + O (R1) 
O + O2  O3 + M (R2) 

The wavelength of NO2 photolysis in R1 is hv < 424 nm.  The M in reaction R2 represents 

neutral molecules that absorb excess energy to stabilize the O3 reaction product.  Once ozone 

is formed, it is also continuously removed via: 

O3 + NO  NO2 + O2 (R3) 

In an unpolluted atmosphere, the ozone concentration is regulated by the constant formation 

and removal reactions.  The chemical cycle R1, R2, and R3 establishes steady state surface 

ozone concentrations of approximately 20-30 ppbv. 

Ground level ozone chemistry differs greatly in polluted environments.  Ozone 

concentrations can increase several fold with elevated VOC and NOx emissions.  

Anthropogenic NOx are mainly from sources such as automobiles and power plants.  VOC are 

released from wider range of sources, such as automobiles, industrial processes and 

vegetation.  NOx from automobiles consist of approximately 90% NO and 10% NO2.   

In an urban plume, high NO emissions from automobile exhaust initially reduces ozone 

concentration through R3, a process called ozone NO titration.  However once the urban plume 

expands, it dilutes the NO concentrations and picks up surrounding VOC emissions.  Under 
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correct meteorological conditions, the system can rapidly increase ozone chemical production 

via catalytic conversion of NO to NO2:  

R-H + OH. + 2 O2  RO2
. + HO2

. + H2O + R’CHO (R4) 
  

RO2
. + NO  NO2 + RO. (R5) 

HO2
. + NO  NO2 + OH. (R6) 

The R-H in R4 denotes carbon-hydrogen bonds from VOC.  The oxidations of VOC by OH· in 

R4 produce peroxy radicals (RO2·) and hydroperoxy radicals (HO2·).  These two highly reactive 

radicals can rapidly convert the abundant NO to NO2 via R5 and R6, bypassing the ozone 

removal reaction of R3.  In the presence of sunlight, the addition of NO2 in the air can rapidly 

form ozone via reactions R1 and R2. 

The generalized reactions showed one molecule of VOC to catalyze the formation of at 

least 2 molecules of NO2.  This, in turn, produces 2 molecules of ozone.  The chemical mix of 

urban pollution provides continuous ozone production mechanisms, and results in accumulated 

ozone concentrations downwind of urban areas.  Since different VOC, and their secondary 

oxidized products such as R’CHO in R3 have different reactivities in the atmosphere, several 

modeled VOC species are required in the SAPRC99 mechanism to correctly represent the gas-

phase reaction kinetics of the atmosphere.   

Chemistry of Atmospheric Aerosols 

Chemistry of atmospheric secondary aerosols is more complex than ozone due to the 

number of chemical species, and the reactions involve compounds from all three physical 

phases: solid, gas, and liquid.  Secondary aerosols are reaction products that have low 

saturation vapor pressures and exist as solid phase salts, organic conglomerates, or as 

aqueous phase ions in the atmosphere.  The particle size is usually small, with aerodynamic 

diameter less than 2.5 μm. Both organic and inorganic gas reactions can contribute to the 
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formation of secondary aerosols.  Inorganic aerosol chemistry is better understood than organic 

aerosol chemistry due to complexities in atmospheric organic compounds.   

In the CMAQ model, atmospheric aerosols are simulated by separate aerosol modules 

following gas-phase chemistry.  The aerosol module applies the modal approach in representing 

aerosol size fractions: Atkin mode (0.01 μm to 1 μm), accumulation mode (0.1 μm to 10 μm) and 

a coarse mode (>2.5 μm).  Primary particulate matter emitted directly into the atmosphere is 

simulated by physical transport, accounting for losses via deposition, with no additional 

chemistry.  Secondary aerosols are formed from reactions with precursor emissions or 

secondary reaction products from gas-phase chemistry.  In the current version of CMAQ, the 

aerosol module is further divided into inorganic and organic components.  The inorganic aerosol 

dynamic is based on the ISORROPIA algorithm of Nenes et al. (1998) and the secondary 

organic aerosol module is based on the SORGAM algorithm of Schell et al. (2001). 

The inorganic ISORROPIA module is a thermodynamic equilibrium model that solves the 

equilibrium concentrations of inorganic chemical species under modeled atmospheric 

conditions.  The module calculates aerosol concentrations from sodium-ammonium-chloride-

sulfate-nitrate-water reactions.  The system adjusts the equilibrium constants with modeled 

temperature, and accounts for aerosol solubility and aerosol water content with input relative 

humidity.  It is an internally mixed model, such that all particles of the same size are assumed to 

have the same composition in the system.  Through the combinations of different inorganic ions, 

the system solves the equilibrium concentrations of 9 solid phase species, 13 aqueous phase 

species, and 4 gas phase species across 15 equilibrium reactions.  The algorithm is executed at 

every grid for every time step after the gas-phase chemistry.   

The algorithm of ISORROPIA is highly efficient.  By using concentration ratios of RNa = 

[Na+]/[SO4
-2] and RSO4 = ([Na+]+[NH4

+])/[SO4
-2] the module predetermines the presence and 
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physical states of many inorganic aerosol compounds, and thus reduces the need of numerical 

solvers and iterations for complex equilibrium calculations.  The concentration ratios partition 

the aerosol system into sulfate rich/poor and sodium rich/poor regimes, and define the aerosol 

system with following properties: 

Sulfate Rich 
(free acid) RSO4 < 1 

No cations to neutralize sulfates – cause formation of 
H2SO4 to occur in liquid phase because sulfuric acid 
is highly hygroscopic 

Sulfate Rich 
(no-free acid) 1 ≤ RSO4 < 1 Not enough cations to neutralize all sulfates, sulfate 

exits as unneutralized HSO4
- and SO4

-2 

Sulfate Poor 
Sodium Poor 

RSO4 ≥ 2 
RNa < 2 

Enough NH4
+ to fully neutralize sulfate, forming 

(NH4)2SO4(s), but not enough Na+ to neutralize sulfate 
by itself.  The excess NH4

+ can therefore react with 
other gas species to form salts (NH4Cl, NH4NO3) 

Sulfate Poor  
Sodium Rich 

RSO4 ≥ 2  
RNa > 2 

Enough Na+ to fully neutralize the sulfates, and there 
are excess NH4

+ and Na+ to react with other gas 
species to form salts (NH4Cl, NH4NO3, NaCl, NaNO3).  
All sulfates are neutralized with sodium as Na2SO4 

Within each predefined regime, the module further determines the individual species 

concentrations via iterative equilibrium calculations with temperature adjusted equilibrium 

constants.  The module also calculates the aerosol water content based on the ZSR method of 

Robinson and Stokes (1965).  The method parameterizes the water content as function of both 

relative humidity and concentrations of individual chemical components in the system mixture.   

Compared to the inorganic aerosol module, the approach of modeling secondary organic 

aerosol (SOA) in CMAQ is more straightforward and simple.  The current SOA module in CMAQ 

was revised from the previous version with fixed aerosol yields of Pandis et al. (1993) to one 

with variable organic aerosol yields.  The new version parameterizes the aerosol yields as 

functions of ambient temperature and the amount of absorbing materials, or absorbents, present 

in the air. 
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Atmospheric SOA are produced from low vapor pressure products of oxidized VOC.  

When large VOC molecules undergo oxidation by atmospheric oxidants such as O3, OH·, or 

NO3· (nitrate radicals), fractions of the reaction products form condensable organic that can 

partition into the aerosol phase.  Most of the precursor VOC species that form condensable 

organic products are long-chain hydrocarbon or large aromatic molecules.  In CMAQ, these are: 

toluene, xylene, cresol, terpenes, C-8 or higher alkanes, and internal alkenes.  The reaction 

processes can be represented by R7, where VOC represent the precursor gases and Ctot,i are 

the organic products after oxidation.  The oxidation product, Ctot,i can then partition in either gas-

phase as Cgas,i or into the aerosol phase as SOA, represented by Caer,I as in Equation E8: 

VOC + [O3, NO3·, OH·]  Ctot,i (R7) 
  

Ctot,i = Caer,i + Cgas,i (E2) 

In the older version of CMAQ, the fraction that partitions into the aerosol-phase is 

assumed to be constant such that: 

Caer,i = Yi · Ctot,i (E3) 

where Yi is the organic aerosol yield fraction that varies only by the oxidized VOC species.  

However, in many chamber experiments, organic aerosol yields are variable, and are functions 

of both environmental conditions and the amount of total condensable organics already present 

in the atmosphere (Seinfeld, J. H. et al., 1998).  To account for these, the SOA module in 

CMAQ expresses the gas-phase fractions Cgas,i as: 

Cgas,i = Csat,i = C*
sat,i · Xi,om  (E4) 

where Csat,i [μg/m3] is the saturation concentration of oxidized product i.  This is further 

estimated as the product of saturation concentration of pure component i, (C*
sat,i) [μg/m3], and 

the mole fraction of secondary organic aerosol to total organic matter in the system (Xi,om).  The 

saturation concentration of pure component C*
sat,i is a function of the temperature dependent 

saturation vapor pressure, which is parameterized with the Clausius-Clapeyron equation.  The 
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total organic matter in the model fraction, Xi,om, represents the absorbent materials in the 

system, part of which is made up of the produced SOA.  The mole fraction is calculated as: 

Xi,om = ( ) ( )
aer,i i

aer,j j init init1

C /m

C /m + C /mn

j=∑
 

(E5) 

where Cinit and minit represent the concentration and molecular weight of initial absorbing 

material already present in the system, and mi is the molecular weight of the secondary aerosol 

product i. 

Combining the equations, the concentration of SOA after oxidation can therefore be represented 

as: 

Caer,i = Ctot,i – C*
sat,i · ( ) ( )

aer,i i

aer,j j init init1

C /m

C /m + C /mn

j=∑
 

(E6) 

Equation E6, one for each of the six precursor VOC emissions in CMAQ, is a set of coupled 

nonlinear equations.  The equations are solved iteratively within the organic aerosol module for 

each grid and simulation time step to resolve the SOA concentrations from gas phase 

oxidations. 

Through the above approach, the organic aerosol module takes into account 

temperature effects upon the organics partitioning into the aerosol phase and the amount of 

absorbing material already present in the air.  The secondary organic aerosol yield after each 

VOC oxidation is therefore variable and changes with these parameters. 

Although the current SOA algorithm in CMAQ greatly improved upon the earlier version 

in both algorithms and results (Jiang et al., 2003), it is still considered simplistic compared to 

more complex algorithms such as MADRID and CACM mechanisms developed recently (Zhang 

et al., 2004; Griffin et al., 2002).  However, the complex mechanisms have draw backs, mainly, 
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they require much longer computational time, and are thus, not suitable for implementing in the 

highly time constrained forecast systems.  Furthermore, recent evaluations of the algorithms 

suggest poorer model performance than expected from such complex algorithms (Chen et al., 

2006; Pun et al., 2006).  This is mostly due to the limited availability of highly detailed VOC 

emissions dataset required as model input to take advantage of the complex chemical 

mechanisms. 
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Figure 16.  Predicted average daily maximum PM2.5 concentrations (μg/m3) during the 
November 3 – 18 2004 stagnation period. 
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Figure 17.  Measured (dot) and modeled (solid line) time series of daily PM2.5 concentrations for 
Seattle, Portland and Boise measurement sites during the November 3 – 18 2004 stagnation 
period. 
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Figure 18.  (a) Measured (right) and modeled (left) aerosol component concentrations averaged 
by site during the November 3 – 18 2004 stagnation period.  (b) Percentage fraction of aerosol 
components with respect to total measured PM2.5 for the same period.  The other unspecified 
PM2.5 was calculated from subtracting total PM2.5 from the sum of component concentrations. 
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Figure 19.  November 2004 hourly time series of measured (dot) and modeled (solid line) PM2.5 
component concentrations for PEC, POC, PSO4 and PNO3 at the Bonneville Dam site from the 
SWCAA measurement network in the Columbia River Gorge.  
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Figure 20.  November 2004 hourly time series of measured (dot) and modeled (solid line) PM2.5 
component concentrations for PEC, POC, PSO4 and PNO3 at the Mt. Zion site from the 
SWCAA measurement network in the Columbia River Gorge.
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Table 1.  Vertical grid structure by sigma layer and the approximate elevation from surface for 
the AIRPACT-3 and MM5 modeling systems.  
 

Layer 
Index 

MM5  
37 σ Layers 

AIRPACT-3 
21 σ Layers 

Approximate 
Elevation (m) 

38 0.000 0.000 11471 
37 0.040 10484 
36 0.080 9616 
35 0.120 0.120 8840 
34 0.160 8135 
33 0.200 7490 
32 0.240 0.240 6894 
31 0.280 6339 
30 0.320 5819 
29 0.360 0.360 5331 
28 0.400 4869 
27 0.440 4432 
26 0.480 0.480 4015 
25 0.520 3618 
24 0.560 3239 
23 0.600 0.600 2875 
22 0.640 2526 
21 0.680 2231 
20 0.710 0.710 1985 
19 0.740 1747 
18 0.770 0.770 1514 
17 0.800 1287 
16 0.830 0.830 1066 
15 0.860 0.860 885 
14 0.880 0.880 744 
13 0.900 0.900 639 
12 0.910 0.910 569 
11 0.920 0.920 500 
10 0.930 0.930 432 
9 0.940 364 
8 0.950 0.950 297 
7 0.960 0.960 230 
6 0.970 0.970 164 
5 0.980 0.980 114 
4 0.985 82 
3 0.990 0.990 49 
2 0.995 0.995 16 
1 1.000 1.000 0 
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Table 2.  Summary of typical week-day emission inventory by source category within the 
AIRPACT-3 modeling domain. 
 
Area Source [tons/day] 
 CO NOx VOC NH3 SO2 PM10 PM2.5 
 California 115 5 36 7 1 119 39
 Idaho      98 90 365 161 3 255 250
 Montana    77 9 49 72 6 552 103
 Nevada     3 0 4 2 1 49 8
 Oregon     940 56 641 36 14 125 120
 Utah       63 38 133 28 58 148 36
 Washington 931 54 626 122 22 741 245
 British Columbia 162 35 164 73 77 195 53

 
Dairy Operations [tons/day] 
 NH3 
Oregon 40 
Washington 39 

 
Point Source [tons/day] 
 CO NOx VOC NH3 SO2 PM10 PM2.5 
California 37 13 2 752 1 0 0
Idaho 66 31 6 3 48 12 10
Montana 64 23 7 1 7 10 10
Nevada 17 50 1 0 39 2 2
Oregon 96 67 39 0 48 27 22
Utah 24 28 12 1 20 17 10
Washington 112 112 35 2 120 20 15
British Columbia 226 52 27 3 41 38 22

 
On-road Mobile Source [tons/day] 
 CO NOx VOC NH3 SO2 PM10 PM2.5 
California       300 38 36 1 1 1 1
Idaho            732 95 82 4 3 3 2
Montana          368 50 41 2 2 1 1
Nevada           71 10 8 0 0 0 0
Oregon           1786 242 214 10 5 6 4
Utah             998 136 110 6 5 4 3
Washington       2987 402 382 15 8 10 7
British Columbia 798 112 113 5 1 3 2

 
Non-road Mobile Source [tons/day] 
 CO NOx VOC NH3 SO2 PM10 PM2.5 
California 141 18 1 0 1 2 2
Idaho      490 80 1 0 19 9 8
Montana    168 86 3 0 6 5 4
Nevada     8 11 0 0 1 0 0
Oregon     944 142 97 0 17 11 10
Utah       422 75 1 0 8 7 6
Washington 1600 304 7 1 47 21 20
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Biogenic Source [tons/day]   
(OVOC excludes isoprene and terpene emissions) 
 NO OVOC  Isoprene Terpenes 
California 8 1360 435 582
Idaho 32 1726 285 1006
Montana 28 1568 118 787
Nevada 8 291 89 183
Oregen 29 3171 237 1429
Utah 7 137 87 90
Washington 36 1472 97 922
British Columbia 6 653 734 683
Total 152 10378 2082 5682

 
 
Total Anthropogenic [tons/day]      
  CO NOx VOC NH3 SO2 PM10 PM2.5 
Califonia 593 75 74 760 4 122 41 
Idaho 1387 296 454 168 73 279 270 
Montana 677 168 99 75 21 568 118 
Nevada 98 70 13 3 41 51 10 
Oregon 3766 507 991 45 84 169 156 
Utah 1508 277 256 35 91 175 54 
Washington 5630 872 1050 140 197 792 287 
British Columbia 1186 199 304 81 120 236 78 
Total 14846 2465 3241 1306 631 2393 1014 
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Table 3.  Volatile organic gas chemical allocation profile for wild and prescribed fire emissions 
by CMAQ SAPRC99 mechanism species. 
 

CMAQ Mechanism 
Species Species Descriptions Percentage 

Fraction 
ALK1 Alkanes with OH reacitivity as ethane 10% 
ALK2 Alkanes with OH reacitivity as propane, acetylene 9% 
ALK4 Alkanes and non-aeromatic compounds 1% 
CH4 Methane 10% 
ETHENE Ethene 19% 
OLE1 Alkenes with kOH < 7E4 ppm-1 min-1 5% 
OLE2 Alkenes with kOH > 7E4 ppm-1 min-1 1% 
NR Non-reactive species 45% 
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Table 4.  Seasonal averages of AIRPACT-3 chemical boundary conditions by vertical layers 
compiled from the MOZART global chemical model.  VOC is comprised of SAPRC99 species 
for HCHO, PROD2, ACET, PHEN, RCHO, MGLY, BALD, ISOPROD. 
 
  O3 (ppbv)  NOx (pptv)  VOC (ppbvC) 
  DJF MAM JJA SON  DJF MAM JJA SON  DJF MAM JJA SON 
Layer21 684 768 436 387  228 383 482 365  1 1 1 1 
Layer20 268 299 157 136  165 235 224 183  1 1 1 1 
Layer19 94 115 95 81  69 80 63 65  3 2 1 2 
Layer18 45 57 57 51  27 29 32 31  5 4 1 3 
Layer17 42 52 54 50  17 21 27 24  7 5 1 3 
Layer16 40 49 50 47  17 22 31 24  9 6 2 4 
Layer15 38 46 47 45  22 27 37 29  11 7 3 5 
Layer14 38 45 45 44  31 34 44 37  12 8 3 6 
Layer13 37 45 43 43  43 42 50 45  13 8 4 6 
Layer12 37 44 42 43  52 48 55 51  14 9 4 7 
Layer11 37 44 42 43  62 53 60 58  15 9 5 7 
Layer10 36 44 41 42  71 58 64 64  15 10 5 8 
Layer9 36 44 41 42  78 61 67 68  16 10 5 8 
Layer8 36 44 41 42  86 65 71 73  16 10 5 8 
Layer7 35 42 38 40  98 72 77 81  17 11 6 9 
Layer6 33 40 36 38  113 79 86 91  18 11 6 9 
Layer5 33 40 36 38  124 85 93 99  18 11 7 10 
Layer4 33 40 36 38  136 92 102 108  19 12 7 10 
Layer3 31 38 34 36  149 101 116 118  20 12 7 10 
Layer2 30 36 33 34  160 109 131 127  20 12 8 11 
Layer1 30 36 32 34  167 114 141 133  20 13 8 11 
 
  CO (ppbv)  ASO4 (pg/m3)  ANO3 (pg/m3) 
  DJF MAM JJA SON  DJF MAM JJA SON  DJF MAM JJA SON 
Layer21 35 31 33 37  23 22 33 35  0 0 0 0 
Layer20 52 52 54 54  39 65 58 49  0 0 0 0 
Layer19 72 76 65 67  45 89 52 44  0 0 2 1 
Layer18 87 89 67 74  43 93 47 41  0 0 2 1 
Layer17 97 96 67 78  43 91 52 45  0 1 4 1 
Layer16 105 101 69 82  51 98 70 61  0 2 17 3 
Layer15 110 105 72 86  70 117 94 87  1 4 23 6 
Layer14 113 108 74 89  98 141 113 119  6 6 12 7 
Layer13 116 111 76 92  135 168 127 153  15 8 6 8 
Layer12 118 112 77 93  161 185 136 176  24 10 4 9 
Layer11 119 114 77 95  186 202 146 200  35 11 3 11 
Layer10 120 114 78 96  211 216 155 221  47 13 2 12 
Layer9 121 115 79 96  229 226 162 236  56 14 1 14 
Layer8 122 116 79 97  248 237 169 252  65 15 1 15 
Layer7 123 117 80 98  278 253 181 278  81 17 1 19 
Layer6 124 117 81 99  310 271 194 307  99 20 1 24 
Layer5 125 118 81 100  329 283 204 327  111 22 1 28 
Layer4 126 118 81 100  347 296 215 347  124 24 1 32 
Layer3 126 119 82 101  365 309 227 368  138 26 2 37 
Layer2 127 119 82 102  379 319 236 384  149 28 3 40 
Layer1 127 120 83 102  388 327 242 394  156 29 4 42 
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Table 5.  Wild and prescribed fire emissions by months during the August – November 2004 evaluation period. 
 
 August [tons/month] September [tons/month] 
 CO TOG PM2.5 PMC CO TOG PM2.5 PMC
California 213434 17733 25336 2132 632 53 75 6
Idaho 1203187 100098 142903 11920 12672 967 1357 115
Montana 1193 98 140 13 6207 450 623 53
Nevada 15 1 2 0 48 4 5 1
Oregon 55435 4521 6520 619 13068 1096 1475 157
Utah 578 47 68 7 14 1 1 0
Washington 114036 6833 8976 721 37917 4017 3817 365
British Columbia 128022 10752 15279 1190 241 20 29 2
% total from Wild Fire 100% 100% 100% 100% 2% 1% 2% 2%

 
 October [tons/month] November [tons/month] 
 CO TOG PM2.5 PMC CO TOG PM2.5 PMC
California 2269 189 270 22 38 3 5 0
Idaho 33393 2430 3369 287 10427 734 1005 84
Montana 48393 3534 4910 426 78141 5747 8001 695
Nevada 0 0 0 0 0 0 0 0
Oregon 173964 11701 14144 1307 80724 5575 6502 587
Utah 36 2 2 0 312 17 21 2
Washington 51369 5053 5263 509 33077 3084 3264 312
British Columbia 0 0 0 0 0 0 0 0
% total from Wild Fire 1% 1% 1% 1% 1% 1% 1% 1%
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Table 6.  Monthly MM5 model performance statistics over the evaluation August-November 2004 period. 
 
 August  September 

  

Surface 
Temperature 

(oC) 

Wind 
Direction 

(deg) 

Wind 
Speed 
(m/s) 

24-hr 
Precipitation 

(mm) 

Relative 
Humidity 

(%)  

Surface 
Temperature 

(oC) 

Wind 
Direction 

(deg) 

Wind 
Speed 
(m/s) 

24-hr 
Precipitation 

(mm) 

Relative 
Humidity 

(%) 
Mean Error -0.3 5 1.6 0.0 4  0.7 7 1.4 -0.8 -3
Mean Absolute 
Error 2.4 64 2.3 1.7 13  2.1 62 2.2 1.8 12

Root Mean 
Square Error 

3.2 81 2.8 6.7 17
 

2.7 79 2.7 13.9 16

Standard 
Deviation 3.1 81 2.2 6.7 17  2.6 79 2.2 13.9 16

Number of data 
points 32569 24892 25476 12378 23466  20012 12544 12929 3099 11106

 
 
 October  November 

  

Surface 
Temperature 

(oC) 

Wind 
Direction 

(deg) 

Wind 
Speed 
(m/s) 

24-hr 
Precipitation 

(mm) 

Relative 
Humidity 

(%)  

Surface 
Temperature 

(oC) 

Wind 
Direction 

(deg) 

Wind 
Speed 
(m/s) 

24-hr 
Precipitation 

(mm) 

Relative 
Humidity 

(%) 
Mean Error 0.6 6 1.9 -0.4 1  0.3 8 1.8 -0.4 3
Mean Absolute 
Error 

2.1 65 2.5 2.8 13
 

2.2 70 2.4 2.1 14

Root Mean 
Square Error 

2.9 83 3.1 13.2 17
 

3.0 87 3.1 15.3 19

Standard 
Deviation 

2.8 82 2.5 13.2 17
 

3.0 87 2.4 15.3 18

Number of data 
points 29285 20827 21201 11024 19027  32956 24416 24978 10887 22931
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Table 7.  Measurement stations by monitor networks and measured pollutant species used in the August-November 2004 evaluation 
period. 
 
EPA-AQS (Hourly Ozone)  EPA-AQS (Twice Weekly PM2.5)  IMPROVE (PM2.5, PSO4, PNO3, POC, PEC) 
Site Name Latitude Longitude  Site Name Latitude Longitude  Site Name Latitude Longitude 
Ritzville 47.129 -118.382  Boise 43.636 -116.270  CRMO 43.461 -113.555 
Yelm 46.936 -122.611  Pocatello 42.877 -112.460  SAWT 44.171 -114.927 
Wishram 45.664 -121.000  Inkom 42.796 -112.258  MOHO 45.289 -121.784 
Belfair 47.419 -122.850  StMaries 47.317 -116.570  KALM 42.552 -124.059 
Custer 48.954 -122.565  Plummer 47.339 -116.885  CRLA 42.896 -122.136 
HWY12 46.624 -121.387  IdahoFall 43.518 -112.021  THSI 44.291 -122.043 
LakeSammaish 47.552 -122.044  BonnersFerry 48.706 -116.369  STAR 45.225 -118.513 
MtViewSchool 45.617 -122.517  Nampa 43.562 -116.563  HECA 44.970 -116.844 
OlymPark 48.098 -123.426  Emmett 43.856 -116.515  OLYM 48.007 -122.973 
MtRainierJackson 46.785 -121.733  NezPerceNP 46.209 -116.028  PUSO 47.570 -122.312 
RangerStn 48.539 -121.447  Salmon 45.171 -113.892  SNPA 47.422 -121.426 
NorthBend 47.490 -121.773  Pinehurst 47.536 -116.237  CORI 45.664 -121.001 
NorthEnd 48.460 -122.519  Ridgefield 45.768 -122.772  COGO 45.569 -122.210 
Enumclaw 47.141 -121.933  Medford 42.314 -122.879  WHPA 46.624 -121.388 
GreenBluff 47.827 -117.275  EaglePoint 42.536 -122.875  PASA 48.388 -119.928 
BeaconHill 47.570 -122.313  WhiteCity 42.426 -122.851  MORA 46.758 -122.124 
PackForest 46.843 -122.318  KlamathFalls 42.189 -121.723  SPOK 47.905 -117.861 
MtRainierNP 46.761 -122.122  Eugene 44.026 -123.084  NOCA 48.732 -121.065 
Carus 45.260 -122.588  CottegeGrove 43.834 -123.035     
SauvieIs 45.768 -122.772  Oakridge 43.744 -122.481  EPA-AQS (PSO4, PNO4, PNH4, POC, PEC) 
CascdJrH 44.809 -122.914  Albany 44.616 -123.092  Site Name Latitude Longitude 
AmazonPk 44.026 -123.084  Portland 45.497 -122.602  Boise 43.562 -116.563 
Lafayette 45.497 -122.602  LaGrande 45.339 -117.905  Medford 42.314 -122.879 
Talent 42.229 -122.788  TheDalles 45.602 -121.203  Eugene 44.026 -123.084 
Saginaw 43.834 -123.035  Beaverton 45.470 -122.816  Portland 45.561 -122.679 
Milwaukie 45.443 -122.638  Hillsboro 45.518 -122.967  LaGrande 45.339 -117.905 
S3rdAveW 43.706 -116.623  Kennewick 46.219 -119.206  LkForestPk 47.546 -122.322 
TilliRd 43.287 -115.853  Vancouver 45.648 -122.587  Kent 47.370 -122.198 
WhitneyEle 43.589 -116.223  NorthBend 47.490 -121.773  Seattle 47.563 -122.338 
CrMoon 43.461 -113.562  Enumclaw 47.141 -121.933     
    LkForestPk 47.753 -122.277  SWCAA (Hourly PSO4, PNO4, POC, PEC) 
    Seattle 47.563 -122.338  Site_Name Latitude Longitude 
    Twisp 48.364 -120.121  Bonneville Dam 45.646 -121.943 
    Tacoma 47.188 -122.450  Mt Zion 45.568 -122.212 
    Marysville 48.056 -122.173  CORI (PNH4) 45.664 -121.001 
    Spokane 47.661 -117.357  COGO (PNH4) 45.569 -122.210 
    Yakima 46.598 -120.499     
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Table 8.  AIRPACT-3 performance statistics for daily maximum 8-hr ozone concentrations. 
 

O3 
Number of Points 1033 
MB (ppbv) 2.7 
ME (ppbv) 7.2 
NMB 6% 
NME 17% 
RMSE 9.1 
R 0.55 
Mod. Avg. (ppbv) 46 
Obs. Avg. (ppbv) 43 

 
 
 
 
Table 9.  AIRPACT-3 performance statistics for 24-hr PM2.5 concentrations by the EPA-AQS, 
IMPROVE measurement networks, and over all measurement sites. 
 

PM2.5 EPA-AQS IMPROVE All Sites 
Number of Points 1008 233 1241
MB (μg/m3) 2.0 2.2 2.1
ME (μg/m3) 8.0 5.5 7.5
NMB 17% 37% 19%
NME 70% 85% 71%
FB 3% 3% 3%
FE 59% 53% 58%
RMSE 11.4 9.7 11
R 0.46 0.53 0.49
Mod. Avg. (μg/m3) 13 8.2 11
Obs. Avg. (μg/m3) 11 6.0 9.0
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Table 10.  Summary of AIRPACT-3 performance statistics for component PM2.5 by EPA-AQS, IMPROVE and SWCAA measurement 
networks. 
 
 POC  PEC 
 EPA-AQS IMPROVE SWCAA  EPA-AQS IMPROVE SWCAA 
Number of Point 254 502 1872  189 129 874
MB 0.3 -0.4 0.0  0.5 0.4 0.3
ME 3.7 2.0 2.1  0.8 0.7 0.6
NMB 7% -17% 1%  54% 63% 62%
NME 71% 76% 78%  83% 104% 110%
FB -18% -52% -28%  26% 15% 15%
FE 72% 80% 73%  58% 63% 61%
RMSE 5.1 3.9 3.6  1.2 1.3 1.1
R 0.4 0.4 0.2  0.5 0.4 0.0
Mod. Avg. 5.5 1.9 2.4  1.4 0.9 0.7
Obs. Avg. 5.2 2.3 2.4  0.9 0.5 0.4

 
 PNO3  PSO4  PNH4 
  EPA-AQS IMPROVE SWCAA  EPA-AQS IMPROVE SWCAA  EPA-AQS SWCAA 
Number of Point 111 54 725  214 209 2686  196 46
MB -0.3 -0.2 -0.3  -0.8 -0.5 -1.8  -0.2 -0.4
ME 1.2 0.9 0.9  0.9 0.6 1.8  0.4 0.4
NMB -17% -14% -30%  -53% -52% -77%  -26% -61%
NME 67% 63% 78%  57% 58% 78%  53% 66%
FB -39% -24% -23%  -57% -62% -118%  -25% -55%
FE 74% 63% 70%  66% 71% 119%  56% 66%
RMSE 1.8 1.4 1.6  1.5 0.8 2.3  0.8 0.9
R 0.4 0.5 0.1  0.4 0.5 0.2  0.5 0.5
Mod. Avg. 0.9 0.6 0.9  0.6 0.2 0.2  0.5 0.2
Obs. Avg. 1.2 0.8 1.2  1.4 0.7 2.0  0.7 0.6
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