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EXECUTIVE SUMMARY

The Comprehensive Air-quality Model with Extensions (CAMX) is a three-dimensional multi-
scale photochemical grid model (ENVIRON, 2002) that is publicly available without fees or
restrictions on model application. CAMx was developed with all new code during the late
1990s using modern and modular coding practices. This has made the model an ideal platform
for the extension to treat a variety of air quality issues including ozone, particulate matter
(PM), visibility, acid deposition, and air toxics. The flexible CAMx framework has also made
it a convenient and robust host model for the implementation of “probing tool” techniques
such as Process Analysis, the Decoupled Direct Method (DDM), and the Ozone Source
Apportionment Technology (OSAT). For CRC project A-30, ENVIRON, together with
Sonoma Technology, Inc. (STI) and Carnegie Mellon University (CMU), added state-of-the-
science algorithms for aerosol modeling to CAMX to create a new particulate matter model
called PMCAMZX, version 3.01. The source code for the initial version of PMCAMXx was
delivered to CRC and is being used in follow-on work to further evaluate and refine the model
(CRC projects A-40 and A-44). PMCAMXx will be made publicly available via the CAMx
web page once the model has undergone sufficient testing and evaluation to build confidence in
the model.

The development of PMCAMX was based on version 3.01 of CAMX as distributed from
http://www.camx.com. The extension to treat PM involved the addition of science modules to
represent important physical processes for aerosols:

e Size distribution is represented using the Multi-component Aerosol Dynamics Model
(MADM), which uses a sectional approach to represent the aerosol particle size
distribution (Pilinis et al., 2000). MADM treats the effects of
condensation/evaporation, coagulation and nucleation upon the particle size
distribution.

¢ Inorganic aerosol thermodynamics are represented using ISORROPIA (Nenes et al.,
1998, 1999) within MADM.

e Secondary organic aerosol thermodynamics are represented using the semi-volatile
scheme of Strader et al., (1998).

e Aqueous-phase chemical reactions are modeled using the Variable Size-Resolution
Model of Fahey and Pandis (2001), which automatically determines whether water
droplets can be represented by a single ‘bulk’ droplet-size mode or whether it is
necessary to use fine and coarse droplet-size modes.

e The CAMx deposition algorithms were improved for particle deposition. Dry
deposition is represented for the size-resolved particle distribution (ENVIRON, 2002).
A new wet-deposition algorithm has been developed but is not yet implemented in
PMCAMX.

G:\crca30\report\Revised Fina\EXECUTIVE SUMMARY .doc ES- 1
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The main aerosol modules for PMCAMx were provided by CMU. ENVIRON and STI
developed the plan for implementing the aerosol modules in CAMx by extending STI’s prior
experience implementing aerosol modules in the UAM-AERO. The aerosol modules were
tested before being implemented in PMCAMx by ENVIRON. The implementation testing
resulted in improvements to all of the aerosol modules. The new PMCAMXx model was
evaluated for a Los Angeles PM episode. The episode selected was October 17-19, 1995 from
the PMio Technical Enhancement Program (PTEP) because this period had previously been
modeled using the UAM-AERO and therefore important components of the modeling database
were already available and tested. PMCAMXx was configured with ten size sections for
thirteen chemical constituents of PM so that a total of 130 PM species were simulated. This
approach provides a highly detailed chemical and size description of the atmospheric aerosol
for both PMio and PM2s. Model performance for the Los Angeles October 1995 PTEP
episode was evaluated by STI and compared to past performance obtained with the UAM-
AERO. After STI concluded that the PMCAMx model performance was reasonable,
ENVIRON conducted a series of diagnostic and sensitivity tests to investigate the stability and
performance of PMCAMX and test the modeled emissions-air quality relationships.

The application of PMCAMXx to Los Angeles for the October 1995 PTEP episode showed that
the code was stable over a series of diagnostic and emissions sensitivity tests. This was a
challenge because the PM algorithms are complex computer codes developed in a research
setting they had not previously been used together in a grid model. The PMCAMX aerosol
algorithms appear to be quite robust and form a sound basis for further model development.
The PMCAMX results were more sensitive to computer platform than the host CAMx model
and future development should seek to improve this. Most of the testing used Linux PC
workstations, which are becoming the most-widely used platform for the CAMx modeling
community because of their power and cost-effectiveness. Model run times were reasonable,
taking about six hours to simulate the three-day episode on a Linux workstation with a 2 GHz
class processor. PMCAMx was tested successfully on Linux, Sun and DEC Alpha
workstations.

The emissions sensitivity tests looked at the relationships between speciated PM levels and
emissions of VOC, ammonia and NOx at upwind and downwind locations in the Los Angeles
basin. The results of the sensitivity tests were consistent with the underlying
chemical/physical relationships and showed both linear and non-linear responses depending
upon PM species and location. For example, reducing ammonia emissions reduced nitrate,
sulfate and ammonium at both upwind and downwind sites. In contrast, reducing NOx
emissions increased ammonium nitrate at the upwind site but decreased ammonium nitrate at
the downwind site. These findings illustrate why scientifically credible PM modeling tools
will be important to the development of effective PM control strategies in areas such as Los
Angeles.

The model performance evaluation found that PMCAMXx performance for the Los Angeles
episode was reasonable and did not point to any model flaws. The Los Angeles October 1995
PTEP modeling database was limited, especially in the meteorological inputs, and more
PMCAMX applications will be needed to learn more about the model performance, sensitivity
and stability characteristics. Modeling recent PM episodes will be especially valuable because
of the improvements in observations of size/chemically resolved PM and precursor species for
model performance evaluation (e.g., EPA’s PM supersites data).

G:\crca30\report\Revised Fina\EXECUTIVE SUMMARY .doc ES-2
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Recommendations

The following specific recommendations follow from the work completed in CRC project A-
30:

e PMCAMXx should be tested for additional episodes under a variety of conditions to
further probe the reliability and completeness of the model algorithms. Episodes with
extensive ambient data for model performance evaluation and reliable input data will be
needed to learn more about PMCAMX model performance.

e PMCAMX should be tested for a nested-grid domain. The grid nesting algorithms have
been implemented for PM but not tested, and ENVIRON does not recommend that they
be used yet.

e PMCAMX sensitivity tests should investigate optimum model configurations, for
example:
o Aerosol size section schemes - the number of sections and the cut-points needed
for specific types of model application.
o Secondary organic aerosol species — how many volatility groups are warranted
for anthropogenic vs. biogenic emissions?
o Adequacy of current gas-phase chemical mechanisms to support PM modeling.

o Further development of the aqueous-phase chemistry model (VSRM) would be
beneficial. For the Los Angeles test case, VSRM consumed about half of the computer
time when only approximately 10% of the grid cells were cloudy. Thus, the
computational requirements of VSRM may become problematic for a winter episode.
Issues in need of attention are efficiency/stability of the numerical integration routines
(especially VODE) and removing assumptions that prevent the PMCAMX aerosol size
distribution from being a user adjustable parameter. Care is warranted in using the
VODE integration package for atmospheric chemistry problems. Also, it may be
possible to improve the implementation of VSRM in PMCAMXx to make better use of
available information, such as remembering liquid-phase concentrations between calls
to VSRM (especially when the two-droplet size algorithm is being used) and passing
liquid concentrations to the deposition module for use in wet-deposition calculations.

e The PMCAMX host model should be upgraded from CAMx version 3.01 to CAMx
version 3.1 (or most current version). When this is done, the SAPRC99 mechanism
should be interfaced to the secondary organic aerosols in PMCAMXx using the methods
described for SAPRC97 in this report.

e Upgrades to the CMU aerosol modules should be implemented and maintained in
PMCAMx. For example, CMU enhanced the MADM aerosol size algorithms by using
a trajectory-grid approach (CRC project A-39) and this should be maintained in the
next version of PMCAMX.

e The wet-deposition module developed by ENVIRON should be added to PMCAMXx.

G:\crca30\report\Revised Fina\EXECUTIVE SUMMARY .doc ES-3
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e The secondary organic aerosol module should be integrated with MADM to improve
efficiency.

e The PMCAMXx “full science” (FS) algorithms should be implemented alongside more
efficient “reduced form” (RFM) algorithms in a single model version. This would
allow evaluation of FS and RFM approaches in a common platform. There is great
interest in RFM algorithms for annual PM and visibility modeling.

G:\crca30\report\Revised Fina\EXECUTIVE SUMMARY .doc ES-4
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1. INTRODUCTION

The objective of CRC project A-30 was to develop a new particulate matter (PM) model based
on state-of-the-science algorithms implemented in publicly available computer codes. The
Comprehensive Air-quality Model with Extensions (CAMX) is a three-dimensional multi-scale
photochemical grid model (ENVIRON, 2002) that is publicly available without fees or
restrictions on model application. CAMx was developed with all new code during the late
1990s using modern and modular coding practices. This has made the model an ideal platform
for the extension to treat a variety of air quality issues including ozone, particulate matter,
visibility, acid deposition, and air toxics. The flexible CAMx framework has also made it a
convenient and robust host model for the implementation of “probing tool” techniques such as
Process Analysis, the Decoupled Direct Method (DDM), and the Ozone Source
Apportionment Technology (OSAT). For CRC project A-30, ENVIRON together with
Sonoma Technology Inc. (STI) and Carnegie Mellon University (CMU), added state-of-the-
science aerosol modeling algorithms to CAMX to create a new particulate matter model called
PMCAMX, version 3.01. The source code for the initial version of PMCAMX was delivered
to CRC and is being used in follow-on work to further evaluate and refine the model (CRC
projects A-40 and A-44). PMCAMXx will be made publicly available via the CAMx web page
(http://www.camx.com) once the model has undergone sufficient testing and evaluation to
build confidence in the model.

The development of PMCAMX was based on version 3.01 of CAMx. The extension to treat
PM involved the addition of science modules to represent important physical processes for
aerosols:

e Size distribution is represented using the Multi-component Aerosol Dynamics Model
(MADM), which uses a sectional approach to represent the aerosol particle size
distribution (Pilinis et al., 2000). MADM treats the effects of
condensation/evaporation, coagulation and nucleation upon the particle size
distribution.

e Inorganic aerosol thermodynamics are represented using ISORROPIA (Nenes et al.,
1998, 1999) within MADM.

e Secondary organic aerosol thermodynamics are represented using the semi-volatile
scheme of Strader et al., (1998).

e Aqueous-phase chemical reactions are modeled using the Variable Size-Resolution
Model of Fahey and Pandis (2001), which automatically determines whether water
droplets can be represented by a single ‘bulk’ droplet-size mode or whether it is
necessary to use fine and coarse droplet-size modes.

e The CAMx deposition algorithms were improved for particle deposition. Dry
deposition is represented for the size-resolved particle distribution (ENVIRON, 2002).
A new wet-deposition algorithm has been developed but is not yet implemented in
PMCAMX.

G:\crca30\report\Revised Final\sec1.doc 1 - 1
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This report describes the development and testing of PMCAMXx conducted under CRC
sponsorship in project A-30. The report is organized as follows:

Section 2 provides a background on the science and modeling approaches for PM as a
basis for the following sections.

Section 3 describes the PM modeling algorithms used in PMCAMX.
Section 4 discusses the implementation of the PM modules in the PMCAMXx code

Section 5 describes how PMCAMXx was tested for a Los Angeles PM episode including
the model performance evaluation, diagnostic and sensitivity testing.

The study conclusions and recommendations for further work are presented in the Executive
Summary to the report.

G:\crca30\report\Revised Final\sec1.doc 1 -2
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2. ATMOSPHERIC AEROSOLS

Atmospheric aerosols are small particles dispersed in the ambient air. Their behavior and
impacts in the atmosphere depend upon their physical and chemical characteristics, such as
particle size, chemical composition, affinity for water, and physical state (liquid or solid).
Atmospheric aerosols, also referred to as particulate matter (PM), have both primary and
secondary sources and they originate from natural as well as man-made emissions. Particulate
matter is a natural constituent of the atmosphere with concentrations and properties that vary
geographically and temporally. This section of the report provides a discussion of physical
and chemical characteristics and processes that are important for atmospheric aerosols.

ATMOSPHERIC AEROSOL PROPERTIES
Particle Size and Number Distributions

The lower atmosphere contains large numbers of particles, ranging from hundreds per cm® in
the most pristine remote areas (e.g., polar areas that are not affected by anthropogenic
emissions) to millions per cm’ in polluted urban areas. These particles span a wide size range,
more than 4 orders of magnitude. Mechanical processes (e.g., dust) generate the largest
particles, which are up to about 100 micrometers (um) in diameter. The smallest particles are
formed by chemical processes and may be only a few nanometers (nm) in diameter (1 nm =
10°um). The range in particle mass is even greater than the range in size since 1 particle of
diameter 10 um has approximately the same mass as 1 million particles of diameter 0.1 um.
Consequently, larger particles tend to dominate the total mass of atmospheric aerosol whereas
small particles tend to dominate the total number of aerosol particles.

Coarse and Fine Particulate

The physical and chemical processes of aerosol formation tend to impose some common
features on the particle size distributions observed in the atmosphere. Observed particle mass
distributions tend to show several characteristic size peaks, also called modes. The mass
distribution for urban aerosols is likely to show three modes:

e A coarse mode that is larger than about 3 um
e Two fine modes that are smaller than about 1 pm

The smaller fine mode below about 0.1 um is called the nucleation (or Aitken) mode, whereas
a mode between about 0.1 um and 1.0 um is called the accumulation mode. Aerosols in rural
areas can be described in terms of the same three modes but the total aerosol may be
dominated by two of the three modes. The boundaries between these modes are not precise or
constant, but since these features are recognizable they have fostered a widely used
terminology.

The concept of aerosol modes discussed above is used directly in some atmospheric modeling
approaches, such as the modal approach in Models3/CMAQ. In CMAQ, aerosol modes are

G:\crca30\report\Revised Final\Sec2.doc 2' 1
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represented by log-normal distributions. The discussion above does not imply that
atmospheric aerosols actually follow a log-normal (or any other) distribution. Rather, the
concept of modes has proven useful in describing atmospheric aerosols, and log-normal
distributions have been useful in describing aerosol modes.

The terms coarse and fine particulate have been used to describe EPA’s National Ambient Air
Quality Standard for particulate matter. EPA’s proposed new fine particulate standards,
commonly referred to as the fine particulate standards, apply focus on particles that are
smaller than 2.5 pm in diameter (PM25). EPA’s previous particulate standards apply to
particles that are smaller than 10 pm in diameter (PM10). Therefore, the term coarse
particulate is being applied to particles that are between 2.5 um and 10 um in diameter.

Chemical Composition of Primary and Secondary Aerosol

The chemical composition of atmospheric aerosol often reflects the origin of the particles.
This fact enables inverse modeling techniques, such as receptor modeling or chemical mass
balance (CMB), to be used to estimate source contributions from chemical signatures within
atmospheric PM. Chemical signatures are most applicable to primary particulates, meaning
particles that are directly emitted to the atmosphere. Since secondary particles are formed by
gas to aerosol conversion pathways in the atmosphere, the chemical composition of the aerosol
is “disconnected” from the source.

General relationships also exist between the particle source and size for many different types
of particles. For example, many types of primary particles formed by mechanical processes
tend to be large, whereas secondary particles tend to be small. Thus, generalized relationships
can be drawn between size, composition and source in many instances, as shown in Table 2-1.

G:\crca30\report\Revised Final\Sec2.doc 2 = 2
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Table 2-1. Generalize comparison of composition and source for fine and coarse particles.

Fine Particles Coarse Particles
Formation Chemical reactions Mechanical disruption
Pathways Nucleation Suspension of dusts
Condensation
Coagulation
Cloud/fog processing
Composition Sulfate Suspended dust
Nitrate Coal and oil fly ash
Ammonium Crustal element (Si, Al, Ti, Fe) oxides
Hydrogen ion CACOs3, NaCl
Elemental carbon (EC) Pollen, mold, spores
Organic compounds Plant, animal debris
Water Tire wear debris
Metals (Pb, Cd, V, Ni, Cu, An,
Mn, Fe, etc.)
Solubility Largely soluble, hygroscopic Largely insoluble and non-hygroscopic
Sources Combustion (coal, oil, gasoline, Resuspension of industrial dust and soil
diesel, wood) Suspension of soil (farming, mining,
Gas-to-particle conversion of NOx, | unpaved roads)
S0s, and VOCs Biological sources
Smelters, mills, etc. Construction/demolition
Ocean spray
Atmospheric Days to weeks Minutes to days
Lifetime
Travel Distance | 100s to 1000s of km Up to 10s of km

Source: Pandis and Seinfeld (1998).

Approaches to Describing Aerosol Size Distributions

In general, experimental approaches to measuring atmospheric particles do not directly
measure the distribution of particle sizes, rather they provide information that characterizes the
size-distribution; e.g., the mass of particles smaller than a given diameter such as 2.5 ym or
10 um. These experimental methods are the basis of the real world data on aerosol
concentrations and compliance with air quality standards. Atmospheric models do not
necessarily require a highly detailed representation of the aerosol size distribution to model
compliance/non-compliance with regulatory standards; all that is required is an ability to
estimate the amount of aerosol in the fine and coarse size ranges defined by regulations.
However, since many of the physical and chemical properties of aerosols depend strongly
upon the particle size, a detailed representation of the size distribution is required to accurately
model the effects of physical and chemical processes on aerosols. Modeling approaches try to
balance competing needs for a detailed representation of size distribution, computational
burden, and correspondence to experimental metrics used by regulators. Two main modeling
approaches are being used to represent particle size, the sectional approach and the modal
approach.
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Sectional Approach

In the sectional approach, the aerosol size distribution is represented using an array of discrete
size sections or bins. An example is shown in Figure 2-1. An individual size section
represents all of the particles with size falling between the lower and upper size bounds of the
section. This usually means that all of the particles within a section are assumed to have the
same physical and chemical properties. A modeling approach that represents 10 chemical
constituents (sulfate, nitrate, etc.) in 10 size sections results in 100 species being included in
the atmospheric model.

c
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Diameter (um)

Figure 2-1. Example distribution of aerosol mass with size represented using a sectional
approach.

The intervals between size sections can be chosen to match the cut-points used in ambient
monitoring (2.5 pm and 10 pm). The example shown in Figure 2-1 uses 9 sections with
intervals evenly distributed on a logarithmic scale between a minimum of 0.0391 pm and a
maximum of 20 um. The resulting section intervals are at 0.078, 0.156, 0.313, 0.625, 1.25,
2.5, 5 and 10 pm. The largest section is nominally from 10 to 20 um, but in fact this section
represents all particles larger than 10 pm. Similarly, the smallest section represents all
particles smaller than 0.078 um. Thus, PM:sis represented by the sum over the 6 smallest
sections and PMo is represented by the sum over the 8 smallest sections.

Modal Approach

A modal approach represents the total aerosol size distribution as the sum of several size
modes (discussed above). An example representation of a particle mass distribution using
three modes (one coarse and two fine) is shown in Figure 2-2. Each mode is characterized by
three parameters:

e Number of particles
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e Mean diameter of the log normal size distribution
e Standard deviation of the log normal size distribution

As discussed above, while large particles tend to dominate the mass distribution (against size),
small particles tend to dominate the number distribution. Figure 2-3 shows the distribution of
aerosol number with size for the particle mass distribution shown in Figure 2-2.

— Total
S —— Mode 1
a ~— Mode 2
}3 Mode 3
0
(0]
S
2
=
0.01 0.1 1 10 100

Diameter (um)

Figure 2-2. Example distribution of aerosol volume with size represented using a modal
approach.

— Total

— Mode 1

—— Mode 2
Mode 3

Number Distributior

0.01 0.1 1 10 100
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Figure 2-3. Example distribution of aerosol number with size represented using a modal
approach.

2-5
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To use a modal approach in a photochemical model, information must be carried on the size
attributes of each mode (3 parameters) plus the chemical composition of each mode (the
number of PM components). Thus a modeling approach that represents 10 chemical
constituents (sulfate, nitrate, etc.) using 3 size modes might result in 39 species being included
in the atmospheric model.

ATMOSPHERIC AEROSOL PROCESSES
Condensation/Evaporation

Condensation is the transfer of mass from the gas phase to the aerosol phase when gas
molecules are captured at the surface of an existing particle. Evaporation is the reverse
process. The tendency for a gas to condense depends upon its volatility. Some gases (e.g.,
sulfuric acid vapor) have extremely low volatility such that condensation is essentially
irreversible. For example, virtually all sulfuric acid will be found in the aerosol phase. Other
gases (e.g., condensable organics, ammonium nitrate) are semi-volatile, meaning that an
equilibrium exists with significant fractions of the compound present in both the gas and
aerosol phases. Whether this equilibrium favors more the gas or aerosol form depends upon
the chemical properties of the compound, the properties of the existing aerosol phase, and the
ambient conditions, notably temperature and, in some cases, relative humidity. Thus, a semi-
volatile compound may be formed in the gas phase, condense to aerosol phase, and later
evaporate back to the gas phase.

Many of the constituents of secondary organic aerosol (SOA) are semi-volatile. The
production of condensable organic compounds may peak in the middle of the day when warm
temperatures lead to high emissions of organic compounds and active gas-phase
photochemistry leads rapid production of condensable organics (e.g., via OH reaction with
aromatic hydrocarbons or terpenes). However, warm mid-day temperatures also tend to drive
the condensation/evaporation equilibrium for condensable organics in favor of the gas phase.
Therefore, the highest organic aerosol concentrations might not occur until later in the day
when temperatures are lower and more condensation occurs.

Condensation/evaporation is an important process for several inorganic and organic aerosol
constituents. Condensation is the formation pathway for virtually all secondary aerosol mass.
Atmospheric models must accurately represent condensation/evaporation processes to predict
the amount and size distribution of aerosols.

Nucleation

Nucleation is the process that forms new particles from condensable gases. This is distinct
from condensation where gases condense onto existing particles. Nucleation is not an
important mechanism for transferring mass from the gas phase to the aerosol phase because
most condensable gases will condense onto the surface of existing particles rather than
nucleate. Since nucleation forms new particles, it becomes important as a source of particles
in very clean air masses where emissions of primary particles are low. Thus, nucleation
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should not be an important process in modeling aerosols for either PM or visibility concerns
over continental areas.

Nucleation of a single species is termed homomolecular nucleation. For nucleation of a single
species to occur, the vapor concentration of the species must be supersaturated. Homonuclear
nucleation of sulfuric acid is a source of particles in remote atmospheres. If sufficient particle
surface area already exists, condensation will prevent the vapor concentration from reaching
supersaturation as required for nucleation. Nucleation with more than one species is termed
binary or heteronuclear nucleation and can occur when the concentrations of the combining
species are below saturation.

Coagulation

When two particles collide and stick the process is called coagulation. Coagulation tends to
change the particle size distribution because it increases the size and reduces the number of
particles. Collisions can result from particle motion due to Brownian motion (diffusion),
turbulence or sedimentation (settling). The rate of coagulation depends strongly upon the
particle concentration and tends to become important in the atmosphere only at very high
particle loadings, for example in polluted urban areas. Since such polluted conditions also
accelerate other aerosol processes (e.g., emission, condensation/evaporation, and deposition),
coagulation never has much influence on atmospheric aerosols.

Deposition

Deposition removes particles from the atmosphere and is an important mechanism for
consideration in atmospheric particulate matter models. There are two mechanisms, dry
deposition and wet deposition. Dry deposition is the removal of atmospheric particles by
contact with the Earth’s surface (soil, water, or vegetation). Wet deposition is the removal of
atmospheric particles by the atmospheric hydrometeors (fog, cloud, rain, snow, etc.). Other
terms used to describe this process include wet scavenging and wet removal. There are two
components to wet deposition, rainout and washout. Rainout refers to in-cloud processes that
incorporate particles into hydrometeors. Aerosol particles can act as cloud condensation
nuclei (CCN), form cloud droplets, and be removed when cloud droplets form raindrops and
fall to the ground. Washout refers to below cloud processes where falling hydrometeors
capture particles by impaction.

Clouds and Aerosol Activation

Fogs and clouds contribute to both production and removal of aerosols. Aqueous phase
chemistry is an important production mechanism for secondary aerosols (especially sulfate)
and precipitating clouds are an important aerosol removal mechanism via wet deposition.
Clouds can also dramatically affect aerosol size distributions through activation of aerosol as
cloud condensation nuclei (CCN). Aerosol activation refers to the growth of a particle into a
cloud droplet within a cloud. Activation occurs when the critical saturation ratio for a particle
is less than the ambient saturation ratio of water and depends on the number, size distribution,

G:\crca30\report\Revised Final\Sec2.doc 2 = 7



January 2003 ENVIRON

and composition of the particles. Typically, particles larger than 0.06-0.16 pm in diameter
can be activated to grow to cloud droplets. Activation dominates all other in-cloud scavenging
mechanisms for aerosols. Upon evaporation of the cloud, the nonvolatile material in the cloud
drops is converted to aerosol with a size distribution that is likely different from the aerosol
present before cloud formation.

Gas-Aerosol Equilibrium

Semi-volatile species, such as HNOs, NHs, H20, and SOA, partition between the gas and
aerosol phases depending on physical (e.g., temperature) and chemical (e.g., gas volatility,
particle composition) factors. There are two approaches to modeling this partitioning process:

e Equilibrium, i.e., assuming that the mass-transfer between the gas and aerosol phases has
reached equilibrium.

¢ Dynamic, i.e., explicitly modeling the mass-transfer between the gas and aerosol phases
such that it may or may not be at equilibrium.

Currently, most atmospheric PM models make an equilibrium assumption because this is a
much simpler and computationally efficient approach to use. The validity of this assumption
depends upon whether the time scale for gas/aerosol partitioning to reach equilibrium is short
compared to the time scales over which the gas and aerosol concentrations are changing.
Water establishes equilibrium very rapidly and can be assumed always to be in equilibrium in
the particulate phase. For other semi-volatile species, characteristic times for achieving gas-
aerosol equilibrium have been estimated by Wexler and Seinfeld (1990) and Meng and
Seinfeld (1996). Equilibration times can be short or long depending upon conditions, and in
some circumstances it is likely that the equilibrium assumption is invalid and may over or
underestimate PM levels.
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3. TECHNICAL FORMULATION

PMCAMX represents particulate matter using a sectional approach that tracks the mass of aerosol
constituents in a number of fixed size sections. PMCAMXx was developed from version 3.01 of
the CAMXx air quality model (ENVIRON, 2000) by adding or modifying science modules to
represent the following processes:

e Aerosol Size Distributions And Chemical Species
e Gas-Phase Chemistry

e Secondary Organic Aerosol Formation

e Inorganic Aerosol Chemistry

e Particle Size Distribution

e Aqueous Phase Chemistry

e Deposition

This section describes the technical formulation for each of these processes.

AEROSOL SIZE DISTRIBUTION AND CHEMICAL SPECIES

The dynamic behavior of a spatially homogeneous aerosol is described by the so-called aerosol
General Dynamic Equation (GDE) (Pilinis and Seinfeld, 1987):

D) )t LK) oren
t 0 (3-1)

—n(m,t)jK(m,m’)-n(m',t)dm' + E(mt) + N(mt) — D(mt)

0

Where m is the particle mass, n(m,?) is the size distribution function at time #, such that n(m,)dm
is the number concentration of particles having masses in the range [m,m+dm], K(m,m’) is the
coagulation coefficient for particles with mass m and m' (Friedlander, 1977; Seinfeld, 1986),
I(m,¢) is the rate of change of particle mass resulting from condensation and evaporation, E(m,t)
is the emission rate of particles, N(m,¢) is the rate of production by homogeneous nucleation
(Seinfeld and Pandis, 1998), and D(m,1) is the rate of removal due to dry deposition. The
composition of particles of the same mass m can vary from particle to particle due to external
mixing. Due to our lack of understanding of these variations and for mathematical simplicity,
PMCAMXx assumes that all particles of the same size have the same chemical composition
(internal mixture assumption).

PMCAMX tracks thirteen chemical components of aerosols as shown in Table 3-1. These
components account for all of the major primary and secondary aerosol constituents. Each
component is represented in every size section. In principle, the number of size sections and
their size ranges can be defined for each PMCAMXx simulation, but with version 3.01 the size
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distribution developed for the Los Angeles test case must be used (Table 3-2)'. This size
distribution contains 10 sections defined according to a log-normal distribution and with cut-
points at both 2.5 pm and 10 pm. The mass of PM2.5 can be calculated by summing over
section 1-6 and the mass of PM10 can be calculated by summing over sections 1-8. Thirteen
components in ten size sections lead to a total of 130 aerosol species in PMCAMXx. Individual
aerosol species names specify both the constituent and the size section using a naming
convention described below.

Table 3-1. Aerosol constituents in PMCAMX.

PMCAMx Molecular
Name Description Primary Secondary  Weight
SOAL1 Secondary organic aerosol 1 X n/a'
SOA2 Secondary organic aerosol 2 X n/a
SOA3 Secondary organic aerosol 3 X n/a
SOA4 Secondary organic aerosol 4 X n/a
POC Primary organic carbon (matter) X n/a
PEC Primary elemental carbon X n/a
CRST Crustal material (dust) X n/a
PH20 Water in aerosol phase X 18
PCL Chloride ion X 36.5
NA Sodium ion X 23
PNH4 Ammonium ion X 18
PNO3 Nitrate ion X 62
PSO4 Sulfate ion X X 96

1. Molecular weight is not applicable for these species. Nominal values are used on the PMCAMX
chemistry parameters file shown in Appendix A.

Table 3-2. Aerosol size sections for PMCAMX version 3.01.
Lower Cut-  Upper Cut-

point point
Section (um) (nwm)
1 0.039063 0.078125
2 0.078125 0.15625
3 0.15625 0.3125
4 0.3125 0.625
5 0.625 1.25
6 1.25 2.5
7 2.5 5
8 5 10
9 10 20
10 20 40

! The restriction to using the size distribution shown in Table 3-2 arises in the aqueous phase chemistry module
and will be lifted in later versions of PMCAMXx.
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PMCAMXx Species Names
The aerosol species simulated by PMCAMX are named according to chemical constituent (see
Table 3-1) and size section (see Table 3-2). The naming convention is “constituent_section”

and some examples are given in Table 3.

Table 3-3. Example aerosol species names from PMCAMXx.

Species Name Constituent Size Section
PSO4 7 Sulfate 7
PNH4 4 Ammonium 4

GAS PHASE CHEMISTRY

The PMCAMXx gas-phase chemistry was modified to simulate the formation of secondary
aerosol precursors. The changes were as follows:

e Track production of condensable gases (CG1 - CG4) formed in the oxidation of VOCs that
are secondary organic aerosol (SOA) precursors. The selection and properties of these
four SOA precursors are described in more detail in the discussion of the SOA module.

e Add a new olefin species called OLE2 to the CB4 mechanism to distinguish high SOA-
yield biogenic olefins (monoterpenes) from low SOA-yield anthropogenic olefins.

e Track ammonia as a precursor to ammonium aerosols.

e Track SO: and gaseous sulfuric acid as precursors to sulfate aerosols.

e Track HCI as a precursor to and vaporization product of sea salt (sodium chloride)
aerosols.

These changes were implemented in the most current version of the CB4 mechanism in
CAMXx, called mechanism 3, which already includes updated isoprene chemistry and radical-
radical termination reactions. Similar modifications will be made for the SAPRC99
mechanism introduced in CAMx version 3.1. The enhanced CB4 mechanism is called
mechanism 8 in PMCAMXx and is implemented for the CMC fast chemistry solver. The
complete list of gas-phase species for CB4 chemical mechanism 8 is shown in Table 3-4, and a
listing of the mechanism is provided in Appendix A.
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Table 3-4. Gas phase species in the PMCAMx CB4 chemical mechanism.

PMCAMx Aerosol
Name Description Precursor
NO Nitric oxide

NO2 Nitrogen dioxide

03 Ozone

PAN Peroxyacyl nitrates

NXOY Nitrogen in NO3 and N205

OLE CB4 olefins (anthropogenic) X
PAR CB4 paraffin X
TOL CB4 toluene X
XYL CB4 xylene X
FORM Formadehyde

ALD2 CB4 higher aldehyde

ETH Ethene

CRES CB4 Cresol X
MGLY CB4 Methylglyoxal

OPEN CB4 aromatic ring opening product

PNA Peroxynitric acid

CO Carbon monoxide

HONO Nitrous acid

H202 Hydrogen peroxide

HNO3 Nitric acid X
ISOP Isoprene

MEOH Methanol

ETOH Ethanol

ISPD Isoprene product

NTR Organic nitrates

OLE2 CB4 olefins (biogenic) X
CGl1 Condensable gas precursor to SOA1 X
CG2 Condensable gas precursor to SOA2 X
CG3 Condensable gas precursor to SOA3 X
CG4 Condensable gas precursor to SOA4 X
NH3 Ammonia X
HCL Hydrogen chloride X
SO2 Sulfur dioxide

SULF Gas phase sulfuric acid X

SECONDARY ORGANIC AEROSOL FORMATION

The partitioning of the condensable organic gases between the gas and aerosol phases is
simulated using the methods developed by Strader et al. (1998). The secondary organic aerosol
(SOA) module was designed to accommodate varying levels of chemical detail in the
condensable organic components. In PMCAMXx, the SOA module is implemented with four
classes of semi-volatile organics that have different volatility properties (defined by saturation
concentration and heat of vaporization as shown in Table 3-5). The four condensable gases
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are called CG-1 - CG4 and the corresponding secondary organic aerosols are called SOA1 -
SOAA4, as shown in Tables 3-1 and 3-5. The SOA module calculates the equilibrium
distribution between the gas and aerosol phase for each CG/SOA pair (i.e., the amount in the
gas and aerosol phases). Secondary organic material may condense to the aerosol phase or
evaporate to the gas phase depending upon the CG/SOA equilibrium distribution. Evaporation
and condensation change the aerosol size distribution, which uses the same algorithms as for
the inorganic aerosol that is described below.

The volatility properties of the condensable gases (CG1 — CG4) are shown in Table 3-5 along
with the aerosol yields (ug m™ of aerosol precursor per ppm of gas reacted) from different
VOC precursors. The CG species are the only gas species in CAMX that are not in ppm units;
they are in ug m™ units because the aerosol yields are conventionally defined this way.
However, carrying the CGs in ug m™ when all other gases are in ppm is confusing, and will
be changed in the future. The yields of the condensable gases (CG1 - CG4) are included in
the listing of the gas-phase chemical mechanism shown in Appendix A.

Table 3-5. Properties of condensable gas precursors (CG1 - CG4) to secondary organic
aerosols.

Heat of

Saturation vaporization Molecular
CB4 VOC Condensable Aerosol Yield Concentration AHyvap Weight
Precursor  Gas Species  (ug m” ppm”)  (ug m” at 281.5 K) (J mole™) (g mole™)
PAR CG3 14.5% 0.007 0 150
OLE CG3 14.6 0.007 0 150
TOL CGl1 430 0.023 156,250 150
TOL CQG2 836 0.674 156,250 150
XYL CGl1 268 0.023 156,250 150
XYL CG2 1178 0.674 156,250 150
CRES CG3 221 0.007 0 150
OLE2 CG4 999 0.008 0 180

A. The yield of CG3 from PAR is 53.6 in PMCAMXx version 3.01, but it should be 14.5 and this will be
changed in future versions.

Selection of the Condensable Gases and Secondary Organic Aerosol Scheme

The physical/chemical properties of condensable gases and secondary organic aerosols depend
upon the chemical reaction in which they are formed. A lumping scheme is needed to
efficiently represent the distinct properties of organic aerosols using a reasonable number of
model species. Each CG/SOA combination included in a 10-section model adds one gas phase
species and ten aerosol species. A lumping scheme was developed for PMCAMXx that uses 4
CG/SOA combinations.

Strader et al. (1998) recommended a six SOA species scheme, where three species (SOA1,
SOA2, and SOA3) were associated with aromatic precursors; one species (SOA4) was
associated with higher alkanes, anthropogenic alkenes, benzaldehyde, cresol, phenols, and
nitro-phenols; and two species (SOA5-SOA6) were associated with biogenic alkenes.
However, there were insufficient data to distinguish the properties of SOAS and SOAG6 so the
starting point was effectively a 5-species SOA model.

G:\crca30\report\Revised Final\sec3.doc 3 —5



January 2003

ENVIRON

Table 3-6 presents the parameters of the 5-species SOA model. Tables 3-7, 3-8, and 3-9
present the parameters for three more condensed models. All of the schemes treat the
anthropogenic and biogenic SOAs separately, and distinguish the high saturation concentration
products of aromatic precursors separately from other products. One 4-species SOA model
(No. 1) assumes the properties (i.e., saturation concentration, enthalpy of vaporization, and
reference temperature) of the original CG4/SOA4 species are the same as those for
CG1/SOA1. This approach essentially assigns a slightly higher saturation concentration and a
strong temperature dependency to the original SOA4 species. Another 4-species SOA model
(No. 2) assumes that the properties of the two aromatic products with high saturation
concentrations are the same (SOA23new = SOA20a + . SOA304). This is a fairly minor
change since the saturation concentration of the lumped species (SOA23) is within +18% or
+0.1 pg/m’® of the individual compounds. A third condensed SOA model has only 3 species
and incorporates the lumping assumptions of both 4-species models.

These four models were compared in photochemical box model simulations with fast VOC
oxidation and the SAPRC97 chemical mechanism. The simulations were carried out at
ambient temperatures varying from 273 to 313 K. Figures 3-1 and 3-2 summarize the results
for afternoon concentrations of total SOA and total condensable gas (CG) from the
simulations. All of the models produce similar results for temperatures from 273 K to 298 K
(i.e., for conditions where the aerosol phase is favored over the gas phase). Above the 298 K
temperature, the results from the 3-species model and 4-species model No. 1 diverge from
those for the 5-species model and 4-species model No. 2. Note, these two pairs of schemes
give similar results over the whole temperature range (273 K to 313 K). However, above 298
K, the 5-species model and 4-species model No. 2 partitions more of the organic material into
the aerosol phase than the 3-speices model and 4-species model No. 1. At the highest
temperature (313 K), the 5-species model estimates 12.4 ug/m’ of the 45 ug/m’® of organic
material is SOA whereas the 3-species models only estimates 2.3 pg/m® is SOA. The reason
for this difference is almost entirely due to the assumed temperature dependency of the
original CG4/SOA4 in the condensed lumping schemes. Under these conditions, differences
in saturation concentrations are much less important. It should be noted that this particular test
problem produces lots of condensable material and, therefore, is not sensitive to small
differences in saturation concentrations.

PMCAMx CG/SOA Species

Based on these results, the 4-species SOA model No.2 was selected for PMCAMx. The
aerosol yields and saturation concentrations for this model are shown in Table 3-8 in terms of
SAPRC97 lumped VOC species. These species were mapped to CB4 species to obtain the
PMCAMX parameters shown in Table 3-5 (above). The mapping is direct for the CG products
of reactions with aromatics:

e (B4 species TOL corresponds to SAPRC97 species ARO1

e (B4 species XYL corresponds to SAPRC97 species ARO2

e (B4 species CRES corresponds to SAPRC97 species CRES.

Simple assumptions were made for other species:
e (B4 species PAR was assumed to correspond to 0.6 ALK1 and 0.4 ALK2
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e (B4 species OLE2 was assumed to correspond to 1.33 OLES3.

The assumption for PAR comes down to estimating the relative contributions of lighter
(ALK1) and heavier (ALK2) alkanes (and related species lumped with alkanes) and accounting
for the numbers of carbon atoms in the alkane species®. The assumption for OLE2 depends
upon the way biogenic olefins (i.e., monoterpenes in current biogenic emission inventories)
are treated by SAPRC and CB4. SAPRC97 treats each monoterpene as OLE3. CB4 splits
monoterpenes to variable mixtures of OLE, ALD2 and PAR. (In PMCAMXx the OLE from
biogenics is called OLE2 to distinguish it from anthropogenic olefins such as propene). The
CB4 split factors for terpenes to OLE2 vary by species from 0.5 for a-pinene, to 1 for b-
pinene and limonene to 2 for b-phellandrene. An average split factor for OLE2 of 0.75 was
assumed so that the CB4 OLE2 aerosol yield was 1.33 times the SAPRC97 OLE3 aerosol
yield.

Table 3-6. Aerosol yields and saturation concentrations for the 5-species SOA model'.

Gas-Phase Condensable  Aerosol Aerosol Yield Saturation AHvap
Precursor Gas Species Species (pgm~ppm™) Concentration’ (J mole™)
ALK1 CG4 SOA4 1.9 0.007 0
ALK2 CG4 SOA4 131 0.007 0
ARO1 CGl1 SOA1 430 0.023 156,250
CG2 SOA2 836 0.572 156,250
ARO2 CGl1 SOALl 268 0.023 156,250
CG3 SOA3 1178 0.776 156,250
OLE1 CG4 SOA4 9.2 0.007 0
OLE2 CG4 SOA4 19 0.007 0
OLE3 CG5 SOA5 749 0.008 0
BALD CG4 SOA4 5 0.007 0
PHEN CG4 SOA4 192 0.007 0
CRES CG4 SOA4 221 0.007 0
NPHE CG4 SOA4 285 0.007 0

1) From Strader et al., 1998
2) Inpgm?at281.5K

2 The yield of CG3 from PAR in PMCAMXx v3.01 is 53.6 ug m™ but this should be 14.5 ug m™ accounting for
the fact that each OH + PAR reaction removes 3.7 carbons.
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Table 3-7. Aerosol yields and saturation concentrations for the 4-species SOA model No. 1.

Gas-Phase Condensable  Aerosol Aerosol Yield Saturation AHyvap
Precursor Gas Species ~ Species  (ugm”ppm”)  Concentration’ (J mole™)
ALK1 CGl1 SOAL1 1.9 0.023 156,250
ALK2 CGl1 SOAL1 131 0.023 156,250
AROL1 CGl1 SOA1 430 0.023 156,250
CQG2 SOA2 836 0.572 156,250
ARO2 CGl1 SOA1 268 0.023 156,250
CG3 SOA3 1178 0.776 156,250
OLE1 CGl1 SOA1 9.2 0.023 156,250
OLE2 CGl1 SOA1 19 0.023 156,250
OLE3 CG5 SOA5 749 0.008 0
BALD CGl1 SOA1 5 0.023 156,250
PHEN CGl1 SOA1 192 0.023 156,250
CRES CGl1 SOA1 221 0.023 156,250
NPHE CGl1 SOAL1 285 0.023 156,250

1) This 4-species SOA model assumes the saturation concentration of condensable organics from alkanes,
anthropogenic alkenes, benzaldehyde, cresols, phenols, and nitro-phenols is the same as that for the low
saturation concentration condensable aromatic products of toluene and xylene.

2) Inpgm?at281.5K
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Table 3-8. Aerosol yields and saturation concentrations for the 4-species SOA model No. 2
selected as the basis for PMCAMX.

Gas-Phase Condensable  Aerosol Aerosol Yield Saturation AHyvap
Precursor Gas Species Species (pgm™ ppm™) Concentration® (J mole™)
ALK1 CG4 SOA4 1.9 0.007 0
ALK2 CG4 SOA4 131 0.007 0
ARO1 CGl1 SOA1 430 0.023 156,250
CG23 SOA23 836 0.674 156,250
ARO2 CGl1 SOAL1 268 0.023 156,250
CG23 SOA23 1178 0.674 156,250
OLEl1 CG4 SOA4 9.2 0.007 0
OLE2 CG4 SOA4 19 0.007 0
OLE3 CG5 SOA5S 749 0.008 0
BALD CG4 SOA4 5 0.007 0
PHEN CG4 SOA4 192 0.007 0
CRES CG4 SOA4 221 0.007 0
NPHE CG4 SOA4 285 0.007 0

1. This 4-species SOA model assumes the saturation concentration of condensable organics from ARO1 and
ARO?2 are the same.
2. Inpgm3at281.5K
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Table 3-9. Aerosol yields and saturation concentrations for the 3-species SOA model.

Gas-Phase Condensable Aerosol Aerosol Yield Saturation AHyvap
Precursor Gas Species ~ Species  (ugm”ppm”)  Concentration’ (J mole™)
ALK1 CGl1 SOAL1 1.9 0.023 156,250
ALK2 CGl1 SOAL1 131 0.023 156,250
AROL1 CGl1 SOA1 430 0.023 156,250
CG23 SOA23 836 0.674 156,250
ARO2 CGl1 SOA1 268 0.023 156,250
CG23 SOA23 1178 0.674 156,250
OLE1 CGl1 SOA1 9.2 0.023 156,250
OLE2 CGl1 SOA1 19 0.023 156,250
OLE3 CG5 SOA5 749 0.008 0
BALD CGl1 SOA1 5 0.023 156,250
PHEN CGl1 SOA1 192 0.023 156,250
CRES CGl1 SOA1 221 0.023 156,250
NPHE CGl1 SOAL1 285 0.023 156,250

1. This 3 species SOA model incorporates the assumptions of both 4-species SOA models.

2. Inpgm?at281.5 K.
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Comparison of Secondary Organic Aerosol Concentrations
with Different Lumping Schemes
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Figure 3-1. Comparison of modeled SOA concentrations using different CG/SOA lumping schemes.
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Figure 3-2. Comparison of modeled condensable gas (COG) concentrations using different CG/SOA
lumping schemes.
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INORGANIC AEROSOL CHEMISTRY

The chemical composition of the inorganic aerosol phase is calculated using the ISORROPIA
model (Nenes et al., 1998; 1999). ISORROPIA was selected over alternative algorithms
(e.g., SCAPE, SEQUILIB, MARS) because it provides good performance for accuracy, speed
and stability (Ansari and Pandis, 1999). Solid, liquid and gas phase chemistry is modeled for
the sulfate, nitrate, ammonium, and chloride aerosol system using the internally mixed
assumption. The chemical species that are possible in each phase are listed in Table 3-10.

Table 3-10. Species considered by ISSOROPIA for gas, liquid and solid phases.

Phase Possible Species

Gas NHs, HNOs, HC1, H20

Liquid H*, NHs", Na*, NOs~, CI", SO+, HSOs~, H:0

Solid NH+HSO4, NH4NOs, (NH4).SO4, NaCl, NH4Cl, NaNOs, NaHSOs,

Na2SO04, (NH4)sH(SO4)2

ISSOROPIA can solve the composition of the aerosol system in either partitioning mode or
equilibrium concentration mode. The latter feature is essential for compatibility with the
hybrid and dynamic mass-transfer options for size-distribution, described below. In the
partitioning mode, ISSOROPIA calculates the aerosol and gas-phase concentrations of semi-
volatile components from known gas/aerosol total concentrations. In the equilibrium
concentration mode, the ISSOROPIA calculates the equilibrium vapor pressure of the semi-
volatile components from the known aerosol composition.

PARTICLE SIZE DISTRIBUTION

The size distribution of aerosols is solved using the algorithms described by Pilinis et al.
(2000) for the Multicomponent Aerosol Dynamics Model (MADM). The aerosol size
distribution can be modified by the following physical processes that are represented in
PMCAMXx:

¢ Condensation/evaporation of inorganic and organic aerosol constituents
e Coagulation

e Nucleation of sulfuric acid

e Aqueous-phase chemistry

e Deposition

Coagulation is modeled assuming Brownian diffusion and the formulas of Fuchs (Seinfeld,
1986, Table 10.1). To improve the accuracy of the coagulation calculation, the PMCAMx
size distribution is over-resolved to finer distribution, coagulation is modeled, and the
modified size distribution is placed back onto the PMCAMX size sections. In PMCAMXx
version 3.01 the coagulation size distribution is three times finer than the PMCAMX size
distribution. The degree of over-resolution is determined by a model parameter that may need
to be changed if PMCAMX is used with different size sections in the future.

G:\crca30\report\Revised Final\sec3.doc 3 = 1 2



January 2003

ENVIRON

Nucleation is modeled based on the parameterization of Russell et al. (1994) and the work of
Jaecker-Voirol and Mirabel (1989). The nucleation rate depends upon the gaseous sulfuric
acid concentration, which in PMCAMX is from the gas-phase OH + SO: reaction. This
approach is appropriate for estimating the effect of nucleation on the particle mass distribution
but not the number distribution. The inclusion of a nucleation process should ensure some
particle population in the finest size sections to provide a surface area onto which condensation
can occur.

The impacts of aqueous-phase chemistry and deposition on the particle size distribution are
described in the respective sections on these processes, below.

MADM simulates the complete atmospheric aerosol size/composition distribution by solving
the condensation-evaporation equation (equation 3.1). MADM includes three methods for
solving the particle size distribution called the equilibrium, hybrid and dynamic methods. The
equilibrium algorithm of Pandis et al. (1993) has been used in the UAM-AERO model
(Lurmann et al., 1997). The SOA and ISORROPIA modules calculate the equilibrium
partitioning between the gas and aerosol phases assuming that mass transfer reaches
equilibrium, and MADM calculates the resulting particle size distribution. The accuracy of
the equilibrium assumption depends upon the time scale for mass transfer to reach equilibrium.
Small particles reach equilibrium rapidly because of their high surface area to volume ratio,
whereas large particles take longer to reach equilibrium. The fully dynamic algorithm of
Pilinis et al. (2000) avoids the equilibrium assumption by explicitly integrating the mass-
transfer rate equations between gases and particles. For small particles, the mass transfer
rates can be very high relative to the particle mass making the dynamic equations difficult to
solve. The hybrid algorithm of Pilinis et al. (2000) attempts to find an optimum balance
between the equilibrium and dynamic assumptions by using the equilibrium method for sub-
micron aerosols and performing dynamic calculations for the coarse aerosols.

The equilibrium algorithm is the fastest and most stable approach but may introduce errors
under certain conditions (Wexler and Seinfeld, 1990). Meng and Seinfeld (1996) suggested
that while the sub-micron aerosol may reach equilibrium in a few minutes, it may take hours
or days for the coarse particles to attain this state. Laboratory measurements of Dassios and
Pandis (1999) showed that the mass transport of ammonium nitrate is significantly faster than
the above theoretical studies had assumed, and that the time scale for equilibration of the
accumulation mode probably is less than 20 minutes.

PMCAMX version 3.01 always uses the equilibrium assumption within MADM to solve the
particle size distribution. The hybrid and dynamic options are retained within the MADM
code and may be activated in future versions of PMCAMXx once we have more experience with
the model and based on the results of ongoing improvements in algorithm efficiency by the
developers of MADM.
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AQUEOUS PHASE CHEMISTRY

Aqueous-phase chemistry is important for modeling the production of sulfate from the
oxidation of sulfur dioxide in cloud and/or fog water droplets (Seigneur and Saxena, 1988).
The rate of sulfate production is a non-linear function of aqueous concentrations, such as the
cloud water pH, and the concentration conditions in cloud droplets depends upon the size of
the water droplets. For simplicity and/or efficiency, many aqueous-phase chemistry
algorithms assume that all the cloud droplets are the same size, which may be called a “bulk
approximation” because it leads to the simplifying assumption that the concentrations in all
cloud droplets can be represented by bulk average values. The bulk approximation is fast but
tends to under-predict sulfate production if the coarse aerosol mode is alkaline and the
accumulation mode is acidic (Gurciullo and Pandis, 1997). In these cases, improved accuracy
can be obtained by using a more computationally demanding size-resolved algorithm that
explicitly represents cloud droplets of several different sizes (Gurciullo and Pandis, 1997;
Fahey and Pandis, 2001). The aqueous-phase chemistry in PMCAMX uses either bulk or size-
resolved droplet models depending upon ambient conditions.

Variable Size-Resolution Model

In PMCAMX, aqueous-phase chemistry is simulated using the method described using the
Variable Size-Resolution Model (VSRM) of Fahey and Pandis (2001). The VSRM allows
both bulk and size-resolved (two sections) aqueous-phase chemistry. Selection of either the
bulk algorithm or the two-section algorithm is made automatically using heuristic rules (Fahey
and Pandis, 2001) every time the aqueous-phase chemistry module is called, i.e., for each grid
cell at each timestep. Both algorithms simulate the dissolution of gaseous and aerosol material
into cloud water droplets, partitioning of species between the aqueous and gas phases, and
chemical reactions within the aqueous phase. The aqueous-phase chemistry module also
modifies the size distribution of the inorganic aerosol constituents.

The VSRM simulates the aqueous-phase chemistry and exchange of species between the
gaseous and aqueous phases occurring within a cloud. Cloud droplets are assumed to form
instantaneously upon aerosol particles with diameters exceeding a critical size, or activation
diameter, while those with sizes less than the activation diameter remain as interstitial aerosol
for the duration of the cloud event. Inputs to the model include the initial aerosol
size/composition distribution, initial gas-phase concentrations, temperature, cloud liquid water
content, length of cloud event, droplet diameters, aerosol activation diameter, and alkaline
dust fraction. After initial aqueous-phase concentrations are determined, the model solves the
following differential equations for each droplet group and species:

dp, 1
ot =2 e P s G (3-2)
dcC, . k .. k. ..

Lag _ Tmtdg oo Tmbj .. —0..R..

a Rr P, RT e TGl (3-3)
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Where:
pi is the bulk partial pressure of vapor gas i in the cloud
kmtijis the mass transfer coefficient of gas i to droplets of size j
wi, is the cloud liquid water content of droplet group j
Hi; is the effective Henry’s Law coefficient for gas I
R is the gas constant
T is temperature
Cijaq is the aqueous-phase concentration of i at the surface of the droplets of size j
Qi is a mass transfer correction factor for species i in droplet group j
Rijaq is the net consumption rate of species, 1, in the aqueous phase (Seinfeld and
Pandis, 1998, 634-635).

Chemical Mechanism

The aqueous-phase chemical mechanism is based on Pandis and Seinfeld (1989), with the only
differences being the addition of Ca** to the list of aqueous-phase species and H2SOs to the gas
phase. The mechanism treats 50 aqueous-phase and 21 gas-phase species. It also includes 17
aqueous-phase ionic equilibria, 21 gas-phase/aqueous-phase reversible reactions, and 109
aqueous-phase chemical reactions. As only a fraction of the species are treated dynamically,
13 differential equations are solved in the bulk version of the model, 21 in the two-section
droplet size-resolved version, and 54 in a six-section version that dynamically treats the mass
transfer of nitric acid. These dynamic species are listed in Table 3-11. It is assumed that the
dissolution time scale for the strong acids is small and they are completely dissolved at the
beginning of the simulation. They are distributed based on the amount of liquid water and
droplet size in each aerosol section. The validity of this assumption has been tested by
comparing the results of the VSRM to a six-section model that allows for the dynamic transfer
of HNOs (Fahey and Pandis, 2001). An activation diameter of 0.7 um (at 80% RH) is
assumed (Strader et al., 1998; Pandis et al., 1990). For the two-section model, the droplet
sections are split at 2.5 um. The alkalinity of the mineral aerosol component depends upon
“alkaline dust fraction,” and it is assumed that 10% of the mass of crustal material is calcium
carbonate. For the metal-catalyzed oxidation of SO: the iron and manganese also are scaled to
the crustal material assuming mass fractions of 3 x 10° and 1 x 10, respectively.

Table 3-11. Species for which differential equations are solved in the VSRM aqueous-phase
chemistry.

Dynamic Species

Total Formaldehyde

Total Formic Acid

SO: (g)

H20:2 (g)

NHs (2)

SAV) (aq) for each droplet group
H:20: (aq) for each droplet group
Nitrate (aq) for each droplet group
Chloride (aq) for each droplet group
Ammonium (aq) for each droplet group
Sulfate (aq) for each droplet group
HSOs (aq) for each droplet group
HMSA (aq) for each droplet group
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Selection of the Bulk or Size-Resolved Droplet Models

Differences between bulk and size-resolved model predictions can be linked to the pH
differences across the droplet size spectrum and the pH-dependent reactions forming S(VI).
There are many circumstances under which the difference in sulfate production between bulk
and size-resolved droplet models is small (Fahey and Pandis, 2001). The VSRM uses the
more efficient bulk method when the error is expected to be small and the more expensive
two-section size-resolved method when necessary. In general, longer cloud processing time
and higher alkaline dust lead to smaller differences between the bulk and size-resolved models.
A set of heuristic rules can determine whether the bulk or size-resolved calculations are used.
The “decisions” are based on six input conditions: liquid water content, aerosol alkaline dust
content, and the initial gas-phase concentrations of SO2, H202, NH3, and HNO3. These
variables were chosen because aqueous-phase sulfate production is particularly sensitive to
changes in these variables (Pandis and Seinfeld, 1989). The decision algorithm is shown in
Figure 3-3.
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Figure 3-3. Decision algorithm for the VSRM bulk and size-resolved aqueous chemistry

models.
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Numerical Methods

The ordinary differential equations describing the time-evolution of the aqueous-phase
concentrations are stiff and must be solved using an appropriately stable and accurate
numerical integration method. The VSRM uses the VODE and LSODE numerical integration
packages, both of which are based on Gear’s method. These are general purpose stiff ODE
solvers available from the NETLIB numerical library (http://www.netlib.org). Past studies
(Sandu et al., 1997; Strader et al., 1998) found VODE (Brown et al., 1989) to be accurate and
faster than the more widely used LSODE (Hindmarsh, 1983). However, when the VSRM was
tested prior to implementation in PMCAMZX mass conservation problems were found for the
sulfur species in some cases. Tests showed that LSODE did not have mass conservation
problems for the same tests suggesting that the problem was related to VODE. LSODE and
VODE used the same aero tolerance parameters in these tests, and the mass balance errors
with VODE were not correctable by tightening the error tolerances. These tests also
confirmed that VODE was faster than LSODE at the same error tolerance settings. To
balance efficiency and accuracy, the VSRM was modified to use the VODE algorithm, then
check the sulfur balance and repeat the calculation using LSODE if the sulfur balance error
exceeds 0.1%. Box model tests suggested that this strategy would be more efficient than
always using LSODE.

DEPOSITION

Removal of particles and gases by dry deposition processes are modeled as a lower boundary
condition in the solution of the vertical diffusion process in PMCAMXx. This means that the
removal of pollutants from each column of grid cells is governed both by the deposition
velocity at the surface layer and the diffusive coupling of layers moving up the column from
the surface.

Dry deposition of gases is modeled based on an improved version of the Wesely (1989)
resistance model which is described in Section 2 of the CAMx User’s Guide (ENVIRON,
2002). Deposition velocities are derived from models that account for the reactivity,
solubility, and diffusivity of gases, local meteorological conditions, and surface characteristics.
The parameters governing the dry deposition rates of the gas-phase species are shown in Table
3-12.

Dry deposition of particles occurs via diffusion, impaction, and/or gravitational settling.
Particle size is the dominant variable controlling these processes. The resistance approach of
Slinn and Slinn (1980), as implemented in UAM-AERO (Kumar et al., 1996), has been
implemented in CAMx. These algorithms are described in Section 2 of the CAMx User’s
Guide (ENVIRON, 2002).

Wet deposition is an important removal process for particles. Particles act as cloud
condensation nuclei; the cloud droplets grow and collect into sufficiently large sizes to fall as
precipitation. A fraction of particles that are subsequently entrained into the cloud, and that
exist within sub-cloud layers, are scavenged by liquid precipitation via impaction. The rates
of nucleation and impaction depend upon cloud type (e.g., prolonged stratiform vs. vigorous
convective development), rainfall rate, and particle size distribution.
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Wet deposition is currently treated in PMCAMX using a simple scavenging coefficient
approach based on Maul (1980) as implemented in CALPUFF. In this approach the fraction
of pollutant mass removed from a given cell per time step is an exponential function of a
species-dependent scavenging coefficient. For gases, the scavenging coefficient is dependent
upon temperature-dependent Henry’s Law solubility and rainfall rate. The algorithm is
implemented for gases and is considered adequate for ozone chemistry.

An improved wet deposition algorithm has been developed for gases and particles that is
suitable for aerosol modeling. This algorithm is currently undergoing testing and evaluation in
PMCAMx. However, it was not available at the time the test runs were made for this report.
The improved wet deposition algorithm will be implemented and evaluated in 2002. Until
then, PMCAMXx will over-estimate aerosol concentrations during periods of rain due to the
neglect of particle wet deposition.

Table 3-12. Henry’s Law constants and other parameters used in the PMCAMXx dry-
deposition calculation.

H2os H Temperature Diffusivity Reactivity

Species (M/atm) Dependence (K) Ratio' Parameter?
NO 0.0019 -1480 1.29 0
NO: 0.01 -2516 1.6 0.1
PAN 3.6 -5910 2.59 0.1
HONO 59 -4781 1.62 0.1
HNO:s 200000 -8707 1.87 0
NTR 9400 -8706 2.72 0
N20s 32000 -8706 2.45 0.1
O3 0.011 -2415 1.63 1
CO 1x 101 0 1.25 0
PAR 0.001 0 2 0
ETH 0.01 0 1.25 0
OLE 0.005 0 1.8 0
TOL 1.2 0 2.26 0
XYL 1.4 0 2.43 0
MEOH 220 -4932 1.33 0
ETOH 220 -4932 1.6 0
ISOP 0.01 0 1.94 0
HCHO 6300 -6492 1.29 0
ALD2 6300 -6492 1.56 0
MGLY 2700 -6492 2 0
CRES 2700 -6492 2.45 0
OPEN 2700 -6492 2.47 0
ISPD 6300 -6492 1.97 0
H202 74000 -6643 1.37 1
NH3 20000 -3400 0.97 0
HCL 100000 0 1.42 0
SOz 100000 -3156 1.89 0
H2SO4 1000000 0 2.33 0

1. Diffusivity Ratio = (M.Wt.)*>/(Water M. Wt.)*>
2. Weseley’s reactivity parameter describes whether gases react with leaf tissues.
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BOX MODEL TESTING

The aerosol modules were tested in a photochemical box model prior to implementation in
PMCAMXx to:

e Develop the interface between the modules and PMCAMXx.

e Test the modules under closely controlled conditions.

e Test the modules on different computer platforms to identify what compiler options are
needed.

This testing resulted in several rounds of revisions to the MADM aerosol, VSRM aqueous,
and SOAP secondary organic aerosol modules. Some example test results are shown below.

Test 1. MADM with SOAP and Gas-Phase Chemistry

In this test the MADM and SOAP modules were run with active gas-phase chemistry from 6
am to 4 pm. The size distribution is represented using 10 size sections from 0.01 to 10 pum,
with section 1 being the smallest. Figure 3-4 shows the evolution of the particle size
distribution through the tests, and Figure 3-5 shows the size-resolved particle composition at
the start and near the end of the test. The gas-phase chemistry forms condensable species
(nitrate, sulfate and organics) and these condense onto the initial particle distribution to form a
fine mode centered on sections 3 and 4. The mass conservation for key species families in the
test is good, as shown in Table 3-13.

Test 2. VSRM with SOAP and Gas-Phase Chemistry

In this test the VSRM and SOAP modules were run with active gas-phase chemistry from 6 am
to 4 pm. The size distribution is represented using 10 size sections from 0.01 to 10 pm, with
section 1 being the smallest. Figure 3-6 shows the evolution of the particle size distribution
through the tests, and Figure 3-7 shows the size-resolved particle composition at the start and
near the end of the test. Particulate species are formed in both the gas and aqueous-phase
chemistry modules leading to growth in the mass of particles in all sections. The aqueous
sulfate production dominates the changes in the size distribution and forms fine and coarse
particles predominantly in sections 4 through 9. The mass conservation for key species
families in the test is fair for most species but poor for chloride, as shown in Table 3-14. This
test resulted in correction of a chloride balance error in the VSRM and development of
strategies to control mass-balance errors by monitoring the S-balance.
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Table 3-13. Mass conservation in Test 1 with MADM and SOAP.
Mass Balance (%)

Oxidized Nitrogen 100.84
Reduced Nitrogen 103.37
Sulfur 99.94
Chlorine 99.86
Sodium 100.00

CAMXx Aerosol Box Model
Evolution of Size Distribution with Time

15

Aerosol
(ug/m3)

Size Bin Number

Figure 3-4. Time evolution of the aerosol size distribution in Test 1 with MADM and
SOAP.
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CAMx Aerosol Box Model
Speciated Size Distribution at Hour 6
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Figure 3-5. Size-resolved aerosol composition at hours 6 and 13 in Test 1 with
MADM and SOAP.
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Table 3-14. Mass conservation in Test 2 with VSRM and SOAP.
Mass Balance (%)
Oxidized Nitrogen 104.46
Reduced Nitrogen 103.54

Sulfur 106.29
Chlorine 81.93
Sodium 100.00

CAMXx Aerosol Box Model
Evolution of Size Distribution with Time

30

25

20

Aerosol 15
(ug/m3)

Size Bin Number

Figure 3-6. Time evolution of the aerosol size distribution in Test 2 with VSRM and
SOAP.
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CAMx Aerosol Box Model
Speciated Size Distribution at Hour 6
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Figure 3-7. Size-resolved aerosol composition at hours 6 and 13 in Test 2 with VSRM
and SOAP.
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4. IMPLEMENTATION OF AEROSOL MODULES IN PMCAMXx

This section describes how the aerosol modules are implemented in PMCAMx. Many aspects
of the implementation were straightforward because CAMx version 3.01 already included a
simplified approach to aerosol modeling so that many of the data-structures needed for
aerosols already existed in CAMx. The emissions, advection, diffusion and grid nesting
algorithms treat gas and aerosol species the same way and were essentially unchanged between
CAMx and PMCAMXx. Significant changes were required to the chemistry algorithms and
these are described below.

Chemical Species

The chemistry parameters file determines the chemical species in each PMCAMXx simulation.
The chemistry parameters file is read by the READCHM subroutine and the species are
ordered so that gases come first followed by aerosols. The total number of species (nspec) is
equal to the number of gases (ngas) plus the number of aerosols (naero). When necessary,
PMCAMX distinguishes between gases and aerosols by knowing that the gases are stored in
arrays as species 1 to ngas and the aerosols are species (ngas+ 1) to nspec.

The aerosol modules do not necessarily follow the same species order conventions as
PMCAMX and so it is necessary to synchronize some information between PMCAMX and the
aerosol modules. This is done by the AEROSET subroutine, which is called from
READCHM at model startup.

“FULLAERO” Chemistry Driver

The main driver for the aerosol chemistry in PMCAMX is the subroutine FULLAERO.
FULLAERO is called for each grid cell immediately after gas-phase chemistry has been
performed in that grid cell. FULLAERO will either perform inorganic aerosol chemistry
(AEROCHEM) or aqueous chemistry (AQCHEM) depending upon whether the grid cell
contains a cloud/fog or not. The rationale is that if a grid cell is cloudy (foggy), the aerosol
has been activated and is contained in water droplets, and the aqueous chemistry determines
how the aerosol evolves. Neither the aqueous chemistry nor the inorganic aerosol chemistry
module update the secondary organic aerosol. (AEROCHEM could modify the organic
aerosol based on the assumption that condensable organic gases are involatile, but this option
is not used in PMCAMXx.) The secondary organic aerosol chemistry module (SOAP DRYV)
updates the organics after the aqueous or inorganic aerosol chemistry has been performed.

The main calling tree for FULLAERO is shown in Figure 4-1. AEROCHEM updates the
inorganic aerosol chemistry and size distribution using the MADM module as described in
Section 3. MADM has three options, equilibrium, dynamic or hybrid, but in the current
version 3.01 of PMCAMX the equilibrium option is always used, as discussed in Section 3.
The main aerosol chemistry modules shown in Figure 4-1 are:
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FULLAERO - The main driver for the aerosol chemistry in PMCAMX that controls all of
the aerosol and aqueous phase chemical processes.
AQCHEM - The driver for the aqueous phase chemistry module.

MADM - The driver for the dynamic version of the MADM inorganic aerosol
composition and size distribution module.
EQPART — The driver for the equilibrium version of the MADM inorganic aerosol

composition and size distribution module.

HEQDYN - The driver for the hybrid version of the MADM inorganic aerosol
composition and size distribution module.

SOAP DRV - The driver for the secondary organic aerosol equilibrium and size
distribution module.

The calling trees for these modules are shown in Figures 4-2 through 4-7. These calling trees
have been simplified by removing repetitive calls to the same subroutine, and by collapsing the
extensive structures of several standard numerical solvers (discussed below) and the
ISORROPIA module.

Aerosol Update Time Interval

PMCAMX performs chemistry at each model time step. This time step varies throughout the
simulation and by grid because it is determined by the stable time step for horizontal advection
(Courant number) combined with the user input maximum time step. Time steps tend to
decrease with smaller grid spacing and decrease with higher wind speeds and typically range
from a few minutes to 20 minutes.

Because PMCAMX is configured to use the equilibrium version of the MADM module, the
assumption is made that condensable gases and aerosols reach equilibrium every time aerosol
chemistry is performed. As discussed in section 3, it is believed that in the atmosphere this
equilibrium is established on timescales of about 15 minutes or less. Therefore it may not be
necessary to equilibrate the condensable gases and aerosols more frequently than every 15
minutes. Aerosol chemistry requires a lot of CPU time relative to other model processes so
there is an efficiency advantage in limiting how often the aerosol chemistry is performed.

The time interval between calls to the aerosol chemistry is a model input parameter on the
chemistry parameters file. A value of 15 minutes is suggested. This means that aerosol
chemistry is performed at each time step on or after 15-minute intervals. When the aerosol
chemistry is performed, the MADM and SOAP modules re-equilibrate the inorganic and
organic aerosols with the condensable gases, and the aqueous chemistry is performed for the
elapsed time since the last call to the aerosol chemistry modules. If the dynamic or hybrid
versions of MADM are used with PMCAMX in the future they will operate for the elapsed
time since the last call to the aerosol chemistry modules, as for aqueous chemistry.

The aerosol modules may be called at different times in a nested-grid because they usually use
smaller time steps. Note that the aerosol modules are always called at the end of an hour. For
example, if a minimum 15 minute aerosol integration time step is specified and the coarse grid
is using a 12 minute advection time step then the aerosol modules will be called at 24, 36, 48,
and 60 minutes past the hour with integration time steps of, respectively, 24,12,12, and 12
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minutes. If the fine nested grid has an advection integration time step of 6 minutes, then the
aerosol modules will be called at 18, 30, 48, and 60 minutes past the hour with integration
time steps of 18, 12, 18, and 12 minutes, respectively.

Nested Grids

Nested grids take different time steps because fine grids sub-divide the time step of their
parent as needed to maintain stability in the horizontal advection. This means that the aerosol
update time must be considered separately for each grid. We have not yet run PMCAMXx with
nested grids and so these algorithms are un-tested. Therefore, we do not recommend running
PMCAMX version 3.01 with nested grids.

If grid nesting is needed, 1-way nesting can be used. This entails running PMCAMXx
independently for each grid from coarsest to finest and passing information from coarser to
finer grids via boundary conditions. The limitation of 1-way nesting is that information does
not propagate from fine grids to coarse grids, which compromises the accuracy of coarse grid
results downwind of fine grids.

Input Files

Aerosols must be included in the emissions and initial/boundary condition files. PMCAMx
identifies the species on these files by name so the species can be in any order. However, if
nested grids are used, the emissions files for each grid must have the same species in the same
order. It is not necessary to include all species being modeled on all of these input files. If a
species is omitted from the emissions it means that the emissions for that species are zero. If a
species is omitted from the initial or boundary conditions it means that initial/boundary
condition will be set to the lower bound value for that species, which is specified in the
chemistry parameters file.

Numerical Packages

The PMCAMXx aerosol modules use several standardized numerical packages:

LSODE - Livermore Solver for Ordinary Differential Equations, a Gear-type ODE solver
developed by Lawrence Livermore National Laboratory (Hindmarsh, 1983).

VODE - Variable-coefficient Ordinary Differential Equation solver , a Gear-type ODE
solver developed by Lawrence Livermore National Laboratory (Brown et al.,
1989).

HYBRD - Find a zero of a system of » nonlinear functions in »n variables using a
modification of the Powell hybrid method. (Argonne National Laboratory,
MINPACK Project, March 1980).
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PMCAMX requires both single and double precision versions of LSODE, which means that
subroutine names must differ in the two versions. The single and double precision versions
were based on the standard distributions of LSODE from NETLIB (http://www.netlib.org) by
adding a leading “S” and “D” to subroutine names in the single and double precision versions,
e.g., SLSODE and DLSODE. This is the same naming convention used in other math
libraries distributed by NETLIB.

Code Organization

The PMCAMX source code is organized into several directories to facilitate understanding and
maintaining the code:

/AERO - Contains the subroutines that are specific to the aerosol modules.

/Inc - Contains the aerosol module “include files” as well as the other PMCAMXx
“include files.” The “include files” contain parameters and common variables that
are used in several subroutines to ensure that the declarations are consistent
wherever they are used.

PM Module Error Handling

The PM modules contain several error traps that print out diagnostic messages before they
terminate model execution. However, because the PM modules were developed outside of
PMCAMXx, they were not designed to provide all of the diagnostic information that would be
needed to debug an error in a grid model simulation. For example, the PM modules do not
know what grid cell they are operating on. To alleviate this problem a general-purpose error
handling routine called AERO ERR was developed for use with the PM modules. If a fatal
error occurs in one of the PM modules, rather than terminating the model run with a
FORTRAN stop statement, the AERO_ERR subroutine is called. AERO_ERR can determine
which grid cell caused the error and report the concentrations and conditions for the grid cell
just before the error. AERO_ERR reports this information and then stops the model.

FULLAERO
| —————— AQCHEM

| —————= AEROCHEM

|

|

|

| | —————- EQPART
|

| | —————- HEQDYN
|

| —————- SOAP DRV

Figure 4-1. Main calling tree for the aerosol chemistry driver FULLAERO.
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AQCHEM
} —————— VSRM
} } —————— DECISIONS
} } —————— AQOPERATOR1
} } } —————— DROPINIT
} } } —————— CONSTANTS
} } } —————— AQINTEGR1
R R ———
R T N S PR
} } } } —————— SLSODE
R T T SR PR
} } —————— AQOPERATOR?2
} } } —————— DROPINIT
} } } —————— CONSTANTS
} } } —————— AQINTEGR?2
R -
0 e aom
0 gee—- sisom
S T T SR P2
Figure 4-2. Calling tree for the aqueous-phase chemistry module (AQCHEM).
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| —————~ QSATURATION

| —————- FULLEQUIL

\ | —————- ELECTRO

| —————~ VALUES

| —————- STEADY

| —————- DIFFER

Figure 4-3. Calling tree for the calculation of chemical reaction rates by AQFEX within the

aqueous-phase chemistry module (AQCHEM).
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SOAP_DRV
|
| —————- ORGPART
| |
| | —————- SOAP
| | |
| | | —————- CALC
| | | |
| | | | —————= RANDNUMGEN
| | | |
| | | | —————- HYBRD
| | | | |
| | | | |- FCN
| |
| | —————- DIAMETER
| |
| | —————- NEWDIST
| | |
| | | —————- LININT
| | | |
| | | | —————- AERO_ERR

Figure 4-4. Calling tree for the secondary organic aerosol chemistry module (SOAP DRYV).

EQPART

|

|

|

| | | —————- ISRPIA
|

| | —————- ORGANICS

|

| —————= DIAMETER

Figure 4-5. Calling tree for the equilibrium version of the MADM aerosol size distribution
module (EQPART).
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|

|

|

| | | —————- ISRPIA
|

| | —————- ORGANICS

|

|

|

|

| | | —————- ISRPIA
|

| | —————- ORGANICS

| —————= NEGCHK

Figure 4-6. Calling tree for the dynamic version of the MADM aerosol size distribution
module (MADM).
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HEQDYN

| | —————- ISRPIA

| —————— CALCDIF

| —————= DLSODE

|

|

|

| | | —————— ISRPIA
: | —==——= ORGANICS

| —————— NEGCHK

| —===——= DIAMETER

| —————- STEP

|
|
|
| | | —==——= ISRPIA
|
|

| —===—= ORGANICS

Figure 4-7. Calling tree for the hybrid version of the MADM aerosol size distribution module
(HEQDYN).
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5. PMCAMx TEST APPLICATION FOR LOS ANGELES

PMCAMXx was tested for an October 17-19, 1995 episode in the Los Angeles area. This
episode has the advantage of having been modeled previously with the UAM-AERO and
UAMAERO-LT. The model inputs for PMCAMXx were developed using methods similar to
the UAM-AERO application, i.e., diagnostic wind modeling rather than prognostic
meteorological modeling. The objective was to develop a reasonable test case for an episode
that had been previously modeled, however we do not generally recommend using diagnostic
wind models to drive PMCAMXx (or CAMXx for that matter). PMCAMX performance was
evaluated against the ambient data collected in the PMio Technical Enhancement Program
(PTEP) and compared to the previous model performance with the UAM-AERO models. The
model inputs were developed by ENVIRON, whereas the model performance evaluation was
conducted independently by STI. PMCAMXx results were compared across three different
computer systems to investigate any platform dependencies. Sensitivity studies were
conducted to investigate the performance of the aqueous-phase chemistry module. Emissions
sensitivity studies were conducted to characterize responses to reductions in ammonium, NOx
and VOC emissions.

MODEL INPUTS

PMCAMXx was set up on the Los Angeles modeling domain shown in Figure 5-1. This is the
modeling domain used for the UAM-AERO by the South Coast Air Quality Management
District with 65 by 40, 5-km grid cells defined in UTM coordinates. The PMCAMXx vertical
layer structure was chosen to have the same model top as UAM-AERO but with finer vertical
resolution. PMCAMXx was configured with 10 layers with layer tops at 20, 50, 100, 250, 500,
750, 1000, 1500, 2000 and 2300 meters.

Meteorological input data for PMCAMX were prepared using diagnostic methods and the
observed meteorological data, similar to the UAM-AERO application. The UAM-AERO
meteorological data were prepared using the UAM Diagnostic Wind Model (DWM) but this
model is unsuitable for PMCAMXx because it does not treat parameters other than winds
(Douglas et al., 1990). Therefore, the CALMET model (Scire et al., 1990) was used to
prepare met inputs for PMCAMx. CALMET was supplied all of the met inputs except for the
cloud (fog) file. UAM-AERO has a fog file that shows the 2-D spatial extent of fog at each
hour (Kumar and Lurmann, 1996) whereas PMCAMX requires a 3-D cloud file (ENVIRON,
2002). The UAM-AERO fog file was converted to a PMCAMXx cloud file by assuming that
the fog layer was 250 meters deep with a liquid water content of 1 g/m’.

Emissions and initial/boundary conditions for PMCAMXx also were developed from the UAM-
AERO files. The UAM-AERO files included data for 8 sections and PMCAMXx was
configured so that sections 1-8 corresponded to the 8 UAM-AERO size sections. The
PMCAMX size sections are shown in Table 5-1.
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Table 5-1. Aerosol size sections for PMCAMX version 3.01.
Lower Cut-point Upper Cut-point

Section (nm) (nm)

1 0.039063 0.078125
2 0.078125 0.15625
3 0.15625 0.3125
4 0.3125 0.625
5 0.625 1.25
6 1.25 2.5

7 2.5 5

8 5 10

9 10 20
10 20 40
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Figure 5-1. Modeling domain for the PMCAMx Los Angeles test application.
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3700+
Pacific EQ

Ocean

PMi TECHNICAL ENHANCEMENT PROGRAM

The PTEP Monitoring Data (PTEP) monitoring data and the episode conditions for the
October 17-19, 1995 period are described in the 1997 AQMP (SCAQMD, 1997). Enhanced
monitoring was performed at six sites in the LA area, namely, Downtown Los Angeles,
Anaheim, Diamond Bar, Rubidoux, Fontana; and San Nicolas Island. Daily sampling was
conducted during the October 17-19", 1995 episode period. Additional description of the
monitoring program are given in Kim, et al., (1996) and CARB (1998).

The October 17-19", 1995 period was a typical fall PM episode in the Los Angeles area with
stagnant winds, extensive fog near the coast and inland, cool nighttime temperatures and high
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moisture availability. Ozone levels were lower than during summer stagnation periods and the
federal ozone standard was exceeded only on October 19". PM.o concentrations were very
high with a maximum level of 218 ug/m’at the Rubidoux monitoring site in Riverside.

PMCAMx PERFORMANCE EVALUATION

The first element in the review of the initial PMCAMX test simulation involved examining the
spatial tile maps of hourly concentrations using the PAVE software. The spatial maps shows
results that were comparable to those from other model simulation for the important chemical
species. There are some primary species for which unusually high concentrations are
estimated in the Long Beach area. Long Beach is a coastal area with high emission rates and
some of the model estimates are probably unrealistically high for this area. The second
element of the review involved examining the minimum and maximum concentrations on the
grid on an hourly basis. The minimum and maximum estimated concentrations were
plausible.

In the third step, we compared the estimated concentrations of NO, NO:, and ozone with the
observed values at the PTEP stations (Anaheim, downtown Los Angeles, Diamond Bar,
Fontana, and Riverside-Rubidoux). The NO and NO: estimates do not agree particularly well
with the observations at the three sites that have data, but this is not uncommon for urban-scale
model applications for Los Angeles. The ozone performance is more consistent across
stations. The estimated ozone concentrations are 40% to 70% lower than the observed values
at the five stations. The underestimation of ozone concentrations suggests a bias in the general
level of photochemical reactivity in the simulation. The simulated photo-oxidation rates of
NOx, SOz, and VOCs are probably underestimated, which is likely to reduce the estimated
concentrations of secondary aerosols (nitrate, sulfate, and secondary organic).

The fourth step involved comparing the estimated and measured daily chemical components of
PM at the PTEP stations. These results are displayed in Figures 5-2 through 5-6 and Table 5-
1. The specific components considered are nitrate, sulfate, ammonium, elemental carbon,
organic material, and crustal material in PM2s, PM2s.10, and PMi. The bias, normalized bias,
error, and normalized error are computed for cases where the observed concentrations exceed
the following thresholds: 2 pg/m’ for nitrate and crustal material, 1 pg/m’ for ammonium,
sulfate, and organic material, and 0.5 ug/m’ for elemental carbon. The five-station mean
statistics are shown in Table 5-2. The results show a mixture of positive and negative bias for
nitrate, sulfate, ammonium, and organic material. They also show consistent underestimation
of elemental carbon concentrations and a tendency to underestimate crustal material. Note, the
crustal observations are suspect because they are calculated by subtracting the other measured
chemical components from the measured mass, which is uncertain because of mass
measurement artifacts and volatilization losses. Also, note that the performance statistics are
included for the first day of the simulation for completeness rather than as an indication of
model performance. These performance statistics are not sufficient to meaningfully evaluate
the model performance. There are too few days simulated, too few stations with data, and too
little high time-resolution PM data to evaluate the model comprehensively.

The fifth step in the process was to compare the PMCAMx model estimates with those from
other models for this same episode. The UAM-AERO and UAMAERO-LT models had been
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run for the same episode with the same emissions but slightly different meteorological inputs.
Figures 5-7 through 5-11 show comparisons of daily PM2.s component estimates from the three
different models at the five PTEP stations. Figures 5-12 through 5-17 show the comparison of
the hourly concentration estimates from the three models at Riverside for PM2.s ammonium,
nitrate, sulfate, organic material, elemental carbon, and crustal material. The model results
are quite different at times. Notable differences are evident in all of the species, but especially
sulfate and organic material. PMCAMXx uses more advanced modules to simulate sulfate
formation in fogs and secondary organic aerosol formation, so it is not surprising that some of
the larger differences in concentrations and concentration profiles are evident for these

species. Differences in the meteorological inputs as well as model formulations are expected
to account for significant differences in the results.

The spatial distributions of daily maximum 24-hour PMio concentrations on October 19™, 1995
are shown in Figure 5-18 for nitrate, sulfate, ammonium, secondary organic aerosol, sodium
and chloride. High nitrate, ammonium and sulfate levels are formed inland, especially in San
Bernardino and Riverside counties, which agrees with the observed distributions for this and
other fall PM episodes in the Los Angeles area. High sulfate also is formed near the coast in
the Long Beach area and is associated with SOz emissions from shipping and port operatings in
the ports of Long Beach and Los Angeles. The secondary organic aerosol (SOA) levels are
much lower than the nitrate-sulfate-ammonium levels with the highest SOA levels occurring
well inland. The higher inland SOA levels are mainly due to SOA species types 1-3, which
are associated with anthropogenic emissions (aromatics and alkanes). The SOA formation
occurred far downwind because of the time required for VOCs to react and form SOA under
the atmospheric reactivity conditions of this fall episode.

Sodium and chloride (i.e. sea salt) are highest over the ocean and did not penetrate far inland.
The removal process for sodium is deposition, whereas chloride is lost to deposition and also
acidification of the aerosol by sulfuric or nitric acids which liberate gaseous hydrochloric acid.
Sodium is important to the formation of coarse nitrate because sodium nitrate aerosol is
hygroscopic and can grow into the coarse size range (2.5 to 10 um) by taking up water. Daily
maximum 24-hour coarse nitrate (PMio-PM:.5) and fine nitrate (PM2.5) concentrations on
October 19th, 1995 are shown in Figure 5-19. The coarse nitrate is distributed closer to the
ocean than fine nitrate consistent with interaction between sodium and nitrate leading to the
formation of coarse nitrate in PMCAMXx. Although PMCAMX coarse nitrate estimates are less
than the fine nitrate, it is still significant component of the total nitrate, especially in the
western portion of the basin. This raises questions regarding the appropriateness of some
measurement approaches that only measure nitrate in the fine mode (e.g. IMPROVE) and
some modeling approaches that assume nitrate is all in the fine mode (e.g., the CMAQ model
approach).

In reviewing the PMCAMXx simulation results, we looked for evidence that might suggest the
model was seriously flawed or broken. Anomalously high or low concentrations, chemically
unrealistic relationships between species, or unphysical spatial or diurnal patterns might
suggest a serious flaw. Despite the high primary concentrations in Long Beach noted above,
our overall review of the model outputs did not detect any serious flaws.
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Table 5-2. Five-station mean observed and predicted PM concentrations (ug/m?) for the
October 17-19, 1995 PTEP episode.

Observed PMCAMXx Bias Normalized Error Normalized

Date Species /Size (ng/m®) (ng/m®) (pg/m3) Bias (%) (ug/m®  Error (%)
Nitrate

Oct 17  NO3 PM2.5 12.68 11.94 -0.74 11 4.21 37
Oct 17  NO3 PM2.5-10 10.03 0.71 -9.32 -93 9.32 93
Oct 17  NO3 PM10 22.71 12.65 -10.06 -42 10.06 42
Oct 18  NO3 PM2.5 24.94 30.39 5.45 30 5.45 30
Oct 18  NO3 PM2.5-10 7.44 2.34 -5.10 -54 5.33 64
Oct 18  NO3 PM10 32.38 32.74 0.36 4 4.96 17
Oct 19 NO3 PM2.5 34.93 32.77 -2.16 -4 7.65 21
Oct 19  NO3 PM2.5-10 6.53 2.92 -5.44 -69 5.44 69
Oct 19  NO3 PM10 41.46 35.68 -5.78 -15 5.78 15
Ammonium

Oct 17  NH4 PM2.5 5.71 5.57 -0.14 6 1.21 21
Oct 17  NH4 PM2.5-10 1.00 0.57 -1.43 -78 1.43 78
Oct 17  NH4 PM10 6.71 6.14 NA NA NA NA
Oct 18  NH4 PM2.5 11.28 11.12 -0.16 1 1.59 15
Oct 18  NH4 PM2.5-10 1.67 0.58 -1.67 -89 1.67 89
Oct 18  NH4 PM10 12.61 11.69 NA NA NA NA
Oct 19 NH4 PM2.5 15.89 12.42 -3.47 -20 3.79 22
Oct 19  NH4 PM2.5-10 1.47 0.57 -1.18 -53 1.18 53
Oct 19 NH4 PM10 17.36 12.99 -4.38 24 4.50 25
Sulfate

Oct 17  SO4 PM2.5 3.66 5.62 1.96 53 1.96 53
Oct 17  SO4 PM2.5-10 0.82 1.39 0.71 61 0.71 61
Oct 17  SO4 PM10 4.48 7.01 2.53 56 2.53 56
Oct 18  SO4 PM2.5 7.84 6.05 -1.78 -17 2.48 29
Oct 18  SO4 PM2.5-10 1.39 1.21 -0.19 -8 0.41 22
Oct 18  SO4 PM10 9.23 7.27 -1.96 -17 2.79 28
Oct 19  SO4 PM2.5 11.45 7.68 -3.76 -29 4.43 37
Oct 19  SO4 PM2.5-10 2.20 1.40 -1.08 -37 1.08 37
Oct 19  SO4 PM10 13.21 9.09 -4.12 -30 4.65 34
Organic Matter (Primary + Secondary)

Oct17 OM PM2.5 5.72 8.11 2.40 49 2.40 49
Oct 17  OM PM2.5-10 3.55 2.32 -1.95 -32 1.98 34
Oct 17 OM PM10 9.27 10.43 1.16 29 3.54 47
Oct 18 OM PM2.5 6.82 8.88 2.06 36 2.06 36
Oct 18  OM PM2.5-10 5.35 2.31 -3.90 -41 4.32 58
Oct 18  OM PM10 12.16 11.19 -0.97 0 3.03 25
Oct19 OM PM2.5 8.51 9.42 0.91 14 1.80 22
Oct19 OM PM2.5-10 3.94 2.27 -1.59 -29 1.93 49
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Observed PMCAMXx Bias Normalized Error Normalized

Date Species /Size (ng/m®) (pg/m®) (ng/m®) Bias (%) (ug/m®  Error (%)
Oct19 OM PM10 11.67 11.69 0.02 3 1.76 16
Elemental Carbon

Oct 17 ECPM2.5 5.04 2.58 -2.46 -47 2.46 47
Oct 17  EC PM2.5-10 0.24 0.15 NA NA NA NA
Oct 17  EC PMI10 5.28 2.73 -2.54 -47 2.54 47
Oct 18  EC PM2.5 5.31 2.91 -2.41 -40 2.41 40
Oct 18  EC PM2.5-10 0.43 0.16 NA NA NA NA
Oct 18  EC PMI10 5.74 3.07 -2.67 -41 2.67 41
Oct19 ECPM2.5 5.40 2.98 2.42 -43 2.42 43
Oct 19  EC PM2.5-10 0.61 0.16 NA NA NA NA
Oct 19 EC PM10 6.01 3.14 -2.87 -45 2.87 45
Crustal Material

Oct 17  CRUS PM2.5 1.92 10.37 7.80 253 7.80 253
Oct 17  CRUS PM2.5-10 23.11 8.08 -19.54 -46 19.66 48
Oct 17  CRUS PM10 25.02 18.46 -6.57 6 18.50 63
Oct 18  CRUS PM2.5 13.14 10.76 -4.79 77 13.55 117
Oct 18  CRUS PM2.5-10 12.62 8.41 -11.79 -44 12.37 50
Oct 18  CRUS PM10 25.76 19.16 -6.60 48 16.43 98
Oct 19  CRUS PM2.5 9.20 11.80 1.65 223 12.23 254
Oct 19  CRUS PM2.5-10 27.08 8.28 -18.79 -52 19.15 58
Oct 19  CRUS PM10 36.27 20.09 -16.18 4 21.36 53
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Figure 5-2. Comparison of 24-hr PMio nitrate at PTEP monitoring sites on October 17"
and 18", 1995.
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Figure 5-3. Comparison of 24-hr PM..s sulfate at PTEP monitoring sites on October 17"
and 18", 1995.
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Figure 5-4. Comparison of 24-hr PM2s organic matter (primary + secondary) at PTEP
monitoring sites on October 17" and 18", 1995.
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Figure 5-5. Comparison of 24-hr PM:s elemental carbon at PTEP monitoring sites on
October 17" and 18™, 1995.
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Figure 5-6. Comparison of 24-hr PMio crustal material at PTEP monitoring sites on
October 17" and 18", 1995.
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24-hr PM2.5 Predictions for Anaheim
Comparison of PMCAMx with Other Models
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Figure 5-7. Comparison of 24-hr PM:s at Anaheim between PMCAMx, UAM-AERO and
UAMAERO-LT.

24-hr PM2.5 Predictions for Diamond Bar
Comparison of PMCAMx to Other Models
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Figure 5-8. Comparison of 24-hr PM.s at Diamond Bar between PMCAMx, UAM-AERO
and UAMAERO-LT.
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24-hr PM2.5 Predictions for Riverside
Comparison of PMCAMXx to Other Models
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Figure 5-9. Comparison of 24-hr PM:s at Riverside between PMCAMx, UAM-AERO and
UAMAERO-LT.

24-hr PM2.5 Predictions for Fontana
PMCAMx Comparison to Other Models
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Figure 5-10. Comparison of 24-hr PM:s at Fontana between PMCAMx, UAM-AERO and
UAMAERO-LT.
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24-hr PM2.5 Predictions for Los Angeles
Comparison of PMCAMXx to Other Models
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Figure 5-11. Comparison of 24-hr PM:s at Los Angeles North Main between PMCAMX,
UAM-AERO and UAMAERO-LT.
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Figure 5-12. Comparison of hourly PM:s ammonium at Riverside between PMCAMX,

UAM-AERO and UAMAERO-LT.
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Figure 5-13. Comparison of hourly PM: s nitrate at Riverside between PMCAMx, UAM-

AERO and UAMAERO-LT.
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Figure 5-14. Comparison of hourly PM: s sulfate at Riverside between PMCAMx, UAM-
AERO and UAMAERO-LT.
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Figure 5-15. Comparison of hourly PM:s organic matter at Riverside between PMCAMX,
UAM-AERO and UAMAERO-LT.
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Figure 5-16. Comparison of hourly PM:s elemental carbon at Riverside between
PMCAMx, UAM-AERO and UAMAERO-LT.
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Figure 5-17. Comparison of hourly PM:s crustal material at Riverside between PMCAMX,
UAM-AERO and UAMAERO-LT.
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Figure 5-18. Daily maximum 24-hour PMio concentrations on October 19", 1995 for nitrate,
sulfate, ammonium, secondary organic aerosol, sodium and chloride.
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Figure 5-19. Daily maximum 24-hour concentrations on October 19", 1995 for coarse nitrate
(PM10-PM25) and fine nitrate (PM23s).
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PLATFORM DEPENDENCY

PMCAMX was tested on three different workstation platforms for the Los Angeles October 17-
19, 1995 episode. The ability of a model code to compile and run reliably on multiple
computer platforms is referred to as “platform dependency” and is an indicator of code
integrity and reliability. The three workstations were:

e Linux PC (Athlon MP2000, 1.67 GHz) running Red Hat 7.2 (2.4.2-2 Kernel) and the
Portland Group Workstation Compiler version 3.2-3

e DEC Alpha-station (500 Mz) running DEC OSF/1 V4.0 and the DIGITAL FORTRAN
Compiler version 5.2

e Sun Ultra-30 (333 MHz) running SunOS 5.6 and the Sun FORTRAN77 Compiler
version 4.0.

CPU Times for PMCAMXx

The computer central processing units (CPU) times for the workstations are compared in Table
5-3. The DEC and Sun workstations gave similar performance and the Linux PC was much
faster because of the higher CPU clock speed. The DEC workstation halted on the third day
(October 19™) because of a floating-point math error (underflow). The DEC was able to
complete the third simulation day at lower optimization level suggesting that the compiler may
be partly responsible for this problem. The CPU time increased on successive days for all
workstations.

Table 5-3. CPU Times (hours) for the LA Test Case (65x40 5-km grids with 10 vertical
layers) on different workstations.

Day Linux Sun DEC
October, 17" 1.4 7.4 7.3
October, 18" 1.9 10.5 11.9
October, 19" 2.4 11.7 154

A. The DEC workstation required a lower optimization level to complete this day.

The breakdown of CPU time between the aerosol modules and the CAMx core model was
analyzed for the Linux workstation (Table 5-4) leading to the following conclusions:

e The aerosol modules dominate the CPU-time (55 - 81%) over the host CAMx model.
This means that most of the CPU time in PMCAMX is going toward the aerosol science
calculations.

e Adding 130 PM species to the CAMx host model adds relatively little CPU-burden
relative to the science calculations within the aerosol modules.
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e The SOAP module is efficient and contributes a small fraction (7-9 %) of the total
CPU-time.

e The MADM aerosol chemistry and the aqueous-phase chemistry are the largest
contributors to the CPU-time.

e The CPU-time for the MADM and aqueous chemistry modules varies significantly
between days in response to differences in chemical/environmental conditions.

Table 5-4. CPU time used by each aerosol module on the Linux workstation.

MADM VSRM SOAP
Aerosol Aqueous Secondary
CAMx Chemistry Phase Organic

Day Host Model and Size Chemistry Aerosols Total
CPU time (minutes)
17 38 39 9 8 95
18 29 78 53 10 169
19 28 108 86 10 233
Percent of total CPU time
17 45% 35% 11% 9% 100%
18 25% 21% 45% 8% 100%
19 19% 15% 59% 7% 100%

Concentration Differences Between Platforms

The surface layer concentrations on each day were analyzed to find the average and maximum
concentration differences between workstations. The differences between the Linux and Sun
workstations are summarized in Table 5-5, and differences between the DEC and Linux
workstations are shown in Table 5-6. Concentration differences are shown for a few gases
(NO, NOg2, ozone and the SOA precursors CG1-CG4) and for all PM species aggregated over
sections 1-6 (PMz.s5) and sections 1-8 (PMio). Relative concentration differences (i.e.,
percentages) are expressed relative to the mean base case concentration so that differences in
near-zero values (which are trivial) do not dominate.

The findings from the platform dependency tests are:

e The DEC workstation could not complete the whole simulation because of a floating-
point math error.

e There were no average concentration differences exceeding 1 percent.

e There are some maximum concentration differences exceeding 10 percent (shaded gray
in the Tables) on all days for both workstation pairs. Species that tend to show
maximum differences greater than 10 percent are nitrate, sulfate, ammonium, chloride,
SO2 and the condensable gases CG3 and CG4.

e The differences for PM-related species are much larger than for ozone and NOx.

G:\crca30\report\Revised Final\sec5.doc 5 = 1 9



January 2003 ENVIRON

Conclusions on Platform Dependency

The conclusions from these tests are that the PM modules should receive additional attention to
reduce concentration differences between workstations. We believe these differences are
related to the PM science modules rather than the PMCAMX host model because the
differences of ozone and NOx are small, as seen previously for CAMx.

Table 5-5a. Summary of concentration differences between Linux and Sun workstations tests
for October 17th, 1995.

Concentration* Average Difference® Max. Difference®

Species Linux | Sun Value | Percent” Value | Percent”

NO 6.73E+00 6.73E+00  1.97E-05 0.00% 2.08E-03 0.03%
NO2 9.87E+00 9.87E+00  2.09E-05 0.00% 2.05E-03 0.02%
O3 3.38E+01 3.38E+01  8.66E-05 0.00% 5.17E-03 0.02%
CG1 5.95E+01 5.95E+01  5.26E-04 0.00% 3.02E-01 0.51%
CG2 3.30E+02 3.30E+02  1.14E-03 0.00% 2.54E-01 0.08%
CG3 5.89E+00 5.89E+00  3.33E-04 0.01% 5.73E-01 9.73%
CG4 1.77E+00 1.77E+00  9.08E-05 0.01% 3.22E-01 18.17%
SO2 8.87E-01 8.87E-01  5.86E-05 0.01% 7.35E-02 8.28%
PNO3 (PM2.5) 3.30E+00 3.30E+00 2.61E-02 0.79%  2.33E+00 70.61%
PNH4 (PM2.5) 1.96E+00 1.96E+00  7.85E-03 0.40% 9.18E-01 46.84 %
PSO4 (PM2.5) 2.84E+00 2.84E+00  2.78E-04 0.01% 2.97E-01 10.46%
NA (PM2.5) 4.63E-01 4.63E-01  3.92E-07 0.00% 9.54E-05 0.02%
PCL (PM2.5) 3.27E-01 3.27E-01  1.53E-03 0.47% 3.14E-01 96.02 %
PEC (PM2.5) 8.21E-01 8.21E-01  4.56E-07 0.00% 2.25E-04 0.03%
POC (PM2.5) 3.31E+00 3.31E+00 1.21E-06 0.00% 1.37E-04 0.00%
CRST (PM2.5) 4.93E+00 4.93E+00 2.14E-06 0.00% 5.91E-04 0.01%
SOA1 (PM2.5) 5.07E-02 5.07E-02  6.11E-07 0.00% 2.88E-04 0.57%
SOA2 (PM2.5) 2.12E-02 2.12E-02  3.46E-07 0.00% 2.44E-04 1.15%
SOA3 (PM2.5) 1.16E-01 1.16E-01  1.23E-06 0.00% 5.16E-04 0.44%
SOA4 (PM2.5) 1.42E-02 1.42E-02  1.66E-07 0.00% 2.75E-04 1.94%
PNO3 (PM10) 3.57E+00 3.57E+00 2.68E-02 0.75%  2.33E+00 65.27%
PNH4 (PM10) 2.12E+00 2.12E+00  7.72E-03 0.36% 9.25E-01 43.63%
PSO4 (PM10) 3.46E+00 3.46E+00 2.80E-04 0.01% 2.96E-01 8.55%
NA (PM10) 1.04E+00 1.04E+00 1.13E-06 0.00% 2.61E-04 0.03%
PCL (PM10) 1.02E+00 1.02E+00  3.22E-03 0.32% 3.74E-01 36.67%
PEC (PM10) 9.26E-01 9.26E-01  5.68E-07 0.00% 2.25E-04 0.02%
POC (PM10) 4.50E+00 4.50E+00  2.28E-06 0.00% 4.62E-04 0.01%
CRST (PM10) 9.09E+00 9.09E+00  6.88E-06 0.00% 2.63E-03 0.03%
SOA1 (PM10) 5.08E-02 5.08E-02  6.01E-07 0.00% 2.89E-04 0.57%
SOA2 (PM10) 2.12E-02 2.12E-02  3.38E-07 0.00% 2.44E-04 1.15%
SOA3 (PM10) 1.17E-01 1.17E-01  1.23E-06 0.00% 5.17E-04 0.44%
SOA4 (PM10) 1.42E-02 1.42E-02  1.57E-07 0.00% 2.77E-04 1.95%

Average over all surface grid cells. Gases in ppb, particulate sulfate in ug/m3.
Average un-signed difference over all surface grid cells.

Maximum un-signed difference over all surface grid cells.

Percent difference relative to the base case average concentration.
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Table 5-5b. Summary of concentration differences between Linux and Sun workstations tests
for October 18", 1995.

Concentration® Average Difference® Max. Difference®
Species Linux | Sun Value | Percent” Value | Percent”
NO 6.58E+00  6.58E+00 3.96E-05 0.00% 8.16E-03 0.12%
NO2 1.14E+01 1.14E+01 4.97E-05 0.00% 5.65E-03 0.05%
03 3.59E+01 3.59E+01 1.93E-04 0.00% 9.17E-03 0.03%
CGl1 9.02E+01  9.02E+01 8.02E-04 0.00% 2.45E-01 0.27%
CG2 7.35E+02  7.35E+02 3.63E-03 0.00% 2.25E-01 0.03%
CG3 5.15E+00  5.15E+00 1.51E-04 0.00% 6.11E-01 11.86%
CG4 1.08E+00 1.08E+00 5.05E-05 0.00% 1.00E-01 9.29%
SO2 8.74E-01 8.74E-01 2.39E-04 0.03% 2.66E-01 30.46%
PNO3 (PM2.5) 9.94E+00 9.94E+00 2.66E-02 0.27% 1.24E+01 124.75%
PNH4 (PM2.5) 4.08E+00 4.08E+00 8.17E-03 0.20% 3.55E+00 87.01%
PSO4 (PM2.5) 3.66E4+00 3.66E+00 1.16E-03 0.03% 1.16E+00 31.69%
NA (PM2.5) 5.10E-01 5.10E-01 5.48E-07 0.00% 6.70E-05 0.01%
PCL (PM2.5) 4.85E-01 4.85E-01 2.21E-03 0.46% 5.53E-01 114.02%
PEC (PM2.5) 1.09E+00  1.09E+00 6.20E-07 0.00% 1.51E-04 0.01%
POC (PM2.5) 3.23E+00 3.23E+00 1.51E-06 0.00% 1.96E-04 0.01%
CRST (PM2.5) 5.20E+00 5.20E+00 2.69E-06 0.00% 9.13E-04 0.02%
SOAL1 (PM2.5) 1.79E-01 1.79E-01 1.51E-06 0.00% 2.14E-04 0.12%
SOA2 (PM2.5) 1.15E-01 1.15E-01 1.35E-06 0.00% 1.11E-04 0.10%
SOA3 (PM2.5) 2.78E-01 2.78E-01 2.76E-06 0.00% 5.70E-04 0.20%
SOA4 (PM2.5) 3.78E-02 3.78E-02 3.14E-07 0.00% 7.96E-05 0.21%
PNO3 (PM10) 1.15E+01 1.15E+01 2.29E-02 0.20% 1.24E+01 107.83%
PNH4 (PM10) 4.38E+00 4.38E+00 7.65E-03 0.17%  3.55E+00 81.05%
PSO4 (PM10) 4.51E+00 4.51E+00 1.12E-03 0.02% 1.15E+00 25.50%
NA (PM10) 1.16E+00 1.16E+00 1.95E-06 0.00% 2.31E-04 0.02%
PCL (PM10) 1.31E+00 1.31E+00 3.11E-03 0.24% 7.29E-01 55.65%
PEC (PM10) 1.22E+00  1.22E+00 8.00E-07 0.00% 1.65E-04 0.01%
POC (PM10) 4.43E+00 4.43E+00 3.17E-06 0.00% 8.02E-04 0.02%
CRST (PM10) 1.02E+01 1.02E+01 9.93E-06 0.00% 4.11E-03 0.04%
SOA1 (PM10) 1.80E-01 1.80E-01 1.52E-06 0.00% 2.14E-04 0.12%
SOA2 (PM10) 1.15E-01 1.15E-01 1.32E-06 0.00% 1.11E-04 0.10%
SOA3 (PM10) 2.79E-01 2.79E-01 2.82E-06 0.00% 5.71E-04 0.20%
SOA4 (PM10) 3.78E-02 3.78E-02 2.99E-07 0.00% 7.98E-05 0.21%

Average over all surface grid cells. Gases in ppb, particulate sulfate in ug/m3.
Average un-signed difference over all surface grid cells.

Maximum un-signed difference over all surface grid cells.

Percent difference relative to the base case average concentration.
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Table 5-5c. Summary of concentration differences between Linux and Sun workstations tests
for October 19", 1995.

Concentration® Average Difference® Max. Difference®

Species Linux | Sun Value | Percent” Value | Percent”

NO 5.31E+00 5.31E+00 3.70E-05 0.00% 7.71E-03 0.15%
NO2 1.03E+01 1.03E+01 4.32E-05 0.00% 8.51E-03 0.08%
03 3.88E+01 3.88E+01 1.85E-04 0.00% 2.49E-02 0.06%
CGl1 9.66E+01 9.66E+01 8.92E-04 0.00%  9.94E+00 10.29%
CG2 8.41E+02 8.41E+02 3.82E-03 0.00% 1.35E+00 0.16%
CG3 5.32E+00 5.32E+00 1.44E-04 0.00% 4.82E-01 9.06%
CG4 9.67E-01 9.67E-01 1.20E-04 0.01% 7.96E-01 82.25%
SO2 7.41E-01 7.41E-01 2.04E-04 0.03% 1.12E-01 15.15%
PNO3 (PM2.5) 1.05E+01 1.05E+01 4.29E-02 0.41% 8.41E+00 80.10%
PNH4 (PM2.5) 4.84E+00 4.83E+00 1.30E-02 0.27%  2.47E+00 51.03%
PSO4 (PM2.5) 3.87E+00 3.87E+00 8.53E-04 0.02% 1.03E+00 26.61%
NA (PM2.5) 5.33E-01 5.33E-01 5.50E-07 0.00% 1.30E-04 0.02%
PCL (PM2.5) 4.66E-01 4.66E-01 3.27E-03 0.70% 3.44E-01 73.82%
PEC (PM2.5) 1.09E+00 1.09E+00 6.94E-07 0.00% 1.98E-04 0.02%
POC (PM2.5) 3.11E+00 3.11E+00 1.66E-06 0.00% 1.81E-04 0.01%
CRST (PM2.5) 5.10E+00 5.10E+00 2.92E-06 0.00% 7.18E-04 0.01%
SOAL1 (PM2.5) 2.41E-01 2.41E-01 2.02E-06 0.00% 9.97E-03 4.14%
SOA2 (PM2.5) 2.00E-01 2.00E-01 2.26E-06 0.00% 1.35E-03 0.67%
SOA3 (PM2.5) 3.54E-01 3.54E-01 3.11E-06 0.00% 4.40E-04 0.12%
SOA4 (PM2.5) 4.43E-02 4.43E-02 4.56E-07 0.00% 7.06E-04 1.59%
PNO3 (PM10) 1.30E+01 1.30E+01 4.11E-02 0.32%  8.40E+00 64.62%
PNH4 (PM10) 5.19E+00 5.18E+00 1.28E-02 0.25%  2.46E+00 47.40%
PSO4 (PM10) 4.83E+00 4.83E+00 8.48E-04 0.02% 4.67E-01 9.67%
NA (PM10) 1.19E+00 1.19E+00 1.81E-06 0.00% 3.76E-04 0.03%
PCL (PM10) 1.28E+00 1.28E+00 5.35E-03 0.42% 6.42E-01 50.16%
PEC (PM10) 1.22E+00 1.22E+00 8.90E-07 0.00% 1.97E-04 0.02%
POC (PM10) 4.28E+00 4.28E+00 3.44E-06 0.00% 8.04E-04 0.02%
CRST (PM10) 1.02E+01 1.02E+01 1.15E-05 0.00% 4.05E-03 0.04%
SOA1 (PM10) 2.41E-01 2.41E-01 1.90E-06 0.00% 1.01E-02 4.20%
SOA2 (PM10) 2.00E-01 2.00E-01 1.86E-06 0.00% 1.37E-03 0.68%
SOA3 (PM10) 3.55E-01 3.55E-01 3.09E-06 0.00% 4.40E-04 0.12%
SOA4 (PM10) 4.45E-02 4.45E-02 3.99E-07 0.00% 7.07E-04 1.59%

Average over all surface grid cells. Gases in ppb, particulate sulfate in ug/m3.
Average un-signed difference over all surface grid cells.

Maximum un-signed difference over all surface grid cells.

Percent difference relative to the base case average concentration.
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Table 5-6a. Summary of concentration differences between Linux and DEC workstations
tests for October 17", 1995.

Concentration® Average Difference® Max. Difference®

Species Linux | DEC Value | Percent” Value | Percent”

NO 6.73E+00 6.73E+00 2.99E-05 0.00% 3.84E-03 0.06%
NO2 9.87E+00 9.87E+00 2.61E-05 0.00% 3.93E-03 0.04%
03 3.38E+01 3.38E+01 9.40E-05 0.00% 1.13E-02 0.03%
CGl1 5.95E+01 5.95E+01 5.28E-04 0.00% 3.02E-01 0.51%
CG2 3.30E+02 3.30E+02 1.29E-03 0.00% 2.54E-01 0.08%
CG3 5.89E+00 5.89E+00 3.49E-04 0.01% 5.74E-01 9.74%
CG4 1.77E+00 1.77E+00 9.66E-05 0.01% 3.22E-01 18.17%
SO2 8.87E-01 8.87E-01 7.57E-05 0.01% 5.04E-02 5.68%
PNO3 (PM2.5) 3.30E+00 3.30E+00 2.51E-02 0.76%  2.08E+00 63.03%
PNH4 (PM2.5) 1.96E+00 1.96E+00 7.57E-03 0.39% 8.65E-01 44.13%
PSO4 (PM2.5) 2.84E+00 2.84E+00 3.69E-04 0.01% 3.38E-01 11.90%
NA (PM2.5) 4.63E-01 4.63E-01 3.91E-07 0.00% 9.54E-05 0.02%
PCL (PM2.5) 3.27E-01 3.27E-01 1.57E-03 0.48% 3.17E-01 96.94 %
PEC (PM2.5) 8.21E-01 8.21E-01 4.50E-07 0.00% 2.14E-04 0.03%
POC (PM2.5) 3.31E+00 3.31E+00 1.20E-06 0.00% 1.34E-04 0.00%
CRST (PM2.5) 4.93E+00 4.93E+00 2.14E-06 0.00% 5.92E-04 0.01%
SOAL1 (PM2.5) 5.07E-02 5.07E-02 6.27E-07 0.00% 2.88E-04 0.57%
SOA2 (PM2.5) 2.12E-02 2.12E-02 3.48E-07 0.00% 2.44E-04 1.15%
SOA3 (PM2.5) 1.16E-01 1.16E-01 1.09E-06 0.00% 5.17E-04 0.45%
SOA4 (PM2.5) 1.42E-02 1.42E-02 1.78E-07 0.00% 2.64E-04 1.87%
PNO3 (PM10) 3.57E+00 3.57E+00 2.58E-02 0.72%  2.09E+00 58.54%
PNH4 (PM10) 2.12E+00 2.12E+00 7.48E-03 0.35% 8.66E-01 40.85%
PSO4 (PM10) 3.46E+00 3.46E+00 3.55E-04 0.01% 2.00E-01 5.78%
NA (PM10) 1.04E+00 1.04E+00 1.13E-06 0.00% 2.61E-04 0.03%
PCL (PM10) 1.02E+00 1.02E+00 3.17E-03 0.31% 4.88E-01 47.84 %
PEC (PM10) 9.26E-01 9.26E-01 5.64E-07 0.00% 2.14E-04 0.02%
POC (PM10) 4.50E+00 4.50E+00 2.28E-06 0.00% 4.61E-04 0.01%
CRST (PM10) 9.09E+00 9.09E+00 6.88E-06 0.00% 2.64E-03 0.03%
SOA1 (PM10) 5.08E-02 5.08E-02 6.18E-07 0.00% 2.89E-04 0.57%
SOA2 (PM10) 2.12E-02 2.12E-02 3.40E-07 0.00% 2.44E-04 1.15%
SOA3 (PM10) 1.17E-01 1.17E-01 1.10E-06 0.00% 5.18E-04 0.44%
SOA4 (PM10) 1.42E-02 1.42E-02 1.72E-07 0.00% 2.65E-04 1.87%

Average over all surface grid cells. Gases in ppb, particulate sulfate in ug/m3.
Average un-signed difference over all surface grid cells.

Maximum un-signed difference over all surface grid cells.

Percent difference relative to the base case average concentration.
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Table 5-6b. Summary of concentration differences between Linux and DEC workstations
tests for October 18", 1995.

Concentration® Average Difference® Max. Difference®

Species Linux | DEC Value | Percent” Value | Percent”

NO 6.58E+00 6.58E+00 3.92E-05 0.00% 8.54E-03 0.13%
NO2 1.14E+01 1.14E+01 5.01E-05 0.00% 5.83E-03 0.05%
03 3.59E+01 3.59E+01 1.95E-04 0.00% 9.11E-03 0.03%
CGl1 9.02E+01 9.02E+01 7.84E-04 0.00% 3.46E-01 0.38%
CG2 7.35E+02 7.35E+02 3.51E-03 0.00% 2.46E-01 0.03%
CG3 5.15E+00 5.15E+00 1.68E-04 0.00% 1.59E+00 30.98%
CG4 1.08E+00 1.08E+00 4.75E-05 0.00% 1.28E-01 11.84%
SO2 8.74E-01 8.74E-01 2.31E-04 0.03% 1.10E-01 12.57%
PNO3 (PM2.5) 9.94E+00 9.94E+00 2.69E-02 0.27%  9.90E+00 99.60%
PNH4 (PM2.5) 4.08E+00 4.08E+00 8.19E-03 0.20% 2.85E+00 69.85%
PSO4 (PM2.5) 3.66E+00 3.66E+00 1.14E-03 0.03% 4.58E-01 12.51%
NA (PM2.5) 5.10E-01 5.10E-01 5.49E-07 0.00% 6.70E-05 0.01%
PCL (PM2.5) 4.85E-01 4.85E-01 2.36E-03 0.49% 5.51E-01 113.61%
PEC (PM2.5) 1.09E+00 1.09E+00 6.15E-07 0.00% 1.55E-04 0.01%
POC (PM2.5) 3.23E+00 3.23E+00 1.50E-06 0.00% 1.96E-04 0.01%
CRST (PM2.5) 5.20E+00 5.20E+00 2.68E-06 0.00% 9.13E-04 0.02%
SOAL1 (PM2.5) 1.79E-01 1.79E-01 1.47E-06 0.00% 2.74E-04 0.15%
SOA2 (PM2.5) 1.15E-01 1.15E-01 1.41E-06 0.00% 1.23E-04 0.11%
SOA3 (PM2.5) 2.78E-01 2.78E-01 2.30E-06 0.00% 1.31E-03 0.47%
SOA4 (PM2.5) 3.78E-02 3.78E-02 3.08E-07 0.00% 1.33E-04 0.35%
PNO3 (PM10) 1.15E+01 1.15E+01 2.31E-02 0.20% 9.91E+00 86.17%
PNH4 (PM10) 4.38E+00 4.38E+00 7.62E-03 0.17%  2.85E+00 65.07%
PSO4 (PM10) 4.51E+00 4.51E+00 1.11E-03 0.02% 4.56E-01 10.11%
NA (PM10) 1.16E+00 1.16E+00 1.96E-06 0.00% 2.31E-04 0.02%
PCL (PM10) 1.31E+00 1.31E+00 3.24E-03 0.25% 7.02E-01 53.59%
PEC (PM10) 1.22E+00 1.22E+00 7.96E-07 0.00% 1.65E-04 0.01%
POC (PM10) 4.43E+00 4.43E+00 3.17E-06 0.00% 8.02E-04 0.02%
CRST (PM10) 1.02E+01 1.02E+01 9.94E-06 0.00% 4.11E-03 0.04%
SOA1 (PM10) 1.80E-01 1.80E-01 1.49E-06 0.00% 2.74E-04 0.15%
SOA2 (PM10) 1.15E-01 1.15E-01 1.38E-06 0.00% 1.23E-04 0.11%
SOA3 (PM10) 2.79E-01 2.79E-01 2.44E-06 0.00% 1.31E-03 0.47%
SOA4 (PM10) 3.78E-02 3.78E-02 2.89E-07 0.00% 1.33E-04 0.35%

Average over all surface grid cells. Gases in ppb, particulate sulfate in ug/m3.
Average un-signed difference over all surface grid cells.

Maximum un-signed difference over all surface grid cells.

Percent difference relative to the base case average concentration.
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Table 5-6¢c. Summary of concentration differences between Linux and DEC workstations tests
for October 19", 1995.

Concentration® Average Difference® Max. Difference®

Species Linux | DEC Value | Percent” Value | Percent”

NO 5.31E+00 5.31E+00 6.97E-04 0.01% 2.03E-05 0.00%
NO2 1.03E+01 1.03E+01 6.29E-04 0.01% 1.80E-05 0.00%
03 3.88E+01 3.88E+01 2.04E-03 0.01% 2.30E-05 0.00%
CGl1 9.66E+01 9.66E+01 2.77E-03 0.00% 9.94E-03 0.01%
CG2 8.41E+02 8.41E+02 3.80E-02 0.00% 1.35E-03 0.00%
CG3 5.32E+00 5.32E+00 3.21E-04 0.01% 5.53E-04 0.01%
CG4 9.67E-01 9.67E-01 1.87E-04 0.02% 8.49E-04 0.09%
SO2 7.41E-01 7.42E-01 6.60E-04 0.09% 1.11E-04 0.02%
PNO3 (PM2.5) 1.05E+01 1.05E+01 4.33E-02 0.41% 8.36E+00 79.62%
PNH4 (PM2.5) 4.84E+00 4.83E+00 1.32E-02 0.27%  2.44E+00 50.41%
PSO4 (PM2.5) 3.87E+00 3.86E+00 2.87E-03 0.07% 5.47E-01 14.13%
NA (PM2.5) 5.33E-01 5.33E-01 5.53E-07 0.00% 1.30E-04 0.02%
PCL (PM2.5) 4.66E-01 4.66E-01 3.17E-03 0.68% 3.47E-01 74.46 %
PEC (PM2.5) 1.09E+00 1.09E+00 6.86E-07 0.00% 1.66E-04 0.02%
POC (PM2.5) 3.11E+00 3.11E+00 1.64E-06 0.00% 1.53E-04 0.00%
CRST (PM2.5) 5.10E+00 5.10E+00 2.89E-06 0.00% 7.16E-04 0.01%
SOAL1 (PM2.5) 2.41E-01 2.41E-01 1.70E-05 0.01% 9.97E-03 4.14%
SOA2 (PM2.5) 2.00E-01 2.00E-01 1.57E-05 0.01% 1.35E-03 0.67%
SOA3 (PM2.5) 3.54E-01 3.54E-01 2.68E-05 0.01% 5.16E-04 0.15%
SOA4 (PM2.5) 4.43E-02 4.43E-02 2.02E-06 0.00% 7.90E-04 1.78%
PNO3 (PM10) 1.30E+01 1.30E+01 4.13E-02 0.32%  8.39E+00 64.54%
PNH4 (PM10) 5.19E+00 5.18E+00 1.31E-02 0.25% 2.45E+00 47.21%
PSO4 (PM10) 4.83E+00 4.82E+00 3.17E-03 0.07% 4.14E-01 8.57%
NA (PM10) 1.19E+00 1.19E+00 1.81E-06 0.00% 3.76E-04 0.03%
PCL (PM10) 1.28E+00 1.28E+00 5.19E-03 0.41% 6.49E-01 50.70%
PEC (PM10) 1.22E+00 1.22E+00 9.04E-07 0.00% 1.64E-04 0.01%
POC (PM10) 4.28E+00 4.28E+00 3.44E-06 0.00% 8.04E-04 0.02%
CRST (PM10) 1.02E+01 1.02E+01 1.15E-05 0.00% 4.04E-03 0.04%
SOA1 (PM10) 2.41E-01 2.41E-01 1.67E-05 0.01% 1.01E-02 4.20%
SOA2 (PM10) 2.00E-01 2.00E-01 1.55E-05 0.01% 1.37E-03 0.68%
SOA3 (PM10) 3.55E-01 3.55E-01 2.67E-05 0.01% 5.17E-04 0.15%
SOA4 (PM10) 4.45E-02 4.45E-02 2.01E-06 0.00% 7.91E-04 1.78%

Average over all surface grid cells. Gases in ppb, particulate sulfate in ug/m3.
Average un-signed difference over all surface grid cells.

Maximum un-signed difference over all surface grid cells.

Percent difference relative to the base case average concentration.
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VSRM AQUEOUS CHEMISTRY

The VSRM aqueous chemistry model consumed a significant fraction of the PMCAMx CPU
time and tests of VSRM prior to implementation in PMCAMXx had addressed problems with
the numerical integration schemes in VSRM (discussed above). Therefore, a series of
sensitivity tests was performed using the Los Angeles episode to evaluate the efficiency and
accuracy of the aqueous-phase chemistry. These tests are discussed using the following
descriptive names:

Base Case — Standard aqueous-phase chemistry module (VSRM) that automatically selects
between size-resolved and bulk methodologies for each grid cell at each time step.
Numerical integration performed using VODE but if the sulfur-balance error
exceeds 0.1% the integration is replaced using LSODE.

No aqueous - Aqueous-phase chemistry turned off in PMCAMX.

No S-balance check - The S-balance check in the VSRM removed. This means that
VODE is used all the time and no calculations are repeated to correct S-balance
€errors.

LSODE - The numerical integration in the VSRM performed using LSODE every time.

Bulk - The VSRM size-resolved/bulk selection logic over-ridden so that the aqueous-phase
chemistry is always performed for a bulk droplet mode.

Revised VSRM - Revised S-balance error control in VSRM so that VODE calculations are
replaced by LSODE in the S-balance error exceeds 2%.

The CPU times for these runs are shown in Table 5-7 and the concentration differences
between runs are summarized for October 19", 1995 in Table 5-8. The concentration
differences focus on the gases SO2 and H20: and particulate sulfate since these are the most
important species in the aqueous-phase chemistry. Relative concentration differences (i.e.,
percentages) are expressed relative to the mean base case concentration (rather than the
concentration paired with the difference) to prevent differences in near-zero concentrations
(which are trivial) from dominating the results.

The findings from the aqueous-chemistry sensitivity tests are as follows:

e The total CPU time for aqueous chemistry depends upon the fraction of cloudy grid
cells, which was 2.4%, 12.3% and 8.9% for October 17-19™ respectively. The total
CPU time also depends upon the time per grid cell, which varies by more than a factor
of two between days for the base case PMCAMXx configuration.

e VODE requires about half the CPU time of LSODE for each grid cell. This is seen by
comparing the times per cell for the LSODE run and the “No S-balance” run (which
always used VODE). However, the overall efficiency of VODE is compromised by
the need to go back and correct VODE mass-balance errors using LSODE in some
cases.

G:\crca30\report\Revised Final\sec5.doc 5 '2 6



January 2003 ENVIRON

e Always using LSODE is less efficient overall than the “combined VODE/LSODE
strategy” used in the base case PMCAMXx configuration. Using LSODE is 93% and
74% slower on the first two days but slightly (13 %) faster on the third day. LSODE
becomes more efficient than VODE/LSODE when VODE makes a large number of S-
balance errors, as happens on the third day.

e VODE makes a large number of S-balance errors. A significant number of S-balance
errors occurred in the base case VSRM. On October 18", correcting S-balance errors
incurred a 33% CPU penalty to, and on October 19" correcting S-balance errors
incurred a 140% CPU time penalty in the aqueous chemistry. These time penalties are
estimated from the difference between the base case and “No S-balance check” runs.

e The impact of the VODE S-balance errors on average concentration levels is small
(errors of tenths of a percent) but some errors are large (tens to hundreds of percent),
as seen from the difference between the base case and "No S-balance check" runs.

e Based on these findings, the revised VSRM strategy was developed. VODE
calculations are only repeated when S-balance errors exceed 2%. This may be viewed
as correcting large errors while letting small errors go. This strategy resulted in small
errors in average concentration levels (below 0.1 percent) and reduced the errors in
maximum concentration levels to a range similar to always using LSODE (about ten
percent).

e The bulk aqueous chemistry is faster than the VSRM algorithm which selects between
size-resolved and bulk-droplet methodologies. The bulk algorithm required 33% to
64 % of the CPU time for VSRM, depending on daily conditions. The differences in
average concentration levels between the bulk and size-resolved methodologies are
moderate (about 10 percent) but the maximum differences are very large (hundreds to
thousands of percent). The bulk algorithm tends to over-estimate sulfate levels, as
expected, because it fails to account for the tendency of small droplets to become
highly acidic inhibiting the rate of sulfate formation.

Table 5-7. CPU times for aqueous-chemistry module sensitivity tests.

No Base Case  No S-balance Bulk Revised
Day Aqueous VSRM Check Aqueous LSODE VSRM
CPU time (seconds)
October 17% 4539 5106 5086 4902 5635 5088
October 18" 3810 6990 6179 5703 9348 6898
October 19" 3631 8818 5777 5333 8165 7300
CPU Time for Aqueous Chemistry (milliseconds/grid cell)*
October 17% 38 37 24 73 37
October 18" 41 31 25 72 40
October 19" 93 39 31 81 66
Ratio = (CPU time for Aqueous Chemistry) / (CPU time for Base Aqueous Chemistry)
October 17% 0.97 0.64 1.93 0.97
October 18" 0.75 0.60 1.74 0.97
October 19" 0.41 0.33 0.87 0.71

A. The number of cloudy grid cells per day is 14988, 76668 and 55728 for October 17", 18" and 19™.
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Table 5-8. Summary of concentration differences for aqueous-chemistry module sensitivity
tests for October 19", 1995.

Concentration® Average Difference® Max. Difference®

Species Base | Sensitivity Value | Percent” Value | Percent”
No S-Balance

SO2 0.74 0.75 4.38E-03 0.59% 1.78E-03 240.7%
H20> 1.63 1.63 2.99E-03 0.18% 5.39E-04 33.1%
PSO4 (PM2s) 3.87 3.88 1.21E-02 0.31% 1.76E+00 45.5%
PSO4 (PMo) 4.83 4.84 1.43E-02 0.30% 3.11E+00 64.4%
PSO4 (PMcrs)® 1.39 1.39 4.58E-03 0.33% 1.69E+00 121.6%
LSODE

SO2 0.74 0.74 6.75E-04 0.09% 1.18E-01 15.9%
H20> 1.63 1.63 2.84E-03 0.17% 1.57E-01 9.7%
PSO4 (PM25) 3.87 3.86 3.03E-03 0.08% 5.74E-01 14.8%
PSO4 (PMo) 4.83 4.82 3.31E-03 0.07% 4.39E-01 9.1%
PSO4 (PMcrs) 1.39 1.39 1.28E-03 0.09% 2.49E-01 17.9%
Bulk

SO: 0.74 0.81 7.37E-02 9.95% 4.31E+00 581.7%
H20: 1.63 1.66 6.05E-02 8.43% 9.95E-01 430.6%
PSO4 (PM25) 3.87 3.34 5.79E-01 14.96% 4.44E+01 1147.3%
PS04 (PMio) 4.83 4.45 4.07E-01 8.43% 2.08E+01 430.6%
PS04 (PMcrs) 1.39 1.44 1.55E-01 11.15% 2.38E+01 1712.2%
Revised VSRM

SO: 0.74 0.74 2.71E-04 0.04% 1.68E-01 22.6%
H20: 1.63 1.63 8.92E-04 0.05% 7.59E-02 4.7%
PSO4 (PM25) 3.87 3.87 1.01E-03 0.03% 0.433 11.2%
PS04 (PMio) 4.83 4.83 1.07E-03 0.02% 0.275 5.7%
PSO4 (PMcrs) 1.39 1.39 4.22E-04 0.03% 0.134 9.6%

A.  Average over all surface grid cells. Gases in ppb, particulate sulfate in ug/m®.

B. Average un-signed difference over all surface grid cells.

C. Maximum un-signed difference over all surface grid cells.

D. Percent difference relative to the base case average concentration.

E. PMcrs = (PMio - PM235s).

Conclusions for VSRM Aqueous Phase Chemistry

The VSRM aqueous chemistry is expensive in CPU time. VSRM consumed about half of the
CPU time in for an episode where only about 10% of the grid cells were cloudy which
suggests that the CPU demands of the VSRM may become problematic for simulating cloudy
conditions (e.g., winter PM episodes). We recommend continuing efforts to improve the
efficiency of the VSRM. Improvements may be possible in the numerical integration scheme
(e.g., use of an implicit-explicit hybrid solver), error control, or the logic for selecting
between the bulk and size-resolved algorithms. An alternative strategy may be to add a much
simpler, reduced-form, aqueous-phase chemistry algorithm to be called in situations where
there is very little sulfate production taking place.

The comparison of the VSRM size-resolved droplet model to a bulk droplet model confirms
that resolving the size distribution of droplets can alter sulfate production rates, and that
neglecting size distribution tends to over-estimate sulfate production rates. Further study is
recommended to investigate how this impacts peak sulfate levels, 24-hour average sulfate
levels, and sulfate deposition for eastern US conditions.
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Care is warranted in using the VODE integration package for atmospheric chemistry
problems. VODE has proven to be fast but unreliable in the VSRM (although strategies to
manage this problem have been developed and implemented in VSRM). It is unclear whether
the problem lies with VODE (e.g., with the internal error control algorithms) or the way
VODE interacts with the function supplied to evaluate the chemical rates. VODE is attractive
because it is more efficient than LSODE, but this efficiency is compromised by need to repeat
calculations using another method in cases where VODE is inaccurate.

SENSITIVITY TESTS

A series of emission sensitivity tests were performed for the Los Angels October 17-19, 1995
episode to investigate the response of predicted concentrations to emission changes and check
that PMCAMXx was stable for a range of emission scenarios. The anthropogenic emissions of
NOx, VOC and NHs were reduced by 50% separately and in combination to give a matrix of
eight emission scenarios, as shown in Table 5-9. The runs were performed on a Linux
(Athlon MP2000) workstation. The PMCAMX runs all completed without problems and the
run times were all with a 15% range (Table 5-9). There was a small tendency for run times to
decrease as the NOx and VOC emissions were reduced.

The impacts of emission reductions on 24-hour PMio concentrations at Riverside and Los
Angeles North Main are shown in Figures 5-20 through 5-23. Riverside was selected as
representing downwind conditions, whereas as Los Angeles North Main represents an upwind
high anthropogenic emission area. The speciated PMio concentrations are shown in Figures 5-
20 and 5-22, whereas Figures 5-21 and 5-22 show the changes relative to the base case to
make clear which PM components are affected by the emissions reductions. The main impacts
of changing precursor emissions singly on PMio concentrations at Riverside and Los Angeles
North Main are summarized in Table 5-10.

The emissions/PM relationships at the upwind and downwind sites are summarized as follows:

¢ Reducing ammonia emissions reduces nitrate, sulfate and ammonium at both upwind
and downwind sites. Nitrate is reduced because there is less ammonia to combine with
nitrate acid so less ammonium nitrate forms. Sulfate is reduced because more acidic
water droplets inhibit aqueous sulfate production. Ammonium reductions are
associated with both the nitrate and sulfate reductions.

¢ Reducing VOC emissions reduces organic matter (i.e., secondary organics) at both
upwind and downwind sites. At the downwind site, reducing VOC also reduces
ammonium nitrate by reducing the production of nitric acid from NOx.

e Reducing NOx emissions increases ammonium nitrate at the upwind site and decreases
ammonium nitrate at the downwind site. This demonstrates that fundamental
differences can exist between the NOx-nitrate relationships at different sites, similar to
well-known differences in ozone-NOx relationships.
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o The upwind increase in ammonium nitrate is explained by more rapid nitric acid
production when NOx emissions are reduced, i.e., nitric acid production is
NOx-inhibited at the upwind site in the base case.

o The downwind decrease in ammonium nitrate is explained by lower nitric acid
production when NOx emissions are reduced, i.e., nitric acid is NOx-limited at
the downwind site in the base case.

¢ Reducing NOx emissions increases organic matter (i.e., secondary organics) at the
upwind and downwind sites. This is due to acceleration in the oxidation of VOCs to
SOA when NOx emissions are reduced.

The concentrations responses to reductions in combinations of precursor emissions are
generally consistent with the points listed above, but do not necessarily reflect linear
combinations of effects.

Table 5-9. PMCAMXx emission sensitivity runs and run times on a Linux (Athon MP2000)
workstation.

Anthropogenic Emissions Level (%) CPU Time (seconds) Total CPU
NOx VOC NHs October 17 October 18 October 19 (hrs)
100 100 100 5000 7811 9078 6.1
100 100 50 5103 7556 8736 5.9
100 50 100 5082 7333 7792 5.6
100 50 50 5143 8036 8525 6.0
50 100 100 5048 6253 8116 5.4
50 100 50 5084 6159 8787 5.6
50 50 100 5069 6219 7938 5.3
50 50 50 5079 6135 9817 5.8

Table 5-10. Summary of changes in PM concentrations due to changing emissions of a single
precursor species.

50% Emissions Change in PM Concentration
Reduction Nitrate Sulfate Ammonium oM

LA North Main

NOx emissions ++ ° + +

VOC emissions ° ° ° —

NHs emissions —-— —— —— PY
Riverside

NOx emissions -— ° - +

VOC emissions — ° —— _

NHs emissions — — —— Py

Key:
++ > 4% increase
+ 1-4% increase
® Jess than 1% change
— 1-4% decrease
—— > 4% decrease

G:\crca30\report\Revised Final\sec5.doc 5 '3 O



January 2003 ENVIRON

24-hr PM 10 for Riverside
for different NOx, VOC, NH3 emission levels
19 October, 1995
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Emissions Level

Figure 5-20. Riverside PMioon October 19" at different emission levels.

Percent Change in 24-hr PM 10 for Riverside
in response to NOx, VOC, NH3 emission reductions
19 October, 1995
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Figure 5-21. Change in Riverside PMioon October 19" with emission level.
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24-hr PM 10 for Los Angeles North Main
for different NOx, VOC, NH3 emission levels
19 October, 1995
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Emissions Level

Figure 5-22. LA North Main PMioon October 19" at different emission levels.

Percent Change in 24-hr PM 10 for Los Angeles North Main
in response to NOx, VOC, NH3 emission reductions
19 October, 1995
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Figure 5-23. Change in LA North Main PMioon October 19" with emission level.
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Appendix A

Gas Phase Chemistry for PMCAMx
Based on the Carbon Bond 4 (CB4)
Chemical Mechanism



Table A-1. Listing of the CB4 mechanism for aerosol modeling in PMCAMX.

Rxn

O ~J o U b wdN

SR BB BN WWWWWWWWWWNNNNNMNNNNNNNNERE R PR R R R
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HNO2
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HO2
HO2
PNA
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HO2
HO2
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OH
OH
FORM
FORM
FORM
FORM
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ALD2
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NO2
NO2
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1 NO2

1 NO2

1 Co
1 HO2
1 HO2
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1 HNO3
2 HO2
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1 NO2

0.11 NO

1 HO2



Table A-1. Listing of the CB4 mechanism for aerosol modeling in PMCAMX (continued).

Rxn

49
50

50
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52

53

54

55

56

57

58

59
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62
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65
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Table A-1. Listing of the CB4 mechanism for aerosol modeling in PMCAMX (concluded).

Rxn
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Table A-2. CB4 chemistry parameters file for PMCAMX.

CAMx Version
Mechanism ID

Description
No of gas species

No of aero species
No of reactions
Prim photo rxns
No of sec photo rxn|6

ID, prim ID,

Species Records
Gas Spec

W Joy Ul W

WWWWWRONNNONNONNNDE PR e e e
B WP OWO-JdAUE WNRFOW®D-JOU S WNRF O W

Aero

O J oy Uk W

11
12
13

NO
NO2
03
PAN
NXOY
OLE
PAR
TOL
XYL
FORM
ALD2
ETH
CRES
MGLY
OPEN
PNA
CO
HONO
H202
HNO3
ISOP
MEOH
ETOH
ISPD
NTR
OLEZ2
CG1l
CG2
CG3
CG4
NH3
HCL
502
SULF
Spec
SOA1
SOA2
SOA3
SOA4
POC
PEC
CRST
PH20
PCL
NA
PNH4
PNO3
PS04

lower

scale

| PMCAMx3.01

|8

|CBM-IV (mech 3)
|34

[13 10 0.0390625 40.0 15.0

[100

plus aerosols

|6 1 38 39 9 45 95

| 8 1 0.053
|14 1 33.9
[23 1 0.1975
|34 39 0.189
|69 38 9.04
|74 38 9.64
lower bnd H-law
1.00E-15 1.90e-03
1.00E-09 1.00e-02
1.00E-09 1.10e-02
1.00E-09 3.60e+00
1.00E-12 3.20e+04
1.00E-09 5.00e-03
1.00E-04 1.00e-03
1.00E-09 1.20e+00
1.00E-09 1.40e+00
1.00E-09 6.30e+03
1.00E-09 6.30e+03
1.00E-09 1.00e-02
1.00E-09 2.70e+03
1.00E-09 2.70e+03
1.00E-12 2.70e+03
1.00E-09 2.00e+04
1.00E-04 1.00e-10
1.00E-09 5.90e+01
1.00E-09 7.40e+04
1.00E-09 2.00e+05
1.00E-09 1.00e-02
1.00E-09 2.20e+02
1.00E-09 2.20e+02
1.00E-09 6.30e+03
1.00E-09 9.40e+03
1.00E-09 5.00e-03
1.00E-09 2.70e+03
1.00E-09 2.70e+03
1.00E-09 2.70e+03
1.00E-09 2.70e+03
1.00E-09 2.00e+04
1.00E-12 1.00e+05
1.00E-09 1.00e+05
1.00E-12 1.00e-10
bnd mol wt
1.00E-09 150.
1.00E-09 150.
1.00E-09 150.
1.00E-09 180.
1.00E-09 100.
1.00E-09 100.
1.00E-09 100.
1.00E-09 18.
1.00E-09 36.5
1.00E-09 23.
1.00E-09 18.
1.00E-09 62.
1.00E-09 96.

Diffrat

1.
.60
.63
.59
.45
.80
.00
.26
.43
.29
.56
.25
.45
.00
.47
.09
.25
.62
.37
.87
.94
.33
.60
.97
72
.80
.50
.50
.50
.50
.97
.42
.89
.00
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Table A-2. CB4 chemistry parameters file for PMCAMX (continued).

Reaction Records
Rxn Typ Parameters (1 to 10, depending upon Typ)
1 1 0.0000E+00
2 2 4.3233E+06 -1.1750E+03
3 2 2.6640E+01 1.3700E+03
4 1 1.3750E+04
5 2 2.3090E+03 -6.8700E+02
6 2 2.4380E+03 -6.0200E+02
7 2 4.7310E-02 2.4500E+03
8 1 0.0000E+00
9 1 0.0000E+00
10 2 4.2500E+10 -3.9000E+02
11 1 3.2600E+05
12 2 1.0000E+02 9.4000E+02
13 2 2.9990E+00 5.8000E+02
14 1 0.0000E+00
15 2 4.4167E+04 -2.5000E+02
16 2 ©5.9010E-01 1.2300E+03
17 2 1.8530E+03 -2.5600E+02
18 1 1.9000E-06
19 2 2.7760E+00 1.0897E+04
20 2 1.5390E-04 -5.3000E+02
21 1 1.6000E-11
22 2 9.7990E+03 -8.0600E+02
23 1 0.0000E+00
24 1 9.7700E+03
25 1 1.5000E-05
26 2 1.6817E+04 -7.1300E+02
27 2 2.1790E+02 -1.0000E+03
28 2 1.2270E+04 -2.4000E+02
29 1 0.0000E+00
30 1 0.0000E+00
31 1 0.0000E+00
32 2 4.1440E+03 -1.1500E+03
33 2 2.1810E-01 -5.8000E+03
34 1 0.0000E+00
35 2 2.5200E+03 1.8700E+02
36 1 3.2200E+02
37 1 1.5000E+04
38 1 0.0000E+00
39 1 0.0000E+00
40 2 2.3700E+02 1.5500E+03
41 1 9.3000E-01
42 2 6.3600E+02 9.8600E+02
43 2 2.4000E+04 -2.5000E+02
44 1 3.7000E+00
45 1 0.0000E+00
46 2 2.8200E+04 1.8000E+02
47 2 1.3700E+04 -3.8000E+02
48 2 2.5400E-02 1.3500E+04
49 1 3.7000E+03
50 1 9.6000E+03
51 2 2.1000E+01 1.7100E+03
52 1 1.2030E+03
53 2 1.3710E+05 8.0000E+03
54 1 9.5450E+04
55 1 2.2000E+04
56 2 5.9200E+03 3.2400E+02
57 2 4.2000E+04 -5.0400E+02
58 2 1.8000E-02 2.1050E+03
59 1 1.1350E+01
60 2 1.0800E+03 7.9200E+02
61 2 1.1920E+04 -4.1100E+02
62 2 2.7000E-03 2.6330E+03




Table A-2. CB4 chemistry parameters file for PMCAMX (concluded).

63 2 9.1500E+03 -3.2200E+02
64 1 1.2000E+04

65 1 2.5000E+02

66 1 6.1000E+04

67 1 3.2500E+04

68 1 2.0000E+04

69 1 0.0000E+00

70 1 4.4000E+04

71 2 1.5000E-02 5.0000E+02
72 2 3.6200E+04 -1.1600E+02
73 1 2.6000E+04

74 1 0.0000E+00

75 1 5.3200E+04

76 1 1.4760E+05

77 1 1.9000E-02

78 1 9.9600E+02

79 1 1.2000E+04

80 2 2.0000E+03 -1.3000E+03
81 1 1.2000E+04

82 2 1.1100E+03 -1.6000E+02
83 1 8.1667E-05

84 1 1.6000E+03

85 2 4.3000E+03 -1.7600E+02
86 2 8.9000E+03 -1.3000E+03
87 2 8.9000E+03 -1.3000E+03
88 2 2.0000E+03 -1.3000E+03
89 2 4.0000E+03 -1.3000E+03
90 2 1.6260E+05 -2.5000E+02
91 1 2.7778E-04

92 1 4.9667E+04

93 1 1.0500E-02

94 1 1.4780E+00

95 1 0.0000E+00

96 1 2.2000E-04

97 2 5.9200E+03 3.2400E+02
98 2 4.2000E+04 -5.0400E+02
99 2 1.8000E-02 2.1050E+03
100 1 1.1350E+401

See the CAMx User’s Guide (available from http://www.camx.com) for an explanation of the
chemistry parameter file format how the reaction rate constants are calculated from the
parameters listed in the chemistry parameters file. For convenience, Table A-3 lists the rate
constant values calculated for standard conditions (298 K and 1 atmosphere).



Table A-3. Rate constants at 298 K and 1 atmosphere for the CB4 mechanism for aerosol

modeling in PMCAMX.

Reaction Type k298 (ppm™ min™) Reaction Type k298 (ppm™ min™)
1 Photolysis N/A 51 Arrhenius 21

2 Arrhenius 4323300 52 Constant 1203

3 Arrhenius 26.64 53 Arrhenius 137100
4 Constant 13750 54 Constant 95450
5 Arrhenius 2309 55 Constant 22000
6 Arrhenius 2438 56 Arrhenius 5920

7 Arrhenius 0.04731 57 Arrhenius 42000
8 Photolysis N/A 58 Arrhenius 0.018
9 Photolysis N/A 59 Constant 11.35
10 Arrhenius 42500000000 60 Arrhenius 1080

11 Constant 326000 61 Arrhenius 11920
12 Arrhenius 100 62 Arrhenius 0.0027
13 Arrhenius 2.999 63 Arrhenius 9150
14 Photolysis N/A 64 Constant 12000
15 Arrhenius 44167 65 Constant 250

16 Arrhenius 0.5901 66 Constant 61000
17 Arrhenius 1853 67 Constant 32500
18 Constant 0.0000019 68 Constant 20000
19 Arrhenius 2.776 69 Photolysis N/A

20 Arrhenius 0.0001539 70 Constant 44000
21 Constant 1.6E-11 71 Arrhenius 0.015
22 Arrhenius 9799 72 Arrhenius 36200
23 Photolysis N/A 73 Constant 26000
24 Constant 9770 74 Photolysis N/A
25 Constant 0.000015 75 Constant 53200
26 Arrhenius 16817 76 Constant 147600
27 Arrhenius 217.9 77 Constant 0.019
28 Arrhenius 12270 78 Constant 996

29 Constant 0 79 Constant 12000
30 Constant 0 80 Arrhenius 2000
31 Constant 0 81 Constant 12000
32 Arrhenius 4144 82 Arrhenius 1110
33 Arrhenius 0.2181 83 Constant 0.000081667
34 Photolysis N/A 84 Constant 1600
35 Arrhenius 2520 85 Arrhenius 4300
36 Constant 322 86 Arrhenius 8900
37 Constant 15000 87 Arrhenius 8900
38 Photolysis N/A 88 Arrhenius 2000
39 Photolysis N/A 89 Arrhenius 4000
40 Arrhenius 237 90 Arrhenius 162600
41 Constant 0.93 91 Constant 0.00027778
42 Arrhenius 636 92 Constant 49667
43 Arrhenius 24000 93 Constant 0.0105
44 Constant 3.7 94 Constant 1.478
45 Photolysis N/A 95 Constant 0

46 Arrhenius 28200 96 Constant 0.00022
47 Arrhenius 13700 97 Arrhenius 5920
48 Arrhenius 0.0254 98 Arrhenius 42000
49 Constant 3700 99 Arrhenius 0.018
50 Constant 9600 100 Constant 11.35




Appendix B

List of Chemical Equilibria
In the ISORROPIA Aerosol
Thermodynamics Module



Table B-1. Equilibrium relations and constants (Nenes et al., 1998, Aquatic Geochemistry 4, 123-152)

. AH'(T,) | AC) |
Reaction Constant expression K° (298.15K) P Units
RT, R
_ _ [H+][SOZ_] ’YH+’YS027
HSO},,, «—— H;,,+SO5, — : 1015 x 107 [8.85 25.14 mol kg’
[HSO4] /YHSOZ
K [NH3(aq)] 1 -1 -1
NH,, «—— NH,,, p 5.764 x 10 13.79 -5.39 mol kg atm
NH,
NH; J[OH ] Yxu:You
NH;, + H,0,) <=2 NH,, +OH, [ N};][ ] D Ton 1.805x 10°  |-1.50 26.92 mol kg
[ 3(aq)]aw ¥ NH,
K, + - [H+][NO;] 6 21,52 -1
HNO,, <= H;,,+NOj,, 5 Tuto 2.511% 10 29.17 16.83 mol’ kg atm
HNO;
H][CI
HCI, «—— H,,+Cl, [P]# a Yo 1971 x 10°  |30.20 19.91 mol’ kg atm’
HC1
H"][OH™
H,0, <= H/ +OH_ [H]IOH ] Yo 1.010 x 10 |-22.52 26.92 mol’ kg
2~ (aq) (aq) (aq) H* ' OH
Na,SO,, «——> 2Na_ +SOj., [Na T[SO 17, Yor 4799 x 10" {0.98 39.75 mol’ kg
NH,),SO, . <X INH!  +SO2 [NH; P[SO; 1V, Yoo 1817x 100  |-2.65 38.57 mol’ kg
472 4(s) 4(aq) 4(aq) NHy ! SOj
NH,Cl,, <> NH,,, +HCl,, Py Py 1.086 x 107°  |-71.00 2.40 atm?
NaNO,, <> Na/ +NOj,,, [Na™JINO3] vy, yo: 1.197x 10" |-8.22 16.01 mol’ kg’
NaCl,, PELSTEN Nag,, +Cl, [Na"][CI'] Yo Yo 3.766 x 10" -1.56 16.90 mol® kg
NaHSO, , «—2— Na’ +HSO, [Na"]J[HSO.] v, V0 2.413 x 10* 0.79 14.75 mol® kg
4(s) (aq) 4(aq) Na* ! HSO}
NH,NO,, «—*—> NH,, +HNO,, Pasr, Pino, 5746 x 1077 |-74.38 6.12 atm’
NH,HSO,,, «—2— NH;,,+HSOj, [NHZ JTHSOL T ¥ 1. Viso 1383x10°  |-2.87 15.83 mol® kg2
(NH,),H(SO,),, <=2 3NH], + HSOj,, +SOZ%,, |INHTTSOS IHSOL] ¥} Yoo: Yiso, [2972x 10" |-5.19 5440 mol® kg
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Aqueous Phase Chemical Mechanism

Rxn | Reaction Kj95 (M" s'l) -E/R Reference
No.
1 ho Graedel and
H:0 2 OH Weschler (1981)
2 hv,H,0 ; Graedel and
O H:0,+0; Weschler (1981)
3 7.0x10° -1500 Sehested et al.
OH +HO, ——> H,0 + O, (1968)
4 - - 1.0x10" -1500 Sehested et al.
OH+0,, ——> OH (1968)
5 2.7x10’ -1700 | Christensen et al.
OH + H202 —_—> Hzo + H02 (1982)
6 | HO,+ HO, —> H,0,+0, 8.6x10° 2365 | Bielski (1978)
! HO, + 0, —22 5 H,0,+0,+OH 1.0x10° 1500 | Bielski (1978)
8 0, + 0, —212 s H.0,+0,+OH <03 Bielski (1978)
9 0.5 Weinstein and
HO; + H,0, —— OH+ 0, + 1,0 Bielski (1979)
10 - 5 - 0.13 Weinstein and
O: + H:0; OH+0,+OH Bielski (1979)
11 2x10° Staehelin et al.
OH+0O; ——> HO, + 0, (1984)
12 <1x10* Sehested et al.
HO, + O3 —— OH + 20, (1984)
13 - H,0 - 1.5x10° -1500 Sehested et al.
O, + 03 ———> OH + 20, + OH (1983)
14 - H0 - 70 Staehelin and
OH'+0Os H,0,+0,+OH Hoigne (1982)
15 : SN - 2.8x10° 22500 | Stachelin and
HO, + 0 OH+ 0, +0; Hoigne (1982)
16 1,0,+0;——> H,0+20, 7.8x10°[05* artin tal.
17 - SN - 1.5x107 -1910 | Weeks and
HCO; + OH H,O + CO, Rat (1966)
6 N
18 | HCOy + 0y ——> HO, + COy 1.5x10 0 Schmidt (1972)
19 COy +0, —22 5 HCO; + 0, + OH 4.0x10° -1500 l(31egh7a0r)et al.
20| cOy +H,0, —> HO, + HCOy 8.0x10° 2020 | behwrctal
21 Cl'+ OH ——> CIOH" 4.3x10° -1500 Jayson et al.
(1973)
22 - _ 6.1x10° 0 Jayson et al.
CIOH ——> CI-+ OH (1973)
23 - H° 2.1x10"[H"] 0 Jayson et al.
CIOH" —— Cl1+ H,0 (1973)
24 cl —12 5 cloH +HY 1.3x10° 0 Jayson et al.
(1973)
25 | HO,+ Cly —> 2CT + 0, + H' 4.5x10° “1500 ?logs;;;nd Neta
26 - - - 1.0x10° -1500 | Ross and Neta
O, +Cly —— 2CI'+ 0, (1979)
27 s CI + 3.1x10° -1500 | Graedel and
HO, + €l Cr+0,+H Goldberg (1983)
28 - - + 1.4x10° -3370 Hagesawa and
H,0, + Cl;, ——> 2CI'+ HO, + H Neta (1978)
29 - + 4.5x10" 0 Graedel and
H,0,+Cl —— CI'+HO,+H Goldberg (1983)
30 - - - 7.3x10° 2160 | Hagesawa and
OH +Cl;, ——> 2CI' + OH Neta (1978)
31 NO + NO, Mo 2NO, + 2H" 2.1x10° -1500 | Lee (1984a)
32 | N0, +NO, —2 5 NO,- +NOy +2H' 1.0x10° -1500 | Lee (1984a)
33 2.0x10" -1500 Strehlow and

NO +OH ——> NO, +H'

X/ avamne F1TO0O0NN




Wagner (1982)

34 - + 1.3x10° -1500 Gratzel et al.
NO,+ OH —> NO;y +H (1970)
35 HNO, — 5 NO + OH Rettich (1978)
36 B hv,H,0 . Graedel and
NO: NO+OH +OH Weschler (1981)
37 | HNO, + OH ——> NO, + H20 1.0x10° -1500 | Rettich (1978)
38 - - 1.0x10™ -1500 Treinin and
NO, + OH ——> NO, + OH Hayon (1975)
39 : : 6.3x10°[H" 26693 | Lec and Lind
HNO, + H,0, — 5 NOy + 2H+ + H,0 x107H'] (o5
40 - - S NOr 5.0x10° 26950 | Damschen and
NO: +0s NO; + 0, Martin (1983)
41| NO, +CO; ——> NO, + €O 4.0x10° 0 Lilie et al. (1978)
42 - - - 2.5x10° -1500 Hagesawa and
NO, + Cl,;, —> NO, + 2Cl Neta (1978)
43 - - 1.2x10° -1500 Ross and Neta
NO, + NO; —> NO, + NO; (1979)
44 B hv,H,0 , Graedel and
NOs NO; + OH + OH Weschler (1981)
45 ho Graedel and
NO NO+O: Weschler (1981)
46 | NO; + HO, —> NOy + H' + O, 4.5x10° -1500 | Jacob (1986)
47 | NOs+ Oy —> NOy + O, 1.0x10° -1500 | Jacob (1986)
48 | NO, + H,0, ——> NOy + H' + HO, 1.0x10° 2800 | Chameides (1984)
49 - - 1.0x10° 21500 | Ross and Neta
NO; + CI' —> NO;y + Cl (1979)
50 0, 2.0x10° -1500 | Bothe and
HC(OH) >+ OH —=— HCOOH + HO + H,0 Schulte-Frohlinde
(1980)
51 HzC(OH) ) + 03 —_ Products 01 0 ﬁc;lég;;)and Bader
52 %, 2.0x108 -1500 Scholes and
HCOOH + OH —=2—> CO, + HO, + H,0 Willson (1967)
5 .
3 | HCOOH+ H,0, —> Product + H,0 4.6x10 -5180 (Sfl;;’il)ov ctal.
54 0, . 2.1x10° 23200 | Dogliotti and
HCOOH + NO; —— NO5; +H" + CO, + HO, Hayon (1967)
35 | HCOOH +0; —> CO,+HO, + OH 5.0 0 gglgg;g)and Bader
56 -_ 0 - + 6.7x10° -4300 Hagesawa and
HCOOH + Cl;, —2— CO, +HO, +2CI' + H Neta (1978)
57 HCOO + OH —2—3 CO, + HO, + OH 2.5x10° -1500 8r;‘tée%and Neta
58 HCOO + 03 —> CO, + OH + Oy 100.0 0 (}{(;igg;be)and Bader
59 | HCOO +NO; —%— NOy +CO, + HO, 6.0x10’ -1500 | Jacob (1986)
60 - ~ 0,10 - - 1.1x10° -3400
HCOO + CO;y —2—=— CO, + HCO; + HO, + OH Chen et al. (1973)
61 - __ 0 - 1.9x10° -2600 | Hagesawa and
HCOO + Cl,- —*— CO, + HO, + 2 Cl Neta (1978)
Z
62 | CH,C(0)0,NO, ——> NO; + Products 4.0x10 0 Lee (1984b)
63 | cH;0,+ HO, ——> CH,;00H + O, 4.3x10° -3000 | Jacob (1986)
64 | CH,0,+ 0, —2% 5 CH,00H + 0, + OH" 5.0x10’ -1600 | Jacob (1986)
65 0, Graedel and
CH;O0H +hv —— HCHO + OH + HO, Weschler (1981)
66 CH3OOH +0H — CH302 + H20 27X107 -1700 Jacob (1986)
67 | CH;0H + OH —> HCHO + HO, + H,0 4.5x10° -1500 él;bg;f) and Neta
68 2.6x10° -4500 | Chen etal. (1973)

CH;OH + CO;y —2 > HCHO + HO, + HCO;"




69 -0 + - 3.5x10° 4400 | Hagesawa and
CH;0H + Cl, —2— HCHO + HO, + H™ + 2Cl A
7
70 | CH,00H + OH ——> HCHO + OH + H,0 1.9x10 -1800 | Jacob (1986)
71 0, o 1.0x10° 2800 | Dogliotti and
CH;0H + NO; —=2— NO;- + H" + HCHO + HO, Hacon (1967)
72° — 2.4x10* Hoffmann and
SV FOs SVD 0, 3.7x10° -5530 | Calvert (1985)
1.5x10° -5280
738 7.5%x107 -4430 McArdle and
S(IV) + H,0, — S(VD+ H0 Hoffmann (1983)
74* > Mt See Below Martin et al.
SAV) +0.50, —M 5 gy (oon)
75 180>+ 0H —2 3 SOs +OH 5.2x10° 1500 | Huic and Neta
(1987)
76 - O - 4.5x10° -1500 Huie and Neta
HSO; + OH —2— SOs + H,0 (1987)
77 SOs + HSO; —29 5 HSO. + SO5 2.5x101 -3100 | Huie and Neta
] s O ) . 2.5x10 2000 | (1987)
SOs + SO;> —2—> HSOs + SOs + OH-
78 SOs + 0, —™2 5 HSO, + OH + 0, 1.0x10° 21500 | Jacob (1986)
79 | SO + HCOOH —%—» HSO; + CO, + HO, 200 5300 | Jacob (1986)
80 | 50, + HCOO" —%—5 HSOs + CO, + Oy 1.4x10° 4000 | Jacob (1986)
81 - - - 6.0x10° -1500 Huie and Neta
SOs + SOs —> 2S04 + 0, (1987)
82 - - + 2- + 7.1x10° -3100 Betterton and
HSOs + HSO; + H" —> 250, + 3H o %)
83 | HSOs + OH ——> SOs + H,0 1.7x107 21900 | Jacob (1986)
84 | HSOs + SO, —> SOs +S0,> + H' <1.0x10° 0 Jacob (1986)
85 HSOs- + NO,, ——> HSO4 + NO; 0.31 -6650 | Jacob (1986)
86 HSOs- + Cl- ——> SO,> + Product 1.8x10” -7050 | Jacob (1986)
87 | 50, +HSOy —% 3 SO+ H' + SOs- 1.3x10° 1500 | Jacob (1986)
88 | SO, + 80,2 —%Z5 S0,% +S05- 5.3x10° 1500 | Jacob (1986)
89 | 50, +HO, —> SO +H +0, 5.0x10° 1500 | Jacob (1986)
90 |50, +0, —> SO +0, 5.0x10° 1500 | Jacob (1986)
o1 | 50, + O —> SO,> + OH 8.0x107 1500 | Jacob (1986)
92 | 80, +H,0, —> SO+ H' + HO, 1.2x107 2000 ?10957sga;nd Neta
93 | 80, +NOy ——> SO,> + NO, 8.8x10° 21500 | Jacob (1986)
94 | SO, + HCOy —> SO+ H' + COx- 9.1x10° 2100 ﬁc;s;ga;nd Neta
95 SO, + HCOO L) 5042-+ CO, + HO, 1.7x10° -1500 Jacob (1986)
96 QT 2- 2.0x10° 21500 | Ross and Neta
SO, +ClI' —> SO, +Cl o
6
97 SO, + HCOOH TN SO+ H' + CO, + HO, 1.4x10 -2700 | Jacob (1986)
a -3
98" | S(IV) + CH;C(0)0,NO, ——> S(VI) 6.7x10 0 Lee (1984a)
+ 7 _ 1
9 | HSO, + CH;00H — 5 SO,*+ 2H" + CH,0H 2.3x10 3800 | Lindetal. (1987)
a 7 .
100° | 4SO, + CH,C(0)OOH ——> SO, + H' + CH;COOH 3010 -4000 | Lindetal. (1987)
.UX
101 5 1.0x10° 0 Hoffmann and
SO, > SVD T O 1.0x10° 0 Calvert (1985)
S(IV) + 0, —222 5 S(VI) + OH + OH"
102 - 0, 2 + 2.5x10’ -1800 | Dogliotti and
SO4 + CH3OH —_—> SO4 +HCHO +H + HO2 Hayon (1967)
8 -
103 HSO3 + NO3 — NO3_ + H+ + SO3_ + SO3_ 10X10 0 Chameides (1984)
104 2.0x10° 0 Lee and Schwartz

2NO, + HSO; —22 5 S04% + 3H" + 2NO,

(1983)




2 .
105a | 5(1v) + N(1lI) ——> S(VI) + Product _(for pH < 3) 1.4x10 0 Martin (1984)
3

1056 | 2HSO; + NO, ——> OH + Product (for pH >3) 4.8x10 -6100 8315{1)1 ctal.

106 - - 7.9x10° -4900 | Boyce and
HCHO + HSO; —H;) HOCH,SO; 2 5x107 1800 Hoffmann (1984)
HCHO + SO, ——=*— HOCH,SO; + OH

107 | HOCH,SOy + OH" —> SO* + HCHO + H,0 3.6x10° -4500 ?f;;%fr ctal.

108 - 0, - 2.6x10° -1500 | Olson and
HOCH,SO; + OH —=—> SOs + HCHO + H,0 Fessondon (1992)

109 HSO; + Cly O SOs +2CI +H' 3.4x10° -1500 | Huie and Neta

5 o 3.4x10° -1500 | (1987)
SO:* + Cl; —2—> SO5 +2CI

*Reaction with “nonelementary” rate expression

Nonelementary Rate Expressions

Reaction Number Rate Expression, -d[S(IV)]/dt

72 (ko[SO, H,0] + ki [HSO;7 + k; [SO5 ][O (aq)]

73 ko[H J[HSO5][H,0, (aq)]/(1+K[H']) where K = 13 M

74 ForpH< 3

6[Fe’ 1[SIV)J/[H']
ForpH>3 and < 4.5
1.0x10°[S(IV)][Fe*']?
ForpH>4.5and £ 6.5
1.0x107[S(IV)]

For pH > 6.5
1.0x10™*[S(IV)]

98 k[CH3C(0)O,NO,][HSO; J/[H]

100 ko[H J+k; [HSO; ][ CH;C(O)OOH]

Equilibrium Reactions

Equilibrium Reaction Kys(MorM | -AH/R Reference:

atm™) (119]

SO, H,0 <> HSO; + H” 1.3x107 1960 Smith and Martell
(1976)

HSO; <> SO,"+H" 6.6x107 1500 Smith and Martell
(1976)

H,SO, (aq) <> HSO, +H" 1000 Perrin (1982)

HSO, <> SO~ +H' 1.02x107 2720 Smith and Martell
(1976)

H,0; (aq) <> HO, +H' 2.2x107 3730 | Smith and Martell
(1976)

HNO; (aq) <> NOy +H' 15.4 8700 Schwartz (1984)

HNO; (aq) <> NO, +H' 5.1x10™ 21260 | Schwartz and
White (1981)

CO, H,0 <> HCO; + H' 4.3x107 -1000 Smith and Martell
(1976)

HCO; <> CO;” +H” 4.68x10 1760 | Smith and Martell
(1976)

NH,OH <> NH," + OH 1.7x10” -450 Smith and Martell
(1976)

H,O0 <> H +OH" 1.0x10™ 6710 Smith and Martell
(1976)

HCHO(aq) <> H,C(OH), (aq) 2.53x10° 4020 Le Hanaff (1968)

HCOOH(aq) <> HCOO +H" 1.8x10™ -20 Martell and Smith
(1977)

HCl(aq) <> H" +CI 1.74x10° 6900 Marsh and
McElroy (1985)

Cly <> Cl+CI' 5.26x10° Jayson et al.
(1973)

NO; (g) <> NO;s (aq) 2.1x10° 8700 Jacob (1986)




HO, (aq) <> H'+ 0, 3.5x10” Perrin (1982)

HOCH,SO0;- <> -OCH,SO;- + H' 2.00x10™" Sorensen and
Anderson (1970)

SO, (g) <> SO, H,0 1.23 3120 Smith and Martell
(1976)

H,0, (g) <> H,0, (aq) 7.45x10° 6620 Lind and Kok
(1986)

HNO; (g) <> HNO; (aq) 2.1x10° Schwartz (1984)

HNO; (g) <> HNO; (aq) 49 4780 Schwartz and
White (1981)

05 (g) <> O;(aq) 1.13x107 2300 Kozac-Channing
and Heltz (1983)

NO, (g) <> NO, (aq) 1.0x10™ 2500 Schwartz (1984)

NO (g) <> NO (aq) 1.9x10° 1480 Schwartz and
White (1981)

CH;0, (g) <> CH;0, (aq) 6 5600 Jacob (1986)

CH;0H (g) <> CH;0H (aq) 220 4900 Snider and
Dawson (1985)

CO, (g) <> CO, H,0 3.4x107 2420 Smith and Martell
(1976)

NH; (g) <> NH,OH 75 3400 Hales and Drewes
(1979)

HCHO (g) <> HCHO (aq) 6.3x10° 6460 Ledbury and Blair
(1925)

HCOOH (g) <> HCOOH (aq) 3.5x10° 5740 Latimer (1952)

HCl (g) <> HCl (aq) 727 2020 Marsh and
McElroy (1985)

CH;00H (g) <> CH;00H (aq) 227 5610 Lind and Kok
(1986)

CH;C(0)OOH (g) <> CH;C(0)OO0H (aq) 473 6170 Lind and Kok
(1986)

OH (g) <> OH (aq) 25 5280 Jacob (1986)

HO, (g) <> HO, (aq) 2.0x10° Jacob (1986)

Temperature Dependence of Equilibrium Constants

ke 0 )

R T, 298
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